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Chapter 1 
 

One-dimensional self-assembly 

 

 

 

Abstract 

Supramolecular polymers are a unique class of materials, with properties determined by 

the non-covalent interactions connecting their monomeric units. Inspired by the remarkable 

functionality observed in natural nanofibrils, efforts to understand and emulate one-

dimensional self-assembly in synthetic systems have met with great success in recent years. 

Mechanistic understanding of self-assembly processes proved indispensable for the rational 

design of supramolecular materials, and recent work shows that this knowledge has both 

structural and dynamic components. While monomeric architecture and bonding pattern are 

important determinants of equilibrium association strength and nucleation behaviour, the 

kinetic processes and metastable pathways in which building blocks are involved often affect 

the morphology that is formed. Even after completion of the self-assembly, dynamics 

continue to play an important role in functional interactions of supramolecular polymers. This 

chapter aims to summarize the current understanding of self-assembly mechanisms, and to 

illustrate the demand for appropriate methods to investigate dynamics on the molecular scale. 
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1.1 Introduction to one-dimensional self-assembly 

1.1.1 Nature as an example 

The sophisticated ways in which living cells exploit the interplay of covalent and non-

covalent interactions to achieve functionality has served as an example to scientists 

throughout the years, but the details of the principles underlying these biochemical systems 

have only become clear recently. While the highly efficient covalent chemistries employed 

by nature provide the energy for metabolic turnover and create the cellular building blocks, 

complex (dissipative) self-assembly processes are responsible for constructing the larger-

scale architectures inside the cell1. As a consequence of the reversible nature of these self-

assembled aggregates, the higher-order structure of the cell can be rapidly and accurately 

rearranged in response to external stimuli, providing life with its incredible capacity for 

adaptation.  

 

Figure 1.1: Schematic depiction of neuronal cell and the main components of its cytoskeleton: microtubules 

(green), intermediate filaments (purple) and actin (red). Inset: fluorescence microscopy image of neuronal 

growth cone with tubulin labelled in green and actin in red (scale bar 20 µm). Figure adapted from reference 2. 

The cytoskeleton, a fibrous protein mesh found in all living cells, is a particularly striking 

example of a biochemical system that relies on its dynamics to realize its functionality. This 

molecular framework effects compartmentalization and maintains order over various spatial 

and temporal scales. Moreover, it couples the mechanical signals from the cellular 

environment to the biochemical processes occurring inside the cell, and is even hypothesized 

to act as an epigenetic repository of the history of a cell2. Existing studies illustrate the 

incomplete understanding of the complex manner in which these cellular functions arise from 

systems of dissipative self-assembling molecules, and more generally the challenges 
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associated with recreating in vitro even basic reconstitutions of functional self-assembly.  

However, the cytoskeleton is known to consist mainly of three types of fibrillar structures; 

filamentous actin, intermediate filaments and microtubuli, all of which are constituted by 

many identical building blocks bound together in a one-dimensional array through 

supramolecular (i.e. non-covalent) interactions (Figure 1.1). While each class has highly 

distinct physicochemical properties and regulatory mechanisms, the reversibility of their 

assembly is a common characteristic. Clearly, the one-dimensional morphology of these 

fibrillary structures is also crucial in this regard, allowing the long-range transmission of 

mechanical forces, the transport of cellular components over extended distances and the 

formation of various network topologies under the influence of regulatory cofactors. Even 

from this incomplete description of the mechanical operation of the cytoskeleton, the 

important role of these supramolecular polymers in facilitating cellular behaviour is 

immediately apparent.   

 

Figure 1.2: A) Traditional model of cellular signalling through consecutive reaction and activation steps. A 

single membrane-bound receptor R binds a soluble substrate (blue triangle), allowing the conversion of 

messenger compound S1 into S1*. This activation results in further downstream reactions to S2 and S3. B) 

Signalling scheme involving higher-order assemblies as intermediates for cellular response. Upon ligand 

binding, receptors recruit messenger proteins and other receptors into extended signalling complexes. C) The 

cooperativity introduced by higher-order aggregates leads to sharp dose-response curves. The coefficient N is a 

measure for the slope of the transition regime, as described by the Hill equation for cooperative binding. Figure 

adapted from reference 4. 

In addition to its appearance in a structural context, one-dimensional self-assembly has 

also recently been discovered to be an influential modulator in cell signalling processes3. 

While the early ‘lock-and-key’ interpretation of receptor operation had been evolving over 

the course of the 20th century, the recent disclosure of self-assembly pathways in the 

transmission of biochemical signals has provided a new paradigm for cellular 

communication. Traditionally, coupling of ligand binding to intracellular events was 

envisaged to occur through induced conformational changes of the receptor and subsequent 

activation of secondary messengers and downstream enzymatic amplification. While the 

formation of precisely defined dimers and trimers in the activation of certain receptors was 

well-known, the observation of higher-order helical oligomers and extended filaments 

provides a new approach to signal amplification4 (Figure 1.2). In these so-called 
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signalosomes, activated receptors recruit adapter proteins, enzymes and other (possibly 

ligand-free) receptors superstoichiometrically, leading to molecular machines with high local 

concentrations of active sites and profound allosteric effects. An impressive example is 

provided by the inflammasome5,6, a fibrillar complex mobilized in response to danger-

associated molecular signals, in order to activate inflammatory cell death and to control 

invasion (Figure 1.3). As a consequence of the assembly process, the signalling response 

elicited by these structures is qualitatively different from monomer receptors. Due to the 

simultaneous interactions with multiple binding partners, a much sharper transition can be 

achieved in both ligand dose and time domains, allowing for the ‘on-off’ behaviour crucial in 

cell signalling7. Thus, the sophistication and robustness of cellular signalling approaches rely 

on one-dimensional self-assembly of the constituent building blocks. 

 

Figure 1.3: A) Models of ASC-mediated inflammasome complexes, which nucleate caspase assembly and 

apoptosis. B) Electron micrograph of AIM-ASC-caspase inflammasome, with gold-antibody labelled ASC. C) 

Cryo-EM reconstruction of ASC filament. Figure adapted from reference 5. 

Finally, an appropriate illustration of the importance of reversible self-assembly in living 

systems is provided by the pathological consequences of irreversible protein aggregation, 

manifested in amyloidal diseases such as e.g. Parkinson’s or Alzheimer’s. Most proteins 

perform their functions as intricately folded globular structures, the blueprint for which is 

encoded in the primary amino acid sequence of the protein. However, recent work 

demonstrates that these native structures are often only local energetic minima, and may be 

susceptible to conversion into misfolded amyloidal structures, depending on environmental 

conditions. The misfolded species lack the solubility of their native counterparts, and 

irreversibly self-assemble as stiff fibrillar aggregates with a characteristic cross-beta 

structure8 (Figure 1.4). Chemical kinetic techniques have elucidated mechanistic details of 

this complex self-assembly process, but further understanding is required in order to develop 

pharmacological means for the inhibition of this growth process. Eventually, knowledge of 

one-dimensional self-assembly may well aid in the diagnosis and therapy of protein-based 

disorders. 
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Figure 1.4: Molecular model of the cross-β structure of amyloid protofilaments overlaid on an electron 

microscopy image of a mature transthyretin-based amyloid fiber. The fibril surface is visualized as an electron 

density map (green), while the constituent β-sheet is displayed in ribbon representation with individually 

coloured side groups. Figure adapted from reference 8. 

Considering the omnipresence of dynamic fibrils in living systems, and the incredible 

variety of functions achieved using these structures, obtaining a more thorough understanding 

of the underlying principles of self-assembly seems crucial. This endeavour would be 

worthwhile even if it were only for academic purposes, such as unravelling the details of 

cellular regulation and adaptation, or for pharmaceutical purposes, in search of treatment for 

disease. However, Nature provides inspiration in a broader sense. Centuries of chemical 

research have already greatly expanded the molecular toolbox available to science and 

industry, but the current generation of artificial materials lacks the dynamics and complex 

function that we often observe in natural systems. As such, significant progress in materials 

science can be made by emulating the principles of one-dimensional self-assembly using the 

wide variety of available synthetic building blocks. 

1.1.2 Synthetic supramolecular fibers 

The properties of polymeric materials are defined at least partially by their one-

dimensional structure. Traditional synthetic polymers currently constitute a vast market of 

commodity and advanced plastic materials, and high molecular weight polymer chains are 

obtained by performing many consecutive reactions with similar monomers, yielding a single 

covalently bound molecule. However, linear filaments with macromolecular properties can 

also be obtained by connecting monomers through non-covalent interactions. These 

aggregates are termed supramolecular polymers, in analogy to the supramolecular chemistry 

described first by Lehn9.  
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Figure 1.5: A) Schematic depiction of the self-assembly process in random coil (upper row) and 

nanostructured (lower row) supramolecular polymers. Non-covalent interactions reversibly connect monomeric 

building blocks, to form disordered and ordered aggregates, respectively. Adapted from reference 27. B) 

Molecular models for example monomeric building blocks, and their corresponding aggregate structure when 

connected through non-covalent interactions. Figures adapted from reference 10. 

In general, supramolecular polymers can be divided into two classes based on their 

structural architecture10 (Figure 1.5). Random coil supramolecular polymers consist of 

flexible monomeric segments, which are functionalized on both ends with (self-) 

complementary supramolecular moieties. Through association, these molecules form 

disordered, entangled chains displaying mechanical behaviour in compliance with traditional 

polymer physics and rheology. On the other hand, nanostructured supramolecular polymers 

consist of more rigid monomers with a well-defined geometry that is imparted to the final 

assembly. In this manner, ordered structures such as nanofibers, nanoribbons and nanotubes 

can be created. 

A variety of non-covalent interactions can be applied in the design of supramolecular 

polymers, as long as the binding strength of the interaction is high enough to connect 

significant amounts of monomers at any given time, i.e. binding constants at least in the order 

of 104-106 for true polymeric behaviour. In practice, hydrogen bonding, metal-ligand bonds, 

aromatic interactions, electrostatic interactions and van der Waals interactions are most 

commonly used. Each of these classes has different interaction ranges, strengths and 
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directionalities11, providing ample room for optimization of supramolecular polymers 

towards specific properties.  

 

Figure 1.6: Hydrogen-bonding brush polymer forming a phase-separated nanostructure. The two-phase 

morphology caused by the collapse of the polystyrene backbone in a polyacrylate ester matrix provides 

favourable mechanical properties. Simultaneously, the dynamic hydrogen-bonded domains in the matrix allow 

for room-temperature self-healing. Figure adapted from reference 13. 

The reversibility of their non-covalent interactions provides supramolecular polymers with 

major advantages. For example, the continuous room-temperature dynamics in these bonds 

can be exploited to yield self-healing properties, in similar vein to biological polymers. After 

macroscopic fracture, individual polymer slabs can be regenerated by simple physical 

contact12 (Figure 1.6), bringing separated supramolecular moieties together through thermal 

motion13. In addition, multicomponent polymers can be easily created by mixing of the 

respective monomers, and by tuning the combinatorial interactions, control can be achieved 

over the co-assembly process. Moreover, the composition of the supramolecular polymer 

system can even be changed in situ, by the simple addition of new components. This 

flexibility and ease of synthesis opens new avenues for the design of polymeric structure. 

Processing of polymers is traditionally performed by heating the raw material to break 

interchain interactions and lower the viscosity, followed by handling in the melt. This melt is 

a liquid which is increasingly viscous for longer covalent polymer chains, hindering easy 

application in systems that are incompatible with high temperatures and/or pressures. In 

supramolecular polymers however, the non-covalent interactions provide access to additional 

stress relaxation mechanisms, and are more temperature-sensitive14,15. As such, low-viscosity 

melt processing becomes possible under mild conditions, and repeated recycling without 

harsh chemical treatment can be performed. Extending this approach, supramolecular groups 

can be used as crosslinkers to create thermoplastic elastomers, elastic materials that can 
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similarly be easily manufactured at elevated temperature. Thus, supramolecular interactions 

can introduce dynamics and the beginning of complexity into polymeric materials.   

1.1.3 Advanced applications 

Nanoscale structures with controlled spatiotemporal organization lend themselves well to 

the design of novel, complex materials. Understanding of nanostructured supramolecular 

polymers has improved immensely over recent years, and appropriate applications have been 

found in, for example, the fields of optical metamaterials16, membrane development17 or 

systems chemistry18. Perhaps most promising however, are current advances in biomedical 

engineering and organic electronics.  

One of the main directives for materials in regenerative medicine is to provide a 

biomimetic environment for various cell types, to allow the manufacturing of scaffolds for 

implantation and other cell-containing biomaterials. In living tissue, cells are encapsulated in 

a mesh of polysaccharides and fibrillar protein called the extracellular matrix (ECM), which 

provides structural support and biochemical cues and in this way regulates intercellular 

communication and function. In order to create a material with similar ability to direct 

cellular behaviour, the combination of dynamic properties and a well-defined scaffold is 

crucial. Supramolecular polymers can present multiple bioactive markers at an arbitrary 

density, and in this way influence the differentiation of incorporated cells. For example, the 

presentation of a high density of IKVAV-epitopes on peptide amphiphile nanofibers 

promoted the formation of neurons from neural stem cells19, and examples of other cell 

lineages exist as well. Furthermore, the signalling between cells and the ECM is reciprocal. 

Cells are influenced by the morphology of their environment, but alter this environment at the 

same time. The reversible bonds in supramolecular polymers allow for facile remodelling to 

accommodate shape changes, and to allow for more efficient interactions between signalling 

epitopes and receptors on the cell surface. Finally, supramolecular polymers are more easily 

biodegradable than conventional scaffolds, and particularly in the case of peptide-based 

nanofibers, are highly biocompatible20. Despite these early achievements, major challenges 

remain in regenerative medicine. Tissue growth is a highly regulated, intricate and variable 

development, and the precise placement of signalling compounds during this entire process 

requires a control over hierarchical self-assembly that has not yet been attained.  

In the continuous search for ever smaller electronic components, supramolecular polymers 

might also provide interesting opportunities. The incorporation of π-conjugated moieties into 

supramolecular building blocks allows self-assembly of electronic components on the 

nanoscale, creating materials with suitable properties for use in for example transistors21, 

nanowires22 or photovoltaics23. Specifically, these components will be significantly smaller 

than can currently be achieved using top-down approaches and can be assembled from 

solution. A prerequisite for application of these molecular wires in integrated circuits is good 

conductivity. To achieve this, high charge carrier mobility correlating to a high degree of 

order in the fiber is crucial, placing stringent demands on the design of the monomer. In 
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particular, the electronic couplings between consecutive subunits should be optimized and the 

amount of structural defects minimized24. If p- and n-type semiconductors are combined 

within a single wire, the structure can even act as a photovoltaic heterojunction that can be 

specifically designed and addressed25. In some applications, excitation energy rather than 

charge carriers may need to be transported, and micron-ranged transfer has been reported in a 

supramolecular polymer by employing hydrogen bonds to adjust electronic interactions26. 

Significant challenges that remain in the field of self-assembled electronics are related to 

connecting molecular components, optimizing electronic performance and higher-order 

organization of self-assembled structures. Concluding, a broad selection of technological 

applications will become accessible if both the structure and dynamics of supramolecular 

polymers can be properly designed.  

1.2 Equilibrium supramolecular polymerization 

1.2.1 Self-assembly principles and modelling  

One of the most important breakthroughs in the understanding of one-dimensional 

supramolecular polymerizations has been their classification according to development of 

certain thermodynamic properties, usually the Gibbs free energy, over the course of the 

polymerization process27. Broadly speaking, supramolecular polymerizations can thus be 

categorized as isodesmic polymerizations, ring-chain polymerizations or cooperative 

polymerizations. For monomers lacking cyclic aggregates, designation of the self-assembly 

mechanism occurs based on the presence or absence of critical points, which are caused by 

nonlinearities in the growth behaviour. 

 

Figure 1.7: A) Schematic representation of supramolecular polymer growth by isodesmic self-assembly. In 

isodesmic processes, the equilibrium constant K for every monomer addition step is equal, independent of 

aggregate size. B) Energy diagram for isodesmic self-assembly, plotting the energy level ∆G° of an aggregate 
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versus its size i. Energy levels ∆G° are renormalized relative to the monomer level. Size-independent 

equilibrium constants result in equal energetic effects for all addition steps and thus linear behaviour. C) Set of 

reaction equations describing an isodesmic polymerization (left column). Mi is the aggregate consisting of i 

monomeric units and K is the equilibrium constant of association. The resulting expressions for the 

concentration of the different aggregates [Mi] (right column) can be used to construct a mass-balance based 

model. Figures adapted from reference 27. 

Isodesmic processes are characterized by a size-independent reactivity, or more precisely 

defined, identical equilibrium constants for all subsequent self-assembly steps (Figure 1.7A). 

In physical terms, this implies that the structure of the polymer ends does not change due to 

non-nearest neighbour interactions. As a result, the free energy of the system decreases by an 

equal amount for each monomer addition (Figure 1.7B). A mathematical description of this 

process can be given using chemical equilibrium approaches, and can be used to predict the 

behaviour of the system under various conditions (Figure 1.7C).   

 

Figure 1.8: Graphs of concentration-dependent properties for an ideal isodesmic simulation. A) Aggregated 

fraction φ versus dimensionless total monomer concentration KCt. The plot shows an increase in the fraction of 

aggregated material with increasing total monomer concentration Ct, and this transition is symmetric and 

relatively gradual. B) Number-average (dashed line) and weight-average (solid line) degree of polymerization 

and dispersity (dotted line) as a function of dimensionless concentration. The degree of polymerization indicates 

that supramolecular polymers gradually grow larger with increasing total monomer concentration, while the 

dispersity levels off towards the upper limiting value of 2. 

Due to the equivalence of all assembly steps, isodesmic systems lack critical behaviour, 

and therefore molecular distributions adapt very gradually with changing conditions. For 

example, the fraction of aggregated material φ as a function of increasing total monomer 

concentration (or equivalently, decreasing temperature) shows a very smooth behaviour 

during the self-assembly process (Figure 1.8A). Furthermore, the degree of polymerization 

increases very gradually with the dimensionless total concentration KCt, indicating that a high 

equilibrium constant K and a high total monomer concentration Ct are required to obtain 

polymers of sufficient length (Figure 1.8B). Finally, the dispersity index (Đ) tends to a 

limiting value of 2 with high dimensionless concentration, indicating a broad molecular 

weight distribution (Figure 1.8B).  
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Figure 1.9: Schematic representation of structural cooperativity. In simple linear aggregation, the 

connectivity, as indicated by the red arrows, is identical in assemblies of all sizes (upper row). In helical pseudo 

one-dimensional aggregation, aggregates smaller than the nucleus size are connected only by similar 

interactions within the polymerizing chain, shown by the red arrows. In larger aggregates however, structures 

are stabilized by additional interactions between non-neighbour subunits, as indicated by the green arrows 

(lower row). This results in a more favourable association for aggregates above the nucleus size, the so-called 

elongation regime, compared to aggregates below this size, the nucleation regime. The presence of different 

equilibrium constants for aggregates of different sizes results in cooperative assembly, and similar 

considerations apply for electronic and hydrophobic cooperativity. Figure adapted from reference 54. 

In many supramolecular polymerizations, the association constant is not independent of 

the aggregate size. Commonly, the formation of small aggregates during the nucleation stage 

is less thermodynamically favourable than the subsequent growth of larger aggregates during 

the elongation stage. Hence, this so-called cooperative self-assembly mechanism is 

characterized by two regimes, each represented by a particular equilibrium constant. The 

equilibrium constants for aggregates up to size n are defined as the nucleation constant Kn, 

and larger aggregates grow with the elongation constant Ke, where n is the nucleus size. The 

existence of two regimes can have different physical causes, generally classified as structural 

cooperativity, electronic cooperativity or hydrophobic cooperativity. In structural 

cooperativity, monomers are connected by additional bonds after aggregates exceed a certain 

size (Figure 1.9). In electronic cooperativity extended bond polarization occurs, resulting in 

increasingly favourable electron distributions for larger aggregates, and in hydrophobic 

cooperativity the solvation shell is less energetically costly for larger aggregates. Independent 

of the exact physical reason, all these factors favour the formation of larger aggregates over 

smaller ones.  



Chapter 1 

12 

 

 

Figure 1.10: A) Schematic representation of cooperative self-assembly with nucleus size n = 2. In 

cooperative processes, the equilibrium constants for aggregates smaller than n (Kn) and larger than n (Ke) are 

different. B) Energy diagram for cooperative self-assembly, plotting the energy level ∆G° of an aggregate 

versus its size i. Energy levels ∆G° are renormalized relative to the monomer level. The size-dependent 

energetic effects result in non-linear behaviour, as opposed to isodesmic polymerizations. C) Set of reaction 

equations describing a cooperative polymerization (left column). Mi is the aggregate consisting of i monomeric 

units while Kn and Kn are the equilibrium constants of association for the nucleation and elongation regimes, 

respectively. The resulting expressions for the concentration of the different aggregates [Mi] (right column) can 

be used to construct a mass-balance based model. Figures adapted from reference 27. 

A description of the system in mathematical terms can again be given using chemical 

equilibrium considerations (Figure 1.10A,C). These equations feature the cooperativity 

parameter σ prominently. The cooperativity parameter is defined as σ = Kn / Ke, and is a 

measure for the non-linearity of the assembly in the simplest cooperative system, where the 

nucleus is the dimer. In models with an extended nucleus (i.e. larger than 2 monomers), the 

cumulative cooperativity parameter ω = σn-1, where n is the nucleus size, fulfils this role. In 

either case, the lower the cooperativity parameter, the more non-linear the system, and thus 

the sharper potential transitions. 

 

Figure 1.11: A) Graph of aggregated fraction φ versus dimensionless concentration KeCt for different values 

of cooperativity parameter σ. The plot shows an increase in the fraction of aggregated material with increasing 
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total monomer concentration Ct, and the transition between monomeric and aggregated regimes becomes 

sharper and more asymmetric for more cooperative systems. B) Graph of the weight-average degree of 

polymerization DPW as a function of dimensionless concentration KeCt, for different values of σ. Higher 

cooperativity leads to longer polymers in the aggregated regime, as well as sharper transitions. C) Molecular 

weight distributions for isodesmic and cooperative systems. Isodesmic systems show a continuous, broad 

distribution of polymer sizes (upper graph) while cooperative polymerizations result in a bimodal distribution in 

which pre-nucleus aggregates and extended polymers coexist (lower graph). Figures adapted from reference 27. 

The presence of two self-assembly regimes has important consequences for the behaviour 

of the system. The emergence of critical points is clearly visible in for example a graph of the 

fraction of aggregation φ versus the dimensionless concentration KeCt (Figure 1.11A). For 

lower cooperativity parameters, the transition from monomeric to polymeric regime occurs 

over a smaller concentration range and becomes more asymmetric. In a classical nucleated 

polymerization27,28, small oligomers up to the nucleus size are high-energy species, and thus 

sparsely present (Figure 1.10B). Due to this energetic barrier, larger aggregates become 

relatively favourable, leading to a higher degree of polymerization than for equivalent 

isodesmic processes (Figure 1.11B). Additionally, monomer and extended aggregates coexist 

at all concentrations, rather than the single molecular weight distribution observed in 

isodesmic polymerizations (Figure 1.11C). 

 

Figure 1.12:  Graphs of concentration-dependent properties for an ideal anticooperative simulation. A) 

Number-average degree of polymerization DPN as a function of dimensionless concentration KeCt, for different 

values of cumulative cooperativity parameter ω, with nucleus size n = 5. Note that ω > 1. Aggregate size 

remains relatively constant over a range of concentrations, and the width of this plateau increases with larger 

anticooperativity. B) Dispersity index Đ as a function of dimensionless concentration KeCt, for different values 

of ω. These curves indicate that the plateau in average aggregate size observed in (A) corresponds to a narrow 

distribution in molecular weights, and hence a dispersity close to unity. Figure adapted from reference 27. 

Anticooperative supramolecular polymerizations are nucleation-elongation processes 

where the initial assembly steps are more energetically favourable than the subsequent 

growth. This is most commonly due to an increase in steric repulsion over the course of 

aggregate growth, and means the cooperativity parameter is larger than unity. This property 

leads to the preferred formation of aggregates up to the nucleus size, and interestingly results 

in a low dispersity index over a range of concentrations, depending on the cooperativity 

parameter (Figure 1.12). 
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1.2.2 Filaments in natural and synthetic systems 

Most natural supramolecular fibers exist by virtue of their dynamics, with amyloid 

formation being the common consequence of reaching an equilibrated self-assembled state 

(vide supra). However, exceptions exist. As mentioned before, various signalling complexes 

assemble into a thermodynamically stable aggregate, and require enzymatic action to 

disassemble4. Additionally, some natural materials consist of supramolecular building blocks, 

mostly proteins. A well-known example is silk, a strong fibrous material produced by the B. 

mori moth, which derives its properties from well-equilibrated β-sheets29 (Figure 1.13A). 

Another equilibrium structure is the Tobacco mosaic virus capsid, assembled from many 

repeats of a coat protein and used to carry the viral RNA30 (Figure 1.13B). 

 

Figure 1.13: A) Structural models of different supramolecular β-sheet arrays found in silk fibrils. Inset 

shows the deconvolution of a MAS-NMR peak, detailing the contributions of various silk structures. Figure 

adapted from reference 29. B) Molecular model and electron micrograph of Tobacco mosaic virus assembly. 

Figure adapted from reference 30. 

On the other hand, equilibrated structures for synthetic supramolecular polymers are 

commonplace, perhaps due to the lack of commensurability in their interactions11. As such, to 

achieve reproducible results, supramolecular studies usually take great care to ensure proper 

equilibration of the system under investigation. In fact, the first supramolecular polymer was 

an example of an equilibrated random coil supramolecular polymer based on the hydrogen-

bonding interaction between 2,6-diaminopyridine (P) and uracil (U). This interaction, 

developed in the labs of Lehn31, was exploited to create bifunctional P-P and U-U molecules 

which lead to formation of long supramolecular chains in bulk32 (Figure 1.14A). However, 

the triple hydrogen bonds lacked the binding strength to form true supramolecular polymers 

outside the liquid crystalline state. Based on earlier work investigating hydrogen bonding 

moieties33,34, self-complementary quadruple hydrogen bonding motifs were synthesized in the 

Meijer35 and Zimmerman36 labs (Figure 1.14B,C). These moieties achieve binding constants 

in the order of � � 10�, allowing the formation of extended polymer chains in dilute 

solution. Despite the isodesmic assembly mechanism caused by the absence of coupling 

between binding groups in the bifunctional molecules, this yielded an equilibrium state with a 
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degree of polymerization (DP) of 7*102, resulting in polymeric properties for supramolecular 

materials14.  

 

Figure 1.14: A) Molecular structure and supramolecular interactions of bifunctional 2,6-diaminopyridine 

and uracil monomers. Adapted from reference 32. B) Tautomers of ureidopyrimidinone-based quadruple 

hydrogen bonding moiety. Adapted from reference 35. C) Tautomers of pyridopyrimidinone-based quadruple 

hydrogen bonding moiety. Adapted from reference 36. 

Relatively soon afterwards, ordered supramolecular polymers were designed from discotic 

monomers, in which the binding interfaces are coupled. While coupled binding groups 

commonly lead to size-dependent binding strength and thus cooperative self-assembly, this is 

not necessarily the case. Isodesmic processes have been demonstrated for several discotic 

molecules that assemble because of aromatic π-π interactions, for example m-phenylene 

ethynylenes from the group of Moore37, hexabenzocoronenes from the group of Müllen38 and 

perylenes from the group of Würthner39. However, most monomers with coupled binding 

moieties display cooperative polymerization processes leading to ordered fibrillar structures. 

An early example of such ordered polymers is found in the cyclic peptide nanotubes from the 

group of Ghadiri40,41. These cyclic octamers of alternating L- and D- amino acids self-

assembly into densely hydrogen-bonded structures, assuming an extended β-sheet structure 

(Figure 1.15). The pre-organization of the monomer required to fit onto this well-ordered 

scaffold during polymerization is cited as the cause for the cooperativity in its assembly. The 

long fibrils formed in aqueous solution have been applied as nanochannels for ion transport 

and as supramolecular biosensors. 
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Figure 1.15: Schematic depiction of structure and hydrogen-bonding interactions in nanotubes consisting of 

cyclic peptides. Adapted from reference 41. 

Ordered supramolecular structures can be based on a variety of binding motifs, including 

π-π interactions, hydrogen bonds, Coulombic interaction, metal-ligand bonds or more exotic 

connections, and a vast quantity of these polymeric systems has been presented in literature. 

Presenting an exhaustive overview of this work is nearly impossible, but important trends 

have been presented in several excellent reviews27,42–45. Here, we will merely highlight 

selected contributions relevant for their mechanistic insights. 

 

Fig 1.16: A) Molecular structure of chiral and achiral 1,3,5-benzenetricarboxamide (BTA) derivatives (top). 

Schematic depiction of BTA one-dimensional self-assembly (bottom). B) CD-spectra of BTA in n-heptane as a 

function of temperature, displaying a pronounced Cotton-effect at low temperatures, indicating the occurrence 

of macromolecular helicity. Inset: temperature-dependent CD-trace at a single wavelength, detailing the 

transition between monomeric and assembled regimes. C) CD-traces for different concentrations and the 

corresponding fits with a cooperative thermodynamic model. Figures adapted from reference 46. 

The self-assembly of the C3-symmetric trialkyl-1,3,5-benzenetricarboxamide (BTA) in n-

heptane has been investigated in our lab46, and was one of the first synthetic systems found to 

be strongly cooperative. A chiral BTA derivative (Figure 1.16) was studied by variable-

temperature UV-Vis absorption and circular dichroism (CD) spectroscopy, yielding non-

sigmoidal traces compliant with cooperative self-assembly. These measurements were 

interpreted using a temperature-dependent nucleation-elongation model, and all 

thermodynamic parameters of the aggregation process could be extracted. Additionally, 
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sergeants-and-soldiers experiments were performed with mixtures of chiral and achiral 

BTAs, indicating co-mixing of these monomers in extremely long, highly ordered fibers. 

 

Fig 1.17: A) Molecular structure of perylene, forming the core of a cholesterol-functionalized monomer. B) 

Temperature-dependent UV-data (depicted in black) for carbonate-linked (left) and ether-linked (right) 

cholesterol-functionalized perylene, showing different degrees of cooperativity in a modelling study (coloured 

lines). C) Molecular models of stacking geometry and corresponding macrodipoles for different functionalized 

perylenes (left). Histogram of overall dipole moments in simulations of carbonate-linked and ether-linked 

monomers (right). Figures adapted from reference 47. 

While the studies of self-assembly mechanisms have greatly advanced in recent years, and 

combined experimental and modelling approaches now generally succeed in distinguishing 

isodesmic and cooperative polymerization, the link between this mechanism and the 

molecular properties of the monomer has remained elusive. Kulkarni et al. have studied this 

link by synthesizing perylenes functionalized with cholesterol moieties, connected through 

linkers with varying dipole moments. Different linkers resulted in self-assembly with 

different degrees of cooperativity, and molecular dynamics simulations proved that the 

cooperativity is linked to the macro-dipole in the polymer47. Higher dipole moments of the 

linker moiety and better alignment of the linkers resulted in a high macro-dipole and thus 

stronger long-range interaction, leading to high cooperativity (Figure 1.17). 

 

Figure 1.18: Molecular structures and electron micrographs of water-soluble supramolecular fibrils. A) 

Bisurea-based system from reference 48. B) Cyclohexanetrisamide-based system from reference 50. C) 

Benzenetriscarboxamide-based system from reference 51. 
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A final important development is the increasing attention for self-assembly of synthetic 

materials in water. Driven by the demand for more environmentally friendly and 

biocompatible materials and processes, water-based supramolecular polymers are being 

developed in multiple groups. Promising examples include systems based on hydrophilic 

bisurea48,49, cyclohexanetricarboxamide50 and benzenetricarboxamide51 moieties (Figure 

1.18). While a sizeable collection of experimental measurements on self-assembled aqueous 

fibrils exists, partially from the field of hydrogelators, mechanistic information about water-

based supramolecular polymers is very scarce. The switch from organic solvent to aqueous 

conditions is in this respect highly non-trivial, since the introduction of strong hydrophobic 

interactions and the competitiveness of water as a solvent fundamentally change the 

thermodynamics and kinetics of self-assembly. As such, uncovering the mechanistic 

peculiarities of supramolecular assembly in water is an important challenge for the near 

future. 

1.3 Kinetics of supramolecular polymerization 

1.3.1 Kinetic models of self-assembly 

In order to obtain mechanistic information about self-assembly processes, investigation of 

systems on the approach to the equilibrium state, rather than after establishment of 

equilibrium, has proved highly informative. In the 1960s, the first systematic kinetic 

modelling studies were performed by Oosawa, Kasai and Asakura52,53,  revealing qualitative 

differences between the kinetics of isodesmic and cooperative supramolecular 

polymerizations. These predictions explained some of the experimentally observed 

characteristics of aggregation in among others prion proteins, haemoglobin agglomeration 

and amyloid fiber formation, and revealed that most one-dimensional self-assembly processes 

occurring in Nature take place through a nucleation-elongation mechanism. 

The model used by Oosawa et al. assumes occurrence of fiber growth and shrinkage by 

monomer addition and dissociation only,  and is thus based on a set of differential equations 

given by Equation (1.1): 

 
[ ]
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In Equation (1.1), [M] is the monomer concentration, [Ai] is the concentration of A-

aggregates of length i, and ��
�and ��

	 are the forward and backward rate constants of the 

formation of aggregate Ai, respectively. Since the equilibrium constant Ki is defined as �� �

��
�/��

	, isodesmic and cooperative kinetic simulations can be performed by setting the 

appropriate relations between rate constants.  

The size-independent reactivity of end groups in a isodesmic polymerization ensures that 

the polymer lengths follow a statistical distribution, not only at equilibrium but also at any 

point during the approach to equilibrium54. Therefore, the self-assembly profile can easily be 
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analytically calculated and the properties of isodesmic aggregation investigated. These 

studies show that the fraction of polymerized material φ in the initial phase of the 

polymerization can be expressed as � ≈ ��
��, showing a linear increase of aggregated 

material over time, and a linear dependence of the aggregation speed on the rate constant and 

the initial monomer concentration (Figure 1.19). Thus, isodesmic self-assembly is 

characterized by linear behaviour during the early stage of the polymerization.  

 

Figure 1.19: Kinetic simulation of an isodesmic self-assembly process. Graph depicts aggregation fraction φ 

as a function of reaction time t, and the continuous increase of φ indicates conversion of monomer into polymer 

over time, with the rate decreasing monotonically as equilibrium is approached. Different colours indicate 

different kinetic parameters with M0 being the starting monomer concentration and k+ and k− the rate constants 

of monomer addition and dissociation, respectively. Image adapted from reference 54.  

The description of cooperative supramolecular polymerization requires multiple rate 

constants for aggregates of different sizes, and hence a time-dependent average aggregation 

rate54. This ensures a qualitatively different kinetic curve, but also precludes a comprehensive 

analytical solution to the relevant set of differential equations. Lacking the computational 

power required to solve such systems numerically, Oosawa and Kasai simplified the 

equations by assuming fast pre-equilibrium of aggregates below the nucleus size and 

irreversible growth of nuclei, and found that the presence of an induction period is a universal 

feature of cooperative supramolecular polymerizations (Figure 1.20). This induction period is 

caused by the large fraction of monomer and pre-nucleus oligomers in the initial reaction 

mixture, which grow slowly compared the extended aggregates that arise at longer 

timescales. The duration of this early period of slow growth, known as the lag time, was 

found to be strongly concentration dependent following the equation ���� ∝ ��
	�/�

. These 

general properties, and the critical concentration below which aggregation is absent (vide 

supra), were later reproduced by studies using less stringent assumptions and numerical 

simulations. Thus, the fundamental differences between isodesmic and cooperative 

polymerization mechanisms lead to supramolecular polymers with not only very different 
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structural properties but also different formation kinetics, and therefore a full understanding 

of the mechanistic details of their assembly is critical for both elucidating biological 

functionality and synthetic applications. 

 

Figure 1.20: Kinetic simulation of a cooperative self-assembly process. Graph plots the amount of monomer 

in the aggregated state cagg over time t, the increasing cagg indicating polymerization of monomeric units. The 

non-monotonic behaviour of the growth rate is characteristic for cooperative self-assembly. Simulations are 

performed for different total monomer concentrations ct, as indicated by the colours, indicating a strong 

concentration dependence of the rate. Image adapted from reference 54. 

1.3.2 Kinetic processes in natural and synthetic systems  

Fundamental work on mechanisms of self-assembly has appeared in biophysical literature 

from the 1950s52, since the accessibility and highly regulated nature of protein-based 

supramolecular polymers allow detailed observation of aggregate properties and kinetics. The 

initial mass-action kinetic model based on monomer addition that was designed by Oosawa et 

al. for the polymerization of actin53 has been refined over the years55,56 and has been applied 

to assembly of sickle cell haemoglobin57, tubulin58 and various other protein polymerizations. 

Alternative models based on reversible association59, two-step approximations60 and specific 

structure-activity relations61 have also contributed to a general understanding of self-

assembly kinetics. The large body of mechanistic work on protein aggregation is 

conveniently summarized in several reviews62–64, illustrating the wealth of general and 

specific models available for investigation of biological systems. Compared to the extensive 

literature concerning natural fibrils, self-assembly of synthetic molecules has received little 

attention, perhaps due to the limited availability of well-defined synthetic supramolecular 

systems. Work by Pasternack et al. in the 1990s initiated the field of chromophore assembly 

kinetics, investigating the aggregation of various synthetic dye molecules65. For example, the 

aggregation kinetics of porphyrin- and isocyanine-derivatives were probed using absorption 

spectroscopy, and interpreted using kinetic models66 (Figure 1.21). While the isocyanine dye 

assembled according to a diffusion-limited mechanism, the porphyrin fibrillization kinetics 

could be fitted with an early nucleation-elongation model similar to their natural counterparts. 
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Following up on this work, a range of chromophores were subjected to similar studies by 

various authors, revealing mostly simple isodesmic or cooperative self-assembly pathways. 

 

Figure 1.21: Molecular structures of porphyrin- and isocyanine-derived dyes. Structures adapted from 

reference 66. 

The rapid advent of numerical approaches, stimulated by the exponential increase in 

computational power in recent decades, has further invigorated the investigation of biological 

phenomena involving self-assembly kinetics. Unfettered by the need for analytical solutions, 

complex systems involving multiple processes can now be addressed. For example, Lindahl 

et al. have reproduced the behaviour of the bacterial Z-ring consisting of FtsZ protein67. This 

supramolecular polymer forms a ring in the midplane of a dividing cell, and by contracting 

splits the mother cell into two. The kinetic model involves monomer activation, linear 

aggregates, cyclic aggregates and annealing and hydrolysis of polymers, and capture all these 

processes in an array of ordinary differential equations (ODEs) that can be numerically 

solved. An equally impressive example of the versatility of numerical methods was given by 

Radford et al., who analysed a very large dataset of β2-microglobulin amyloid aggregation 

curves using a combinatorial library of models68. The equations corresponding to each of 

these models were solved numerically, and by comparison to the dataset an assembly 

mechanism involving a hexamer structural nucleus was identified. 

 

Figure 1.22: A) Concentration-dependence of the self-assembly rate in a cooperative supramolecular 

polymerization. Graph plots the time to 50% completion of the assembly process, τ50, versus the dimensionless 
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total concentration of monomer. The rate increases (τ50 decreases) with concentration, but different concentration 

regimes are identified in the figure. The high slope at low total monomer concentration signifies a power law 

dependence of the assembly rate on the concentration, typically associated with cooperative processes. The 

power law dependence weakens with increasing concentration (medium concentration regime) and finally fully 

disappears (high concentration regime). B) Energy diagram for cooperative self-assembly at different 

concentrations, plotting the energy level of an aggregate versus its size. Energy levels are renormalized to the 

monomer level. At very low total monomer concentration, all association steps are energetically unfavourable 

(i). An increase in concentration results in favourable elongation reactions (ii), and at high concentration even 

the nucleation steps turn favourable (iii). Images adapted from reference 28. 

In addition to the increased accessibility of numerical calculations, several recent papers 

have performed advanced analytical analyses to reveal crucial kinetic properties of 

cooperative polymerizations. For example, Powers and Powers have shown28 that the 

characteristic strong concentration dependence of the growth rate (quantified as the tlag or t50, 

vide supra) diminishes and eventually fully disappears in high concentration regimes (Figure 

1.22A). Using a combination of numerical simulations and analytical approximations of 

limiting cases, the authors were able to show that the alleviated concentration dependence is 

caused by an increased stability of pre-nucleus aggregates compared to the monomer. At very 

low total concentration ct, in the regime �� � 1/�� ((i) in Figure 1.22B), all aggregates are 

energetically unfavourable compared to the monomer, so no assembly takes place. In the 

regime 1/�� � �� � 1/�� ((ii) in Figure 1.22B), the system is a classical nucleated 

polymerization with corresponding strong concentration dependence of the rate. At even 

higher concentration, �� � �� ((iii) in Figure 1.22B), the structural nucleus becomes lower in 

energy than the monomer, and the system is termed a ‘downhill cooperative polymerization’, 

characterized by assembly rates independent of the concentration (Figure 1.22A). These 

findings proved highly important for the proper assignment of self-assembly mechanisms 

based on experimental aggregation data. 

 

Figure 1.23: Different nucleation mechanisms (upper row) for the self-assembly kinetics of amyloid β-42 

are modelled. The concentration of soluble monomer is m(t) (visualized as green spheres), the concentration of 

fibrillar monomer is M(t) and n is the nucleus size. Rate laws corresponding to the different mechanisms are 

indicated in the figure. Using these rate laws, the increase in fibrillar monomer concentration over time is 

simulated for different total concentrations (lower row, solid lines).  A global fit to data from kinetic 

experiments (lower row, symbols) allows identification of the correct mechanism for amyloid β-42 self-

assembly. Image adapted from reference 8. 
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In a series of combined experimental and theoretical studies8,69,70, Knowles et al. have 

applied kinetic methods to investigate the microscopic processes underlying the formation of 

amyloid-β42 fibrils, in particular the nucleation mechanisms. Numerical models can be used 

to calculate the macroscopic consequences of particular molecular mechanisms, and these 

macroscopic predictions can be compared to experimental kinetics to study the details of 

nucleation. The authors simulated primary nucleation (i.e. the formation of new polymers 

from soluble monomer), fragmentation (i.e. the monomer-independent formation of new 

polymers from existing polymers) and secondary nucleation (i.e. the monomer-dependent 

formation of new polymers catalysed by existing polymers) using appropriate rate laws, and 

used these traces to weight the contributions of different types of nucleation in the 

experimental curves (Figure 1.23). Using a global fitting procedure with several datasets, 

secondary nucleation could be identified as the dominant mechanism for the formation of 

new Aβ42 fibrils.  

1.4 Pathway complexity in supramolecular polymerization 

1.4.1 Multiple aggregate states in natural and synthetic systems 

In crystal engineering, polymorphism, i.e. the ability of a molecule to assemble into 

multiple crystal structures, has been known since the 19th century. The structure resulting 

from a crystallization process depends on the experimental conditions such as concentration, 

cooling rate and solvent, and may be thermodynamically stable or metastable. Recently, 

mounting evidence supports a link between oligomers that are present in solution and the 

structure of the formed nucleus, and hence the final crystallite morphology71 (Figure 1.24A). 

In a similar fashion, polypeptide chains synthesized by the ribosome can fold into their 

appropriate protein structure, but may also end up in off-pathway aggregate states72. 

 

Figure 1.24: A) Schematic depiction of polymorphism in crystal growth. A single molecule can form two 

different crystal structures, depending on the characteristics of the nucleus formed. Image from reference 71. B) 

Structural model of two different aggregate states in a perylene-based chromophore. Image from reference 73. 

C) Phase transition between different aggregate states in PPV polymer. Polymer chains can pack into two 

different structures, with temperature-dependent stabilities. Image from reference 76. 

In recent years, multiple aggregation pathways have also been demonstrated for 

supramolecular polymers. Similarly dependent on experimental conditions, linear aggregates 

with different intermolecular interactions may be formed. For example, Fennel et al. have 
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shown the ability of a perylene derivative to assemble into dimeric H-type aggregates or 

extended J-type aggregates73 (Figure 1.24B). The exact state is determined by the ability of 

the system to form a relatively unfavourable J-type nucleus. Such knowledge of different 

aggregate states is increasingly important in studies of morphology in polymeric and organic 

electronic materials. Many conjugated polymers are processed by solvent evaporation from 

concentrated solution, and polymers aggregate into different states with different 

intermolecular interactions. Multiple aggregate states were shown for among others the 

ubiquitous conjugated polymers poly-3-hexylthiophene74,75 (P3HT) and 

polyphenylenevinylene76 (PPV), and the importance of aggregate state and size for functional 

device performance has been demonstrated theoretically77 and experimentally78 (Figure 

1.24C).  

1.4.2 Kinetic effects of multiple aggregate states 

As more supramolecular systems with multiple aggregate states have become apparent, the 

effort to exploit these states by optimizing processing conditions has gained considerable 

momentum. Several experimental approaches79–81 have met with success, and modelling 

studies of self-assembly have outlined the principles of the formation and interconversion of 

different aggregate states in natural82–84 and synthetic85–87 systems. From these studies, it has 

become clear that the kinetics of self-assembly are profoundly affected by the presence of 

multiple aggregate pathways. 

 

Figure 1.25: A) Reaction equations for a two-pathway self-assembly model. In this model, monomer X can 

self-assemble into either a cooperative on-pathway Y or an isodesmic off-pathway Z. B) Concentration-

dependence of the rate in the two-pathway system. Graph plots the time to 50% completion t50 versus 

dimensionless concentration [X]tot. Solid points are numerical simulations, lines represent different analytical 

approximations. A non-monotonic development of the t50 with concentration is introduced by the presence of 

the off-pathway, through sequestration of the monomer at higher total concentration. Images from reference 88. 

Powers and Powers have treated the fundamental properties of self-assembly in the 

presence of an off-pathway aggregate analytically, and have theoretically investigated the 

consequences of this second pathway for the formation rate of the on-pathway aggregates88. 

Using a two-pathway model based on monomer association and dissociation with appropriate 
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approximations (Figure 1.25A), the study was able to show that the presence of off-pathway 

structures causes an inverted concentration dependence of the rate, i.e. the time to 50% 

completion of the self-assembly increases with increasing concentration (Figure 1.25B). 

Numerical simulations confirmed these findings, and established a V-shaped rate-versus-

concentration curve as a generic feature for competitive two-pathway self-assembly. 

Korevaar et al. experimentally observed the presence of a metastable aggregate state in the 

self-assembly of a hydrogen bonded oligophenylenevinylene (OPV) dimer using CD 

spectroscopy89 (Figure 1.26A), and were able to measure the inverted concentration 

dependence of the rate (Figure 1.26B). Numerical models were used to prove that this rate 

dependence was caused by the sequestration of monomer in off-pathway aggregates, slowing 

nucleation of structures in the thermodynamically stable aggregate (Figure 1.26C). In this and 

later work, the authors demonstrate the exploitation of chiral auxiliaries89, solvent 

conditions90 and cooling rate91 to influence the final polymer morphology and its kinetics of 

formation.  

 

Figure 1.26: A) Schematic overview of OPV-dimers assembling into two competing pathways, a metastable 

P-helix and a stable M-helix. B) Graph plotting the time to 50% completion (t50) versus concentration for 

different temperatures, displaying non-monotonic dependence of the rate on the concentration. C) Simulation of 

the occupancy of both pathways over the course of the aggregation process. Plot shows the normalized 

difference of monomer concentration in each pathway versus time, for different total concentrations as indicated 

by the arrows. A higher total monomer concentration leads to an increase in the formation of the metastable 

state, accompanied by an increase in the t50. Figures adapted from reference 89. 

1.4.3 Living supramolecular polymerization  

The increased mechanistic understanding of supramolecular polymerizations has 

culminated in the development of strategies that are able to tightly control one-dimensional 

self-assembly processes, resulting in the formation of unprecedented supramolecular polymer 

architectures. Würthner et al.92 and Miyajima and Aida et al.93 have simultaneously achieved 

living supramolecular polymerization conditions using the rational design of additional non-

covalent interactions that selectively stabilize monomeric species. These interactions 

introduce an additional layer of kinetic control over the molecular self-assembly pathways 

that ensures highly controlled aggregate growth (Figure 1.27). This versatile approach is an 

extension of previous work by Sugiyasu and Takeuchi, where living supramolecular 

polymerization of porphyrin dyes was rationally designed by seed-induced growth in 

combination with competing isodesmic off-pathway aggregation94. The competing off-
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pathway J-aggregates function as a kinetic trap by sequestering free monomers from solution 

thereby preventing nucleation of thermodynamically stable H-aggregates. Addition of H-

aggregate seeds, short oligomers prepared in a separate procedure, readily converts the off-

pathway assemblies into thermodynamically stable H-aggregates. The seed molecules thus 

act as an initiator analogously to conventional polymerizations and result in a living 

supramolecular polymerization characterized by assemblies of controlled length and narrow 

polydispersity. 

 

Figure 1.27: Scheme illustrating supramolecular polymerization mechanisms. A) Classical supramolecular 

polymerization. Addition of monomer solution to existing seeds induces de novo nucleation and molecular 

rearrangement, leading to re-equilibration of the system. B) Living supramolecular polymerization. 

Sequestration of free monomer prevents de novo nucleation, leading to controlled assembly on existing seeds, in 

turn yielding well-defined aggregates with a high degree of polymerization. 

Showing the generality of this approach, Würthner and co-workers have reported the 

seeded supramolecular polymerization of a perylene bisimide organogelator showing similar 

characteristics but with an important twist. In contrast to the previous work on the π-

conjugated porphyrin dyes, off-pathway assemblies are absent in this system. Instead, kinetic 

control is achieved by a pre-equilibrium in which the monomer is partitioned in an 

aggregation competent and aggregation incompetent conformation as a result of 

intramolecular hydrogen bonding (Figure 1.28A). Because this equilibrium is in favor of the 

aggregation incompetent form and the rate of nucleation is highly dependent on the 

concentration of monomer, nucleation of perylene bisimide aggregates is kinetically retarded 

and elongation can only take place after addition of seed assemblies. The simplicity of 
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adapting the well-defined intramolecular interactions responsible for the aggregation 

incompetent state provides many new avenues for rational engineering of living 

supramolecular polymerizations.  

 

Figure 1.28: Molecular structures showing intramolecular hydrogen bonding which leads to sequestration of 

aggregation-competent monomer. A) Perylene bisimide system. B) Corannulene based system. 

An elegant chiral example is provided in simultaneous work by Miyajima, Aida and 

coworkers, who capitalize on the pre-organized amide groups in a corannulene derivative to 

create a trapped monomer (Figure 1.28B). With this array of intramolecular hydrogen bonds 

working in concert, the concentration of available monomer is extremely low and 

spontaneous nucleation is absent. In this example, cooperative aggregation is induced by 

addition of an N-methylated initiator molecule that lacks the internal hydrogen bonds and 

thus cannot aggregate by itself. However, it assists in the unfolding and subsequent self-

assembly of the trapped monomer, yielding well-defined homochiral aggregates via a living 

supramolecular aggregation mechanism. This homochirality can be exploited to perform an 

optical resolution of a racemic mixture of monomers using a chiral initiator molecule, 

demonstrating the utility that a full understanding of all processes occurring in a 

supramolecular polymerization affords. 

These two examples demonstrate that the increasing knowledge on the mechanistic details 

of supramolecular polymerizations has come to a stage where one-dimensional self-assembly 

pathways can be rationally engineered based on the chemical information encoded in the 

monomers. 

1.5 Dynamics in self-assembled structures  

1.5.1 Switchable systems 

The presence of residual dynamics in supramolecular structures even after completion of 

the self-assembly process is one of their defining characteristics. As a consequence of this 

property, the morphology of supramolecular materials can be determined not only by control 

over self-assembly pathways in the course of the aggregation process, but also by application 

of appropriate stimuli after its completion. While non-covalent aggregates are inherently 

susceptible to changes in temperature, concentration and solvent quality (vide supra), 

responsiveness to a variety of specific stimuli, such as light95, chemical denaturants96, 
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electrochemical potential97, enzymatic activity98 or magnetic fields99, can be introduced, and 

the required modifications of monomeric building blocks have been extensively reviewed100–

103.   

 

Figure 1.29: A) Structures of responsive chiroptical supramolecular polymer complexed to various 

adenosine phosphates, overlaid on CD-readout of an ATP-hydrolysis experiment. Over the course of the 

experiment, hydrolysis of ATP to ADP and AMP results in helix inversion and hence a chiroptical signal. Image 

from reference 104. B) Regulation of porphyrin aggregation process (grey monomers, right) by association of a 

photochromic ligand (green molecule, left). The affinity of the ligand for porphyrin binding is regulated through 

a cis-trans isomerization process. Image from reference 105. 

Supramolecular polymers that respond to small-molecule stimuli are useful in the 

framework of regenerative medicine and biosensing, and in particular sensitivity to adenosine 

phosphates, the energetic currency of living cells, is a promising trait. Kumar et al. have 

synthesized a naphthalenediimide derivative that self-assembles into a racemic mixture of 

left- and right-handed helices, but provides a chiroptical response upon binding these 

adenosine phosphates. Since the readout is specific for high-energy ATP compared to its 

hydrolysed analogues and the morphology change of the helix is fast, the system can be used 

to monitor enzymatic turnover of ATP in real-time104 (Figure 1.29A). In work by Hirose et 

al., the photostimulated conversion of a small molecule is enacted to modify the assembly 

state of a Zn-porphyrin derivative. In this way, the aggregate morphology of a 

supramolecular polymer can be indirectly regulated using a photochromic cofactor105 (Figure 

1.29B).  

1.5.2 Dissipative systems 

For some biological fibrils, the dynamic functional requirements are such that 

responsiveness to a discrete stimulus is insufficient. These supramolecular polymers are in 

constant flux, and assemble only through the unceasing dissipation of free energy. In contrast 

to aggregates that are in equilibrium and thus thermodynamically stable, or to assemblies that 

function in transit to equilibrium or in a kinetic trap, these polymers exist in a dissipative 

regime of continuous energy conversion18 (Figure 1.30A). The guanosine triphosphate 

(GTP)–mediated assembly and disassembly of tubulin into microtubules (vide supra) is a 

fascinating example of such a system106. Individual microtubules display complex assembly 

dynamics, alternating between regimes of stable growth and catastrophic disassembly. This 
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dynamic instability greatly increases the ability of the fibers to reorganize and cover large 

volumes of cellular space107. The mechanism underlying the dynamic instability − 

simultaneous GTP-driven growth and hydrolysis-mediated shrinkage − relies on the critical 

composition of the so-called GTP-rich cap, that is, on far-from-equilibrium conditions108 

(Figure 1.30B).   

 

Figure 1.30: A) Energy landscapes for self-assembly in different regimes: thermodynamic equilibrium, 

kinetically trapped system and dissipative self-assembly. The resulting distribution of molecular building blocks 

(green spheres) over different energetic states is shown. Image adapted from reference 18. B) Dissipative self-

assembly cycle for microtubules. Characteristic ATP-rich growth (left) and ATP-poor catastrophe (right) phases 

are depicted. Image adapted from reference 106. 

While the theory of dissipative self-assembly has been under construction for decades, its 

practical application has been mostly limited to meso- or macroscale systems powered by 

direct external fields109. Recently however, the group of Otto has realised a nanoscopic 

system that displays far-from-equilibrium self-assembly110,111, resulting in interesting 

molecular evolution phenomena112. Moreover, the group of van Esch has taken the first steps 

towards the realisation of a chemically fuelled system that can mimic the dynamic behaviour 

of microtubules. Initial results from 2010 outlined their strategy, in which a charged, inactive 

dicarboxylic monomer is transformed into an activated diester by alkylation, yielding a 

fibrous structure through aggregation113. Competitive hydrolysis of the diester resulted in the 

eventual degradation of the supramolecular polymer (Figure 1.31A). The authors extended 

this concept to far-from-equilibrium conditions by increasing the rate of the reactions 

involved in the supramolecular cycle, leading to an increase of the concentration of fibrous 

filaments. This increase in turn led to the transient formation of hydrogels with storage 

moduli of up to 10 kPa. By independently controlling alkylation and hydrolysis, the 

materials’ properties and lifetime can be tuned. The far-from-equilibrium conditions allowed 

the authors to observe some of the more appealing characteristics of dissipative self-

assembly114: stochastic fiber collapse and simultaneous growth and shrinkage, both 

reminiscent of microtubule dynamics.  
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A detailed analysis of the fibers during one chemical cycle using confocal microscopy 

enabled the authors to quantify the growth rate of each individual filament. Initially, fast fiber 

growth occurs universally because of the abundance of activated monomers. As the fuel is 

consumed, hydrolysis starts to compete with activation and far-from-equilibrium events are 

recognized (Figure 1.31B,C). First, catastrophic fiber collapse is observed indicating a 

threshold of hydrolysed subunits in the fiber, below which shrinkage takes place. Second, the 

collapse occurs solely at fiber ends and can be rescued by patches of non-hydrolysed subunits 

resembling the microtubule GTP-cap. Third, renewed growth after fuel depletion is facilitated 

by the release of activated monomers from concurrently degrading fibers. Finally, after 

complete hydrolysis, the remaining fibers collapse.  

 

Figure 1.31: A) Interconversion of active and inactive cysteine-based monomers. Methylation of the soluble 

ionic precursor (grey) yields a neutral compound that is prone to aggregation (green). B) Self-assembly of the 

subunits given in (A) into one-dimensional fibers, and dissociation after sufficient hydrolysis has taken place. 

Chemical activation is required to maintain the aggregated state. C) The occurrence of sustained growth and 

catastrophic collapse in a single fiber. The graph depicts the total amount of monomers in the fiber (black line) 

and the number of active subunits in the fiber (white line).  

Although this artificial system shows remarkable similarities to microtubule dynamics, 

some facets still need to be designed and integrated in order to arrive at functional life-like 

systems. For example, converting the responsiveness of fibrous materials to macroscopic 

work is a persisting challenge, as is the coupling of the transient growth to regulatory 

networks. Only when integration of all these components succeeds, will rational design of 

functional dissipative systems become possible.   
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1.5.3 Exchange dynamics 

With the increasing awareness of the important role that self-assembly kinetics and 

supramolecular dynamics play in complex material properties, comes a growing demand for 

methods to quantify exchange processes. In disordered supramolecular polymers, monomer 

exchange is a somewhat trivial property due to the equivalence of the supramolecular 

interactions. In this case, the exchange rate is largely determined by the lifetime of the 

connections between monomers, which has been measured through various means14,115,116.  

In ordered supramolecular polymers on the other hand, the well-defined geometry imparts 

monomers with variable energetic stabilities, depending on their exact environment. This 

makes elucidation of exchange mechanisms a challenging, but also highly worthwhile task, 

for mechanistic understanding affords improved control over spatiotemporal structure 

formation. Early inspiration was provided by studies of monomer exchange in micelle and 

vesicle systems, which are self-assembled structures with an intermediate degree of order117–

119. These investigations revealed that flux of matter between aggregates generally occurs 

through either micelle scission-and-recombination or molecular exchange with the soluble 

monomer pool.  

 

Figure 1.32: A) Schematic depiction and fluorescence microscopy images of vimentin fiber fragmentation 

and recombination inside neurons. Image adapted from reference 126. B) Electron micrographs of amyloid 

fibers under different agitation conditions (top). Deuterated monomer fractions in these fibers over the course of 

an exchange experiment (bottom), with no agitation (light grey), light agitation (white) or heavy agitation (dark 

grey). The significant effect of agitation intensity can only be explained by monomer exchange at the fiber ends. 

Image adapted from  reference 127. 

Mechanistic literature for exchange in ordered supramolecular polymers  is scarce due to a 

lack of accessible experimental methods at the required length and time scales. 

Computational approaches can be used to investigate the dynamics of monomeric units inside 

supramolecular fibers, as has been done in for example BTA120- and PA121-based systems. In 

the latter case, the results were corroborated by EPR-spectroscopy, revealing different 

degrees of molecular mobility through the cross-section of a PA-fiber122. However, the 

quality of the results depends critically on the availability of appropriate force fields, and 
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extracting exchange rate constants from mobility parameters is highly non-trivial. 

Experimentally, exchange processes in supramolecular polymers can be examined by co-

assembling monomers that contain analytical probes, e.g. fluorescent dyes or chiral moieties. 

In this way, the timescale of exchange in BTA-aggregates in organic solvent has been probed 

using Sergeants-and-Soldiers experiments46, as well as the exchange kinetics of various 

water-soluble assemblies using FRET123,124. However, these spectroscopic measurements 

provide ensemble information, which may convolute multiple microscopic processes. 

Extracting mechanistic details from these data, if at all possible, requires sophisticated 

interpretation125. Microscopic approaches have been applied to directly image exchange in 

vimentin fibers inside neuronal cells, demonstrating that these intermediate filaments undergo 

continuous fragmentation and recombination processes126 (Figure 1.32A). In this case 

however, the spatial resolution of the observations is limited by optical diffraction, precluding 

elucidation of exchange on the nanoscale. Finally, impressive work by Carulla et al. should 

be mentioned, who investigated the monomer cycling in amyloid fibers using 

hydrogen/deuterium exchange127. After observing two distinct populations in a long-term 

exchange experiment, the authors were able to prove that cycling of components occurs by 

monomer association and dissociation at the fiber ends128,129 (Figure 1.32B).  

1.6 Thesis content and aim 

As the aforementioned literature studies demonstrate, the importance of dynamics in the 

functional properties of supramolecular polymers is increasingly being acknowledged. In 

order to achieve the full potential that supramolecular materials offer, control of dynamic 

phenomena during the self-assembly process as well as after formation of the final 

architecture is critical. Currently, the limiting factor for a thorough understanding of these 

processes is the lack of experimental approaches capable of elucidating the molecular events 

underlying macroscopic material characteristics. 

 

Thus, the aim of this thesis is the development of time-resolved methods to 

investigate the mechanistic details of dynamic processes in supramolecular polymers. 

 

For this purpose, Chapter 2 describes the use of a combined experimental and 

computational analysis routine to investigate the self-assembly mechanism in a C3-symmetric 

discotic supramolecular polymer in n-butanol. Spectroscopic measurements of this 

bipyridine-functionalized BTA-derivative yield ensemble data, which are interpreted using 

numerical modelling to obtain mechanistic information. We demonstrate that approaches in 

thermodynamic equilibrium are incapable of distinguishing different mechanisms, and we 

resort to temperature-jump spectroscopy and ODE-based kinetic models to elucidate the 

details of the self-assembly process. 

In Chapter 3, a super-resolution microscopy-based method for the investigation of 

exchange dynamics is developed. We show that synthetic supramolecular polymers can be 
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imaged with excellent resolution by STORM, using a water-soluble BTA-derivative as a 

model system. The fluorescent probes attached to these moieties reveal the monomer 

distribution on a single aggregate basis, and by following this distribution over time 

microscopic information about exchange processes can be obtained. The random blinking 

behaviour of the dye molecules involved in STORM presents an obstacle for quantitative 

interpretation, which is alleviated using stochastic modelling. Finally, correlative methods are 

applied to assess one-dimensional molecular distributions quantitatively and correct for 

overcounting phenomena, revealing an unexpected random exchange mechanism in BTA-

based fibrils. 

Chapter 4 describes the application of quantitative super-resolution imaging in more 

challenging conditions. First, experimental procedures are developed for observation of 

spherical nanoparticles in vivo, i.e. inside immobilized cells. We visualize the uptake process 

and using colocalization and structural averaging, foreign antigen-presenting particles can be 

followed in great detail inside immune cells. Subsequently, we aim to improve the 

quantitative understanding of dye distributions on the surface of nanostructures, required for 

evaluation of antigen processing efficiency. Using the single-molecule properties of the 

applicable STORM dyes and advanced stochastic modelling, we greatly reduce overcounting 

problems and are able to visualize the surface distribution of functionalities with high 

accuracy. 

In Chapter 5, we return to exchange dynamics in supramolecular polymers. Where 

STORM-based analysis revealed a random exchange mechanism in BTA-based aggregates, 

we demonstrate different mechanisms in alternative supramolecular polymers. In a peptide 

amphiphile nanofiber for example, heterogeneous exchange is observed. STORM is used to 

identify areas with different exchange kinetics between and within fibers, and we link these 

trapped regions to the internal β-sheet structure of the PA fibril. Supramolecular polymers 

based on a triblock silk-mimic polypeptide display an even lower degree of mobility, with 

STORM images showing total absence of exchange. However, this property can be exploited 

for the achievement of living polymerization conditions and corresponding controlled 

structure formation. 

Chapter 6 aims to expand the scope of dynamic super-resolution experiments. Where the 

exchange experiments described in previous chapters involved the analysis of kinetically 

trapped samples prepared through customized physisorption procedures, a new protocol is 

developed to enable real-time visualization of various dynamic processes in supramolecular 

polymers. By combining controlled surface chemistry and versatile coupling reactions to 

tether supramolecular fibers covalently to an imaging surface, this methodology aims to 

broaden the variety of applicable nanofibers for STORM imaging as well as the selection of 

possible experiments. 

1.7 References 

(1)  Lehninger, A.; Nelson, D.; Cox, M. Principles of Biochemistry; 2008. 



Chapter 1 

34 

 

(2)  Fletcher, D. A.; Mullins, R. D. Nature 2010, 463, 485. 

(3)  Schweizer, J.; Loose, M.; Bonny, M.; Kruse, K.; Mönch, I.; Schwille, P. Proc. Natl. Acad. Sci. U. S. A. 

2012, 109, 15283. 

(4)  Wu, H. Cell 2013, 153, 287. 

(5)  Lu, A.; Magupalli, V. G.; Ruan, J.; Yin, Q.; Atianand, M. K.; Vos, M. R.; Schröder, G. F.; Fitzgerald, K. 

A.; Wu, H.; Egelman, E. H. Cell 2014, 156, 1193. 

(6)  Hauenstein, A. V; Zhang, L.; Wu, H. Curr. Opin. Struct. Biol. 2015, 31, 75. 

(7)  Tay, S.; Hughey, J. J.; Lee, T. K.; Lipniacki, T.; Quake, S. R.; Covert, M. W. Nature 2010, 466, 267. 

(8)  Knowles, T. P. J.; Vendruscolo, M.; Dobson, C. M. Nat. Rev. Mol. Cell Biol. 2014, 15, 384. 

(9)  Lehn, J.-M. Polym. Int. 2002, 51, 825. 

(10)  Aida, T.; Meijer, E. W.; Stupp, S. I. Science 2012, 335, 813. 

(11)  Grzybowski, B. A.; Wilmer, C. E.; Kim, J.; Browne, K. P.; Bishop, K. J. M. Soft Matter 2009, 5, 1110. 

(12)  Cordier, P.; Tournilhac, F.; Soulié-Ziakovic, C.; Leibler, L. Nature 2008, 451, 977. 

(13)  Chen, Y.; Kushner, A. M.; Williams, G. A.; Guan, Z. Nat. Chem. 2012, 4, 467. 

(14)  Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg, J. H. K. K.; Lange, R. F. M.; 

Lowe, J. K. L.; Meijer, E. W. Science 1997, 278, 1601. 

(15)  Seiffert, S.; Sprakel, J. Chem. Soc. Rev. 2012, 41, 909. 

(16)  Mühlig, S.; Cunningham, A.; Dintinger, J.; Scharf, T.; Bürgi, T.; Lederer, F.; Rockstuhl, C. 

Nanophotonics 2013, 2, 211. 

(17)  Krieg, E.; Weissman, H.; Shirman, E.; Shimoni, E.; Rybtchinski, B. Nat. Nanotechnol. 2011, 6, 141. 

(18)  Mattia, E.; Otto, S. Nat. Nanotechnol. 2015, 10, 111. 

(19)  Silva, G. A.; Czeisler, C.; Niece, K. L.; Beniash, E.; Harrington, D. A.; Kessler, J. A.; Stupp, S. I. 

Science 2004, 303, 1352. 

(20)  Boekhoven, J.; Stupp, S. I. Adv. Mater. 2014, 26, 1642. 

(21)  Xiao, S.; Tang, J.; Beetz, T.; Guo, X.; Tremblay, N.; Siegrist, T.; Zhu, Y.; Steigerwald, M.; Nuckolls, C. 

J. Am. Chem. Soc. 2006, 128, 10700. 

(22)  Babu, S. S.; Prasanthkumar, S.; Ajayaghosh, A. Angew. Chem. Int. Ed. 2012, 51, 1766. 

(23)  Beaujuge, P. M.; Fréchet, J. M. J. J. Am. Chem. Soc. 2011, 133, 20009. 

(24)  Feng, X.; Marcon, V.; Pisula, W.; Hansen, M. R.; Kirkpatrick, J.; Grozema, F.; Andrienko, D.; Kremer, 

K.; Müllen, K. Nat. Mater. 2009, 8, 421. 

(25)  Zhang, W.; Jin, W.; Fukushima, T.; Saeki, A.; Seki, S.; Aida, T. Science 2011, 334, 340. 

(26)  Haedler, A. T.; Kreger, K.; Issac, A.; Wittmann, B.; Kivala, M.; Hammer, N.; Kohler, J.; Schmidt, H.-

W.; Hildner, R. Nature 2015, 523, 196. 

(27)  De Greef, T. F. A.; Smulders, M. M. J.; Wolffs, M.; Schenning, A. P. H. J.; Sijbesma, R. P.; Meijer, E. 

W. Chem. Rev. 2009, 109, 5687. 

(28)  Powers, E. T.; Powers, D. L. Biophys. J. 2006, 91, 122. 

(29)  Asakura, T.; Okushita, K.; Williamson, M. P. Macromolecules 2015, 48, 2345. 

(30)  Fan, X. Z.; Pomerantseva, E.; Gnerlich, M.; Brown, A.; Gerasopoulos, K.; McCarthy, M.; Culver, J.; 

Ghodssi, R. J. Vac. Sci. Technol. A 2013, 31, 050815. 

(31)  Brienne, M.-J.; Gabard, J.; Lehn, J.-M.; Stibor, I. J. Chem. Soc. Chem. Commun. 1989, 1868. 

(32)  Fouquey, C.; Lehn, J.-M.; Levelut, A.-M. Adv. Mater. 1990, 2, 254. 

(33)  Whitesides, G.; Mathias, J.; Seto, C. Science 1991, 254, 1312. 

(34)  Mathias, J. P.; Simanek, E. E.; Zerkowski, J. A.; Seto, C. T.; Whitesides, G. M. J. Am. Chem. Soc. 1994, 

116, 4316. 

(35)  Beijer, F. H.; Sijbesma, R. P.; Kooijman, H.; Spek, A. L.; Meijer, E. W. J. Am. Chem. Soc. 1998, 120, 

6761. 

(36)  Corbin, P. S.; Zimmerman, S. C. J. Am. Chem. Soc. 1998, 120, 9710. 

(37)  Lahiri, S.; Thompson, J. L.; Moore, J. S. J. Am. Chem. Soc. 2000, 122, 11315. 

(38)  Kastler, M.; Pisula, W.; Wasserfallen, D.; Pakula, T.; Müllen, K. J. Am. Chem. Soc. 2005, 127, 4286. 

(39)  Würthner, F.; Thalacker, C.; Diele, S.; Tschierske, C. Chem. Eur. J. 2001, 7, 2245. 

(40)  Ghadiri, M. R.; Granja, J. R.; Milligan, R. A.; McRee, D. E.; Khazanovich, N. Nature 1993, 366, 324. 

(41)  Bong, D. T.; Clark, T. D.; Granja, J. R.; Ghadiri, M. R. Angew. Chem. Int. Ed. 2001, 40, 988. 

(42)  Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; Sijbesma, R. P. Chem. Rev. 2001, 101, 4071. 

(43)  Mayoral, M. J.; Rest, C.; Stepanenko, V.; Schellheimer, J.; Albuquerque, R. Q.; Fernández, G. J. Am. 

Chem. Soc. 2013, 135, 2148. 

(44)  Chen, Z.; Lohr, A.; Saha-Möller, C. R.; Würthner, F. Chem. Soc. Rev. 2009, 38, 564. 

(45)  Kulkarni, C.; Balasubramanian, S.; George, S. J. ChemPhysChem 2013, 14, 661. 

(46)  Smulders, M. M. J.; Schenning, A. P. H. J.; Meijer, E. W. J. Am. Chem. Soc. 2008, 130, 606. 

(47)  Kulkarni, C.; Bejagam, K. K.; Senanayak, S. P.; Narayan, K. S.; Balasubramanian, S.; George, S. J. J. 

Am. Chem. Soc. 2015, 137, 3924. 



One-dimensional self-assembly 

35 

 

(48)  Tharcis, M.; Breiner, T.; Belleney, J.; Boue, F.; Bouteiller, L. Polym. Chem. 2012, 3, 3093. 

(49)  Pal, A.; Karthikeyan, S.; Sijbesma, R. P. J. Am. Chem. Soc. 2010, 132, 7842. 

(50)  van Bommel, K. J. C.; van der Pol, C.; Muizebelt, I.; Friggeri, A.; Heeres, A.; Meetsma, A.; Feringa, B. 

L.; van Esch, J. Angew. Chem. Int. Ed. 2004, 43, 1663. 

(51)  Leenders, C. M. A.; Albertazzi, L.; Mes, T.; Koenigs, M. M. E.; Palmans, A. R. A.; Meijer, E. W. 

Chem. Commun.  2013, 49, 1963. 

(52)  Oosawa, F.; Asakura, S.; Hotta, K.; Imai, N.; Ooi, T. J. Polym. Sci. 1959, 37, 323. 

(53)  Oosawa, F.; Kasai, M. J. Mol. Biol. 1962, 4, 10. 

(54)  Zhao, D.; Moore, J. S. Org. Biomol. Chem. 2003, 1, 3471. 

(55)  Goldstein, R. F.; Stryer, L. Biophys. J. 1986, 50, 583. 

(56)  Ferrone, F. Amyloid, Prions, and Other Protein Aggregates; Methods in Enzymology; Elsevier, 1999; 

Vol. 309. 

(57)  Hofrichter, J.; Ross, P. D.; Eaton, W. A. Proc. Natl. Acad. Sci. U. S. A. 1974, 71, 4864. 

(58)  Flyvbjerg, H.; Jobs, E.; Leiblert, S. Cell 1996, 93, 5975. 

(59)  Thusius, D. J. Mol. Biol. 1975, 94, 367. 

(60)  Watzky, M. A.; Morris, A. M.; Ross, E. D.; Finke, R. G. Biochemistry 2008, 47, 10790. 

(61)  Chiti, F.; Stefani, M.; Taddei, N.; Ramponi, G.; Dobson, C. M. Nature 2003, 424, 805. 

(62)  Wetzel, R. Cell 1996, 86, 699. 

(63)  Morris, A. M.; Watzky, M. A.; Finke, R. G. Biochim. Biophys. Acta 2009, 1794, 375. 

(64)  Cohen, S. I. A.; Vendruscolo, M.; Dobson, C. M.; Knowles, T. P. J. J. Mol. Biol. 2012, 421, 160. 

(65)  Collings, P. J.; Gibbs, E. J.; Starr, T. E.; Vafek, O.; Yee, C.; Pomerance, L. A.; Pasternack, R. F. J. 

Phys. Chem. B 1999, 103, 8474. 

(66)  Pasternack, R. F.; Fleming, C.; Herring, S.; Collings, P. J.; DePaula, J.; DeCastro, G.; Gibbs, E. J. 

Biophys. J. 2000, 79, 550. 

(67)  Surovtsev, I. V; Morgan, J. J.; Lindahl, P. A. PLoS Comput. Biol. 2008, 4, e1000102. 

(68)  Xue, W.-F.; Homans, S. W.; Radford, S. E. Proc. Natl. Acad. Sci.  2008, 105 , 8926. 

(69)  Knowles, T. P. J.; Waudby, C. A.; Devlin, G. L.; Cohen, S. I. A.; Aguzzi, A.; Vendruscolo, M.; 

Terentjev, E. M.; Welland, M. E.; Dobson, C. M. Science 2009, 326, 1533. 

(70)  Meisl, G.; Yang, X.; Hellstrand, E.; Frohm, B.; Kirkegaard, J. B.; Cohen, S. I. A.; Dobson, C. M.; Linse, 

S.; Knowles, T. P. J. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 9384. 

(71)  Davey, R. J.; Schroeder, S. L. M.; ter Horst, J. H. Angew. Chem. Int. Ed. 2013, 52, 2166. 

(72)  Mao, Y.; Zhang, J. J. Am. Chem. Soc. 2012, 134, 631. 

(73)  Fennel, F.; Wolter, S.; Xie, Z.; Plötz, P.-A.; Kühn, O.; Würthner, F.; Lochbrunner, S. J. Am. Chem. Soc. 

2013, 135, 18722. 

(74)  Olivier, Y.; Niedzialek, D.; Lemaur, V.; Pisula, W.; Müllen, K.; Koldemir, U.; Reynolds, J. R.; 

Lazzaroni, R.; Cornil, J.; Beljonne, D. Adv. Mater. 2014, 26, 2119. 

(75)  Scharsich, C.; Lohwasser, R. H.; Sommer, M.; Asawapirom, U.; Scherf, U.; Thelakkat, M.; Neher, D.; 

Köhler, A. J. Polym. Sci. Part B Polym. Phys. 2012, 50, 442. 

(76)  Köhler, A.; Hoffmann, S. T.; Bässler, H. J. Am. Chem. Soc. 2012, 134, 11594. 

(77)  Spano, F. C.; Silva, C. Annu. Rev. Phys. Chem. 2014, 65, 477. 

(78)  Sun, Y.; Welch, G. C.; Leong, W. L.; Takacs, C. J.; Bazan, G. C.; Heeger, A. J. Nat. Mater. 2012, 11, 

44. 

(79)  Numata, M.; Takigami, Y.; Takayama, M.; Kozawa, T.; Hirose, N. Chem. Eur. J. 2012, 18, 13008. 

(80)  Numata, M.; Kozawa, T. Chem. Eur. J. 2013, 19, 12629. 

(81)  Hu, J.; Kuang, W.; Deng, K.; Zou, W.; Huang, Y.; Wei, Z.; Faul, C. F. J. Adv. Funct. Mater. 2012, 22, 

4149. 

(82)  Cremades, N.; Cohen, S. I. A.; Deas, E.; Abramov, A. Y.; Chen, A. Y.; Orte, A.; Sandal, M.; Clarke, R. 

W.; Dunne, P.; Aprile, F. A.; Bertoncini, C. W.; Wood, N. W.; Knowles, T. P. J.; Dobson, C. M.; 

Klenerman, D. Cell 2012, 149, 1048. 

(83)  Liang, C.; Ni, R.; Smith, J. E.; Childers, W. S.; Mehta, A. K.; Lynn, D. G. J. Am. Chem. Soc. 2014, 136, 

15146. 

(84)  Borgia, M. B.; Nickson, A. A.; Clarke, J.; Hounslow, M. J. J. Am. Chem. Soc. 2013, 135, 6456. 

(85)  Bellot, M.; Bouteiller, L. Langmuir 2008, 24, 14176. 

(86)  Lohr, A.; Würthner, F. Angew. Chem. Int. Ed. 2008, 47, 1232. 

(87)  Baram, J.; Weissman, H.; Rybtchinski, B. J. Phys. Chem. B 2014, 118, 12068. 

(88)  Powers, E. T.; Powers, D. L. Biophys. J. 2008, 94, 379. 

(89)  Korevaar, P. A.; George, S. J.; Markvoort, A. J.; Smulders, M. M. J.; Hilbers, P. A. J.; Schenning, A. P. 

H. J.; de Greef, T. F. A.; Meijer, E. W. Nature 2012, 481, 492. 

(90)  Korevaar, P. A.; Schaefer, C.; de Greef, T. F. A.; Meijer, E. W. J. Am. Chem. Soc. 2012, 134, 13482. 

(91)  Korevaar, P. A.; Grenier, C.; Markvoort, A. J.; Schenning, A. P. H. J.; de Greef, T. F. A.; Meijer, E. W. 



Chapter 1 

36 

 

Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 17205. 

(92)  Ogi, S.; Stepanenko, V.; Sugiyasu, K.; Takeuchi, M.; Würthner, F. J. Am. Chem. Soc. 2015, 137, 3300. 

(93)  Kang, J.; Miyajima, D.; Mori, T.; Inoue, Y.; Itoh, Y.; Aida, T. Science 2015, 347, 646. 

(94)  Ogi, S.; Sugiyasu, K.; Manna, S.; Samitsu, S.; Takeuchi, M. Nat. Chem. 2014, 6, 188. 

(95)  Gopal, A.; Hifsudheen, M.; Furumi, S.; Takeuchi, M.; Ajayaghosh, A. Angew. Chem. Int. Ed. 2012, 51, 

10505. 

(96)  Boekhoven, J.; Brizard, A. M.; van Rijn, P.; Stuart, M. C. A.; Eelkema, R.; van Esch, J. H. Angew. 

Chem. Int. Ed. 2011, 50, 12285. 

(97)  Krieg, E.; Shirman, E.; Weissman, H.; Shimoni, E.; Wolf, S. G.; Pinkas, I.; Rybtchinski, B. J. Am. 

Chem. Soc. 2009, 131, 14365. 

(98)  Toledano, S.; Williams, R. J.; Jayawarna, V.; Ulijn, R. V. J. Am. Chem. Soc. 2006, 128, 1070. 

(99)  Sim, S.; Miyajima, D.; Niwa, T.; Taguchi, H.; Aida, T. J. Am. Chem. Soc. 2015, 137, 4658. 

(100)  Stuart, M. A. C.; Huck, W. T. S.; Genzer, J.; Müller, M.; Ober, C.; Stamm, M.; Sukhorukov, G. B.; 

Szleifer, I.; Tsukruk, V. V; Urban, M.; Winnik, F.; Zauscher, S.; Luzinov, I.; Minko, S. Nat. Mater. 

2010, 9, 101. 

(101)  Fenske, T.; Korth, H. G.; Mohr, A.; Schmuck, C. Chem. Eur. J. 2012, 18, 738. 

(102)  Löwik, D. W. P. M.; Leunissen, E. H. P.; van den Heuvel, M.; Hansen, M. B.; van Hest, J. C. M. Chem. 

Soc. Rev. 2010, 39, 3394. 

(103)  Yan, X.; Wang, F.; Zheng, B.; Huang, F. Chem. Soc. Rev. 2012, 41, 6042. 

(104)  Kumar, M.; Brocorens, P.; Tonnelé, C.; Beljonne, D.; Surin, M.; George, S. J. Nat. Commun. 2014, 5, 

5793. 

(105)  Hirose, T.; Helmich, F.; Meijer, E. W. Angew. Chem. 2013, 125, 322. 

(106)  Akhmanova, A.; Steinmetz, M. O. Nat. Rev. Mol. Cell Biol. 2015, 16, 711. 

(107)  Holy, T. E.; Leibler, S. Proc. Natl. Acad. Sci. 1994, 91, 5682. 

(108)  Kirschner, M.; Mitchison, T. Cell 1986, 45, 329. 

(109)  Fialkowski, M.; Bishop, K. J. M.; Klajn, R.; Smoukov, S. K.; Campbell, C. J.; Grzybowski, B. A. J. 

Phys. Chem. B 2006, 110, 2482. 

(110)  Carnall, J. M. A.; Waudby, C. A.; Belenguer, A. M.; Stuart, M. C. A.; Peyralans, J. J.-P.; Otto, S. 

Science 2010, 327, 1502. 

(111)  Malakoutikhah, M.; Peyralans, J. J.-P.; Colomb-Delsuc, M.; Fanlo-Virgós, H.; Stuart, M. C. A.; Otto, S. 

J. Am. Chem. Soc. 2013, 135, 18406. 

(112)  Sadownik, J. W.; Mattia, E.; Nowak, P.; Otto, S. Nat. Chem. 2016, 8, 264. 

(113)  Boekhoven, J.; Brizard, A. M.; Kowlgi, K. N. K.; Koper, G. J. M.; Eelkema, R.; van Esch, J. H. Angew. 

Chem. Int. Ed. 2010, 49, 4825. 

(114)  Boekhoven, J.; Hendriksen, W. E.; Koper, G. J. M.; Eelkema, R.; van Esch, J. H. Science 2015, 349, 

1075. 

(115)  Yount, W. C.; Juwarker, H.; Craig, S. L. J. Am. Chem. Soc. 2003, 125, 15302. 

(116)  Lehn, J.-M. Prog. Polym. Sci. 2005, 30, 814. 

(117)  Zana, R. Dynamics of Surfactant Self-Assemblies; 2005. 

(118)  van Stam, J.; Creutz, S.; De Schryver, F. C.; Jérôme, R. Macromolecules 2000, 33, 6388. 

(119)  Choi, S.-H.; Bates, F. S.; Lodge, T. P. Macromolecules 2011, 44, 3594. 

(120)  Baker, M. B.; Albertazzi, L.; Voets, I. K.; Leenders, C. M. A.; Palmans, A. R. A.; Pavan, G. M.; Meijer, 

E. W. Nat. Commun. 2015, 6, 6234. 

(121)  Lee, O.-S.; Stupp, S. I.; Schatz, G. C. J. Am. Chem. Soc. 2011, 133, 3677. 

(122)  Ortony, J. H.; Newcomb, C. J.; Matson, J. B.; Palmer, L. C.; Doan, P. E.; Hoffman, B. M.; Stupp, S. I. 

Nat. Mater. 2014, 13, 812. 

(123)  Albertazzi, L.; Martinez-Veracoechea, F. J.; Leenders, C. M. A.; Voets, I. K.; Frenkel, D.; Meijer, E. W. 

Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 12203. 

(124)  Petkau-Milroy, K.; Uhlenheuer, D. A.; Spiering, A. J. H.; Vekemans, J. A. J. M.; Brunsveld, L. Chem. 

Sci. 2013, 4, 2886. 

(125)  Markvoort, A. J.; ten Eikelder, H. M. M.; Hilbers, P. A. J.; de Greef, T. F. A.; Meijer, E. W. Nat. 

Commun. 2011, 2, 509. 

(126)  Uchida, A.; Çolakoğlu, G.; Wang, L.; Monsma, P. C.; Brown, A. Proc. Natl. Acad. Sci. U. S. A. 2013, 

110, E2696. 

(127)  Carulla, N.; Caddy, G. L.; Hall, D. R.; Zurdo, J.; Gairi, M.; Feliz, M.; Giralt, E.; Robinson, C. V; 

Dobson, C. M. Nature 2005, 436, 554. 

(128)  Maji, S. K.; Schubert, D.; Rivier, C.; Lee, S.; Rivier, J. E.; Riek, R. PLoS Biol. 2008, 6, e17. 

(129)  Carulla, N.; Zhou, M.; Giralt, E.; Robinson, C. V; Dobson, C. M. Acc. Chem. Res. 2010, 43, 1072. 

 

 



Chapter 2 
 

Kinetic analysis as a tool to distinguish pathway 

complexity in molecular assembly 

 

Abstract 

While the sensitive dependence of the functional characteristics of self-assembled nanofibers 

on the molecular structure of their building blocks is well-known, the crucial influence of the 

dynamics of the assembly process is often overlooked. For natural protein-based fibrils, 

various aggregation mechanisms have been demonstrated, from simple primary nucleation to 

secondary nucleation and off-pathway aggregation. Similar pathway complexity has recently 

been described in synthetic supramolecular polymers and has been shown to be intimately 

linked to their morphology. We outline a general method to investigate the consequences of 

the presence of multiple assembly pathways, and show how kinetic analysis can be used to 

distinguish different assembly mechanisms. We illustrate our combined experimental and 

theoretical approach by studying the aggregation of chiral bipyridine-extended 1,3,5-

benzenetricarboxamide 1 in n-butanol as a model system. Our workflow consists of non-

linear least-squares analysis of steady-state spectroscopic measurements, which cannot 

provide conclusive mechanistic information but yields the equilibrium constants of the self-

assembly process as constraints for subsequent kinetic analysis. Furthermore, kinetic 

nucleation-elongation models based on one and two competing pathways are used to interpret 

time-dependent spectroscopic measurements acquired using stop-flow and temperature-jump 

methods. Thus, we reveal that the sharp transition observed in the aggregation process of 1 

cannot be explained by a single cooperative pathway, but can be described by a competitive 

two-pathway mechanism. This work provides a general tool for analysing supramolecular 

polymerizations and establishing energetic landscapes, leading to mechanistic insights that at 

first sight may seem unexpected and counterintuitive. 
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2.1 Introduction 

Self-assembly is an efficient method to create nanostructured materials1–8, which show 

great promise for applications ranging from advanced materials9–20 and organic electronics21–

33 to biomedical engineering34–38, as summarized in Chapter 1. The relative orientation of 

molecules that make up these aggregates is a critical factor that determines their functional 

properties39,40, and thus achieving control over molecular assembly is important in optimizing 

performance characteristics.  

The stacking geometry of monomers inside a supramolecular polymer is partially 

predetermined by their molecular structure41–46, but recent work shows that many 

supramolecular polymers display several morphologies47–51 corresponding to different 

orientations of the monomer in the aggregate39,52–55. These different aggregate morphologies 

can be selectively created by tuning experimental conditions such as concentration (C) and 

temperature (T), resulting in the predominance of a particular aggregate state at a specific 

point in (C,T)-space56–61. Previous work has shown that steady-state spectroscopic 

measurements combined with subsequent modelling can be used to investigate complex self-

assembly processes, yielding important information about the distribution of aggregate 

species62. However, the mechanistic details of the formation and interconversion of these 

aggregate morphologies cannot be investigated using equilibrium data alone, hindering our 

ability to rationally design self-assembled one-dimensional nanostructures.  

It has become increasingly clear that the dynamics of (dis)assembly are also critical in 

determining the final nanoscale morphology of synthetic materials. As such, investigating the 

time-dependent behaviour of supramolecular polymers through kinetic experiments63,64 and 

models is crucial in order to understand their self-assembly mechanisms. As described in 

Chapter 1, early kinetic models65–70 describing self-assembly as a series of consecutive 

monomer addition reactions succeeded in explaining many of the features observed in protein 

aggregation experiments, and more advanced models have since incorporated complex 

nucleation processes and multiple aggregate states in natural and synthetic systems alike71–78. 

Such studies clearly illustrate that complex self-assembly mechanisms can only be fully 

understood in kinetic terms, and thus appropriate experiments and models are required to 

rationally engineer π-conjugated materials with tailored properties. However, so far clear 

guidelines on how to design such a comprehensive analysis, and how to validate the applied 

models for a self-assembly process, are lacking. 

Here, we address manifestations of pathway complexity using the aggregation of 

bipyridine-extended 1,3,5-benzenetricarboxamide 1 as an example. C3-Symmetric bipyridine 

discotics self-assemble into chiral, one-dimensional aggregates in a wide variety of solvents 

depending on the nature of the solubilizing side chains. For example, bipyridine-discs 

functionalized with alkyl sidechains associate into helical assemblies in methylcyclohexane 

upon decreasing the temperature or increasing the concentration79. In contrast, 

oligoethyleneglycol-appended 1 self-assembles in more polar solvents, such as alcohols and 
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water80. Previous investigation of the aggregation process of 1 in n-butanol has suggested the 

presence of multiple aggregate states, but the interconversion mechanism has so far remained 

elusive81. In this Chapter, the details of these aggregate states and their abundance under 

different conditions are analysed using steady-state spectroscopic measurements. Detailed, 

broadly applicable thermodynamic models have been created to simulate the behaviour of 1 

under different conditions, and we show how to apply these to delineate the spectroscopic 

results. The multiple aggregate states can be interpreted as one nucleation-elongation 

pathway, or two competing pathways, and thus variant models for these two scenarios have 

been created. Both approaches are able to satisfactorily describe the data, underlining the 

difficulty of extracting mechanistic information using equilibrium models. In order to 

differentiate between the two mechanisms, the exact functional relation between the 

aggregate states is probed using time-resolved temperature-jump spectroscopy. Applying the 

data from the thermodynamic simulations as constraints, kinetic modelling using 

temperature-dependent one- and two-pathway assembly schemes is then utilized to interpret 

the kinetic experiments, allowing us to select the correct assembly mechanism.  Our analysis 

and workflow serve as a general method that can be used by supramolecular chemists to 

identify the presence of multiple pathways in one-dimensional supramolecular 

polymerization. 

 

Figure 2.1: A) Structure of the discotic molecule 1. B) Depending on concentration and temperature, 1 self-

assembles into multiple, spectrally distinct aggregate states due to a combination of hydrophobic effects and 

aromatic interactions. 
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2.2 Self-assembly in n-butanol 

The enantiomerically pure bipyridine-extended 1,3,5-benzenetricarboxamide derivative 1 

(Figure 2.1A) has been synthesized according to literature procedures81. We studied the 

pathway complexity of its self-assembly in n-butanol (Figure 2.1B) using temperature- and 

concentration-dependent spectroscopic measurements. First, we applied circular dichroism 

(CD) spectroscopy to probe the macromolecular helicity of the formed assemblies. As shown 

in Figure 2.2A, CD-spectra of 1 in n-butanol at a concentration of 1.0x10-5 M were acquired 

over a broad temperature range (268-353 K). At temperatures below 293 K, the spectra 

displayed a large Cotton effect in the π-π* band around 335 nm (Figure 2.2A, solid line), 

which disappeared above 303 K (Figure 2.2A, dashed and dotted lines). In order to probe this 

transition in detail, the normalized ellipticity at λ = 335 nm was monitored as a function of 

temperature (Figure 2.2D). The experimental melting curves show a sharp transition at 295 

K, and a shift to higher melting temperatures with increasing concentration (Figure 2.2D, 

colours indicate different concentrations). 

 

Figure 2.2: Circular dichroism (A), ultraviolet-visible absorption (B) and fluorescence excitation (C) spectra 

of 1 in n-butanol (1.0x10-5 M) at various temperatures. In all graphs, three distinct spectral signatures can be 

distinguished. Dark grey lines indicate spectra at temperatures where these signatures are most clearly visible, 

light grey lines are spectra at intermediate temperatures. For all spectra, the solution of 1 was equilibrated prior 

to acquisition. The detection wavelength for the excitation fluorescence spectra is λ = 520 nm. Panels (D), (E) 

and (F) show the normalized intensities at λ = 335 nm (orange dotted line in (A-C)) for the CD, UV-Vis and FL 

channels, respectively, as a function of temperature for a range of total monomer concentrations (indicated by 

the colour bar). 
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The self-assembly process was then probed using UV-Vis absorption spectroscopy, since 

the electronic transitions in 1 are sensitive to its molecular environment and thus its aggregate 

state81. UV-Vis spectra of a 1.0x10-5 M solution of 1 in n-butanol were acquired at 

temperatures between 268 and 353 K, as shown in Figure 2.2B. In these plots, three distinct 

spectral signatures were identified, which are most pronounced at 268 K, 303 K, and 353 K 

(Figure 2.2B, solid, dashed and dotted lines, respectively). The transition regimes were 

further investigated by plotting the absorbance at λ = 335 nm as a function of temperature 

(Figure 2.2E, colour bar indicates different concentrations). These traces show the sharp 

transition around 295 K also observed in the CD melting curves, but additionally show a 

second, more gradual transition at higher temperatures.  

Next, we investigated the aggregation of 1 using its aggregation-induced fluorescence81,82. 

In the monomeric state, 1 exhibits rapid non-radiative decay of the excited state, but when the 

rotational freedom of the bipyridine moieties is restricted, for example due to aggregation, its 

fluorescence quantum yield is greatly enhanced. The aggregation state of 1 was probed by 

recording fluorescence excitation spectra at 1.0x10-5 M in n-butanol over the temperature 

range of 268 to 353 K (Figure 2.2C). These spectra, and the fluorescence intensity traces at 

λexc = 335 nm (Figure 2.2F, coloured lines indicate concentration), show negligible emission 

at a temperature of 353 K (Figure 2.2C, dotted line). Cooling to 303 K (Figure 2.2C, dashed 

line) results in gradually increasing fluorescence, concurrent with the high-temperature 

transition observed in the UV-Vis melting curve. Finally, a blue shift in the fluorescence 

excitation spectra is detected upon further cooling to 295 K, coinciding with the observed 

increase of the CD signal in this temperature regime (Figure 2.2C, solid line).  

Based on the spectroscopic measurements shown in Figure 2.2, three separate states as 

previously suggested in literature81 can be identified. At temperatures above 353 K (dotted 

lines in Figure 2.2A-C), 1 is present as the monomer in solution, as indicated by the low 

fluorescence intensity and the absence of a CD signal. The gradual increase of fluorescence 

emission intensity and the concomitant red-shift in the UV-spectrum upon cooling signals the 

formation of a first aggregate state, most clearly visible at 303 K (dashed lines in Figure 

2.2A-C). The self-assembly of this aggregate takes place over a broad temperature range 

(Figure 2.2D-F, first transition from 353 – 303 K). The low CD signal of this aggregate state 

proves a lack of macromolecular helicity thus suggesting that the assemblies have a low 

degree of order. The blue shift observed in UV-Vis and fluorescence spectra upon further 

cooling (Figure 2.2D-F, second transition from 303 – 293 K) indicates the formation of a 

different aggregate state (solid lines in Figure 2.2A-C) at low temperature. An intense Cotton 

effect is observed for this state, suggesting the formation of helical supramolecular structures 

and proving the transfer of chiral information from the periphery of 1 to the self-assembling 

core. Similar helical structures have also been proposed for apolar bipyridine-extended 

discotics in methylcyclohexane79, although the exact conformation in this solvent differs as 

indicated by the CD-spectrum. 
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The structural properties of the different aggregates have been elucidated using 

temperature- and concentration-dependent spectroscopy, but the details of the interconversion 

mechanisms between these states are not immediately evident. On the basis of the 

spectroscopic data, two mechanisms can be hypothesized: (i) monomer 1 assembles via a 

single nucleation-elongation pathway, and the observed disordered state represents pre-

nucleus aggregates that convert to ordered post-nucleus supramolecular polymers at lower 

temperature, or (ii) monomer 1 assembles via two parallel pathways, where shorter dis-

ordered aggregates compete with longer structured fibers for free monomers. While the direct 

conversion proposed in the first mechanism is intuitively attractive and often assumed in 

literature, recent reports increasingly demonstrate the occurrence of parallel-operating, 

competitive pathways. It is highly challenging to interpret these experimental results in terms 

of assembly mechanisms and therefore a modelling-based approach is required. 

2.3 Thermodynamic analysis of self-assembly 

2.3.1 Single-pathway equilibrium model 

The mechanistic details of the self-assembly of 1 were unravelled by employing 

mathematical models to interpret the multiple spectroscopic transitions (vide supra). First, we 

apply an equilibrium model that involves a single cooperative nucleation-elongation path-

way, i.e. a self-assembly pathway in which association of monomer is relatively unfavourable 

up to a particular aggregate size (the nucleus size n), and relatively favourable for larger 

aggregates. In this model, the two aggregate states observed for 1 are interpreted as 

disordered pre-nucleus aggregates (i.e. aggregates smaller than the nucleus size and lacking a 

CD effect) and post-nucleus assemblies that show helical order and thus contribute to the CD 

signal (Figure 2.3A). The presence of such disordered pre-nucleus oligomers is common in 

cooperative systems, and in fact a lack of order in small aggregates is one of the main causes 

of cooperativity83–86. If both types of aggregates display different spectroscopic signatures, 

multiple transitions can be observed in temperature- or concentration-dependent 

experiments48,87,  similar to those detected in the melting curves of 1.  

In order to investigate whether the self-assembly of 1 could be correctly explained using a 

single pathway mechanism, we used the general nucleation-elongation model first reported 

by Goldstein and Stryer88. This model describes the formation of aggregates in terms of 

sequential monomer additions with a particular equilibrium constant. Goldstein and Stryer 

distinguish a nucleation regime with equilibrium constant Kn and an elongation regime with 

equilibrium constant Ke, for aggregates smaller and larger than the nucleus size n, 

respectively. The relatively unfavourable nucleation in cooperative self-assembly results in a 

cooperativity parameter σ = Kn / Ke < 1 and cumulative cooperativity ω = σn-1. In order to 

describe the experimental melting curves, the van ‘t Hoff equation (Equation (2.1)) is used to 

describe the temperature-dependence of the nucleation and elongation equilibrium constants. 
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Figure 2.3: A) Scheme of a single pathway, cooperative assembly mechanism for 1. The three spectroscopic 

signatures are here represented by monomer (grey), disordered pre-nucleus aggregates (green) and ordered post-

nucleus aggregates (red). In this model, 1, present as the monomer at high temperature, partially assembles into 

aggregates smaller than the nucleus size upon lowering the temperature, to finally grow into long aggregates 

upon further cooling. B-D) Temperature-dependent circular dichroism, ultraviolet-visible absorption and 

fluorescence excitation signal acquired at [1] = 1.0x10-5 M. The single-pathway equilibrium model is fitted to 

the data (blue lines). E-G) Simulated temperature-dependent traces in CD, UV-Vis and FL channels, using 

parameter values optimized through a global fitting routine (see Experimental Section for details). In these fits, 

nucleus size n = 8 has been used. Concentration is indicated by colour, and the traces have been normalized for 

clarity. 

nH∆
�
 (kJmol-1) nS∆

�
(Jmol-1K-1) eH∆

�
(kJmol-1) eS∆

�
(Jmol-1K-1) 

-99.41 ± 0.04 -218.0 ± 1.3 -246.5 ± 2.3 -710.5 ± 7.9 

Table 2.1: Optimized parameter values for global fitting procedure using single-pathway equilibrium model. 
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In this expression, ∆H° is the enthalpy change of monomer association and ∆S° is the entropy 

change of monomer association, in Jmol-1 and Jmol-1K-1 respectively. Since 1 moieties adopt 

dissimilar geometries in pre-nucleus aggregates and post-nucleus aggregates, the values of 

∆H° and ∆S° may differ between the two regimes, and consequently the model parameters are 

varied independently. Equilibrium constants calculated using Equation (2.1) are used to 

compute the CD, UV-Vis and fluorescence melting curves. A detailed description of this 

modelling approach used can be found in the Experimental Section.   

In order to quantify the self-assembly of 1 in thermodynamic terms, a global fitting 

procedure was performed using the single-pathway model. This model utilizes the association 

enthalpy and entropy parameters as input, and simulates the spectral response for any 

temperature and concentration. The multiple curve fitting routine incorporates all 

experimental data simultaneously, and applies non-linear least squares minimization 

combined with Latin Hypercube Sampling to avoid entrapment in local minima. The 

resulting fit closely reproduces the two experimentally observed processes, i.e. a gradual 

transition from the monomeric state to pre-nucleus oligomers when cooling from high 

temperature and a more rapid second transition to the post-nucleus state upon further cooling 

to below 295 K (Figure 2.3B-G). Additionally, the concentration dependence of these 

transitions is in accordance with the experimental melting curves (Figure 2.2D-F). The major 

cause for residual deviations between data and best model fit is the assumption that the 

absorption coefficients are constant, which may not hold exactly for all physical conditions. 

The fitting procedure shows an initially improving quality of fit with increasing nucleus 

size, levelling off for n ≥ 8 (Figure 2.4), indicating that an oligomeric nucleus is required to 

explain the experimentally observed behaviour. The optimized values for the thermodynamic 

parameters for the case n = 8 are shown in Table 2.1. Clearly, all association enthalpies (∆Hn° 

and ∆He° for the nucleation and elongation regimes, respectively) and entropies (∆Sn° and 

∆Se°) are negative, indicating an enthalpy-driven self-assembly process. Closer investigation 

of the obtained parameter values reveals that the two transitions in the experimental cooling 

curves can be explained through the different temperature-dependencies of the nucleation 

equilibrium constant Kn and the elongation equilibrium constant Ke (Figure 2.5). At high 

temperatures (T > 330-350 K, depending on total concentration Ct), both KnCt < 1 and KeCt < 

1, indicating that no significant aggregation takes place. Upon cooling to intermediate 

temperatures, KnCt > 1 and Ke < Kn, leading to the growth of predominantly pre-nucleus 

aggregates, and the observation of a first transition in the UV- and fluorescence traces. As 

observed by CD, further cooling below 295 K leads to formation of post-nucleus 

supramolecular polymers. This can be explained by the stronger temperature dependence of 

Ke compared to Kn, resulting in KeCt > 1 and Ke > Kn at low temperatures. Summarizing, our 

analysis shows that a single-pathway model with n ≥ 8, in which pre- and post-nucleus 
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oligomers have different contributions to the CD, UV and fluorescence signals, is able to 

describe the two spectroscopic transitions observed in the aggregation of 1 in n-butanol. 

 

Figure 2.4: Dependence of the residual sum of squares (RSS) of the non-linear least-squares optimization 

procedure on the nucleus size n, using the single-pathway equilibrium model. The RSS is the total value for the 

global fit, incorporating 19 temperature-dependent traces (data shown in Figure 2.2D-F, fits for n=8 are shown 

in Figure 2.3E-G). The RSS-value for a particular nucleus size is the lowest value out of a Latin-Hypercube 

Sampled ensemble (for details, see Experimental Section). 

 

Figure 2.5: Temperature-dependencies of the equilibrium constants in the single-pathway equilibrium 

model. This model contains two equilibrium constants, Kn for aggregates in the nucleation regime being of size  

i ≤ n (shown as dashed line) and Ke for aggregates in the elongation regime, which are larger than n (shown as 

solid line). The temperature-dependent constants are calculated using the optimized single-pathway entropy and 

enthalpy values (Table 2.1).  

 2.3.2 Two-pathway equilibrium model 

An alternative method to describe the two experimentally observed transitions is to invoke 

a model containing two self-assembly pathways that operate in parallel, competing for the 
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same monomer (Figure 2.6A). In this model, monomer 1 can assemble into either a 

disordered aggregate state or a more ordered state, and conversion from one state to the other 

occurs through monomer dissociation and reassembly into the alternate aggregate type. 

Models containing competing aggregate states have been proposed for a variety of natural 

supramolecular polymers89–91, and have been comprehensively treated mathematically by 

Powers and Powers71. Recently, similar two-pathway models have been used to explain the 

aggregation behaviour of synthetic supramolecular polymers59,78 and have been exploited to 

program self-assembly pathways in supramolecular polymerizations92. If both aggregate 

types have distinct spectroscopic signatures, then competition between these pathways could 

also lead to the observation of multiple transitions. 

To investigate whether a two-pathway model correctly explains the temperature- and 

concentration-dependent aggregation behaviour of 1, we expanded the temperature-

dependent Goldstein-Stryer model to include a second assembly pathway operating in 

parallel. In contrast to the single-pathway model in which the nucleus size is larger than two, 

in this model each self-assembly pathway has a nucleus size of two. Furthermore, whereas in 

the single pathway model the monomer addition entropy changes on going from the 

nucleation to the elongation phase, we now assume that the monomer addition entropy in 

each pathway does not change in order to restrict the number of free parameters. In total, the 

model has six thermodynamic parameters, i.e. in each pathway, aggregation is described by a 

nucleation and elongation enthalpy and a single association entropy. In the model, either 

pathway can become thermodynamically stable depending on the total monomer 

concentration and temperature. In a similar fashion as for the single-pathway model, the 

equilibrium constants can be used to calculate the distribution of 1 over the two aggregate 

states, and subsequently predict a spectral response (see Experimental Section for details of 

this model).  

After optimization of the input parameters via a global non-linear least-squares analysis, 

simulations using the two-pathway model succeed in reproducing the two experimentally 

observed transitions as well as their concentration-dependence (6B-G), again with small 

residual deviations. The values of the optimized thermodynamic parameters (Table 2.2) 

indicate that the assemblies in one pathway, termed A-type aggregates, self-assemble in an 

anti-cooperative fashion while the growth of the B-type aggregates in the second pathway is 

nearly isodesmic. Assembly in both pathways is enthalpically driven, and the transition 

observed upon cooling from 350 K to 305 K can thus be explained by the association of 

monomers into A-type aggregates. These aggregates are limited in length, since Kn,A > Ke,A 

(i.e. σ < 1) in this temperature regime. At temperatures lower than 305 K, the elongation 

equilibrium constant of the second pathway, Ke,B becomes larger than the nucleation constant 

of A-type aggregates Kn,A (Figure 2.7)  and thus conversion of A-type aggregates into B-type 

aggregates occurs. In this temperature regime, growth of B-type aggregates takes place in a 

nearly isodesmic fashion.  



Kinetic analysis as a tool to distinguish pathway complexity in molecular assembly 

 

47 

 

 

 

Figure 2.6: A) Scheme of an aggregation model with two competitive aggregation pathways for 1. Here, the 

three spectroscopic signatures are interpreted as monomer (grey), a disordered aggregate state (green) and an 

ordered aggregate state (red). At high temperature, 1 is present as free monomer, and it initially assembles into 

disordered aggregates upon lowering the temperature. When cooling to even lower temperature, 1 dissociates 

from these aggregates and re-assembles along the alternative pathway, forming ordered stacks. B-D) Circular 

dichroism, ultraviolet-visible absorption and fluorescence excitation signal as a function of temperature, fitted 

using the two-pathway model (blue lines), overlaid on the experimental measurements (grey lines). Simulations 

were performed for and experimental traces acquired at [1] = 1.0x10-5 M. E-G) Simulated temperature-

dependent traces in CD, UV-Vis and FL channels, using parameter values optimized through a global fitting 

routine (see Experimental Section for details). Concentration is indicated by colour, and the traces have been 

normalized for clarity. 

,n A
H∆

�
 (kJmol-1) ,e A

H∆
�
(kJmol-1) 

AS∆
�
(Jmol-1K-1) 

-103.1 ± 0.5 -73.17 ± 5.38 -232.1 ± 1.7 

,n BH∆
�

 (kJmol-1) ,e BH∆
�
(kJmol-1) 

BS∆
�
(Jmol-1K-1) 

-326.2 ± 2.0 -322.6 ± 1.9 -984.9 ± 6.7 

Table 2.2 Optimized parameter values for global fitting procedure using two-pathway equilibrium model. 
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This analysis shows that a two-pathway model with an anti-cooperative and an isodesmic 

pathway can successfully describe the experimentally observed transitions in the temperature-

dependent self-assembly of 1. It is important to realize that both cooperative growth based on 

sequential monomer addition (i.e. nucleation-elongation) as well as competition based on 

non-cooperative, parallel pathways allow the occurrence of sharp pseudo-phase boundaries, 

illustrating that sudden transitions are not necessarily indicative of a strong molecular 

cooperativity effect. Since both an extended-nucleus single-pathway model and a model with 

two competing pathways can correctly explain the experimental data, we conclude that 

thermodynamic analysis by itself provides insufficient evidence to distinguish the two self-

assembly mechanisms, and we turn to kinetic approaches. 

 

Figure 2.7: Temperature-dependencies of the equilibrium constants in the two-pathway equilibrium model. 

This model contains four equilibrium constants in two pathways, termed A- and B-type aggregates and shown in 

black and red, respectively. Both pathways have a nucleation regime with equilibrium constant Kn for 

aggregates of size i ≤ n (shown as dashed lines) and an elongation regime with equilibrium constant Ke for 

aggregates that are larger than n (shown as solid lines). The temperature-dependent constants are calculated 

using the optimized two-pathway entropy and enthalpy values (Table 2.2). 

2.4 Temperature-jump spectroscopy 

Kinetic experiments are established tools for the elucidation of reaction mechanisms and 

self-assembly pathways, providing information inaccessible by equilibrium approaches. As 

such, the mechanistic details of the self-assembly behaviour of 1 in n-butanol were further 

studied using temperature-jump (T-jump) spectroscopy, a time-resolved method to 

investigate the kinetics of temperature-sensitive transitions. In T-jump experiments, near-

instantaneous adjustment of temperature is achieved by ultrafast mixing of a sample 

containing 1 with an aliquot of solvent at a different temperature, resulting in concurrent 

concentration and temperature changes. The ensuing mixture is immediately observed using a 

time-resolved spectrometer in order to track the resulting changes in aggregation state (see 
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Experimental Section for a detailed description of T-jump experiments). Figure 2.8A shows a 

simulated population diagram of 1, illustrating the concentration- and temperature 

dependence of the molecular distribution over the monomeric (grey), disordered aggregate 

(green) and ordered aggregate (red) states. Clearly, the formation of ordered aggregates is 

strongly temperature-dependent, making T-jump spectroscopy an attractive method to study 

the supramolecular polymerization kinetics of this system. 

 

Figure 2.8: A) Population diagram for 1 simulated using the two-pathway model, illustrating its self-

assembly behavior as a function of temperature and concentration. At any point in C,T-space, the color 

quantitatively indicates the amount of 1 in a particular aggregate state: monomer is indicated in grey, the 

disordered state is shown in green and the ordered state in red. The arrows indicate the transitions induced in the 

T-jump experiments. Details of this simulation procedure can be found in the Experimental Section. B) Time-

dependent change in fluorescence intensity of 1 after a T-jump experiment. T-jump experiments have been 

performed for a range of concentrations, as indicated by the color bar. All displayed traces are averages of 5 

experimental traces and have been normalized. Transition timescales have been extracted by monitoring the 

time to 50% completion (t-50, crosses) or the time to 90% completion (t-90, circles). Excitation wavelength λexc 

= 380 nm. Inset: Concentration dependence of the t-50 and t-90. 

The interconversion mechanism between the different aggregate morphologies of 1 was 

investigated by performing T-jump experiments starting at Tinit = 313 K followed by rapid 

cooling to Tfinal = 293 K, inducing a transition from the disordered to the ordered aggregate 

state (Figure 2.8A, dashed arrows). This process is experimentally observed as a decrease in 

the total fluorescence intensity upon excitation at λ = 380 nm, occurring on a timescale of 

~10 seconds (Figure 2.8B, coloured traces). The rate of the conversion was quantified using 

the time to 50 or 90 percent completion (t-50 or t-90 respectively) after normalization (Figure 

2.8B, black symbols). If the self-assembly of 1 would take place via the two-pathway 

mechanism, the conversion would involve depolymerization of  disordered aggregates to 

monomers followed by reassembly into the ordered state. On the other hand, if a single 

pathway mechanism would be operative, depolymerization will not take place as growth 

occurs from the disordered, pre-nucleus aggregates. Based on these considerations, the 

concentration-dependence of the t-50 and the t-90 is expected to provide decisive information 

on the self-assembly mechanism. Therefore, T-jump experiments have been performed for a 
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range of concentrations spanning nearly 3 orders of magnitude ([1]0 = 6.8x10-7 – 3.5x10-4 M, 

dashed arrows in Figure 2.8A), and the corresponding t-50 and t-90 were determined from the 

normalized progression curves. The time to completion is seen to increase monotonically 

with decreasing concentration (Figure 2.8B, inset). However, since the slope in the log-log 

plot is significantly lower than one, the concentration dependence is relatively weak. In order 

to correlate the weak concentration-dependence of t-50 and t-90 to one of the two self-

assembly mechanisms, we compared the time-resolved data to kinetic aggregation models. 

2.5 ODE-based kinetic modelling  

2.5.1 Single-pathway kinetic model 

We develop kinetic models for single-pathway and two-pathway self-assembly (vide 

supra), based on existing models for protein aggregation69,71,93 and small-molecule self-

assembly78. In general, these kinetic models describe the change rate of aggregate 

concentrations using the following ordinary differential equation (ODE): 

 ( ) ( )1 1

[ ]
[ ] [ ] [ ] [ ] [ ]i

i i i i

d M
k X M M k M M

dt

+ −

− +
= − + −

  (2.2) 

In Equation (2.2), [X] is the monomer concentration in M, [Mi] is the concentration of 

aggregate of length i in M, and k+ and k− are the association and dissociation rate constants in 

M-1s-1 and s-1, respectively. The two terms of this equation also illustrate that aggregates grow 

by monomer association and shrink by monomer dissociation. The forward rate constants for 

nucleation and elongation steps (kn
+ and ke

+) can be varied independently, as can the rate 

constants for different aggregate types (kA
+ and kB

+). Because the association and dissociation 

rate constants are connected by the corresponding equilibrium constant through the equation 

K = k+/k-, these rate constants cannot be chosen independently. Therefore, the nucleation and 

elongation equilibrium constants obtained from the non-linear least square optimization of 

the steady-state data (vide supra) are used as constraints when selecting the rate constants for 

the kinetic models.  

In order to simulate a T-jump experiment, an equilibrium model and corresponding 

optimized thermodynamic parameters are used to calculate the concentration of all 1 species 

(i.e. aggregates of different sizes) at Tinit. Subsequently, the dilution step occurring in the 

experimental setup is mimicked in the model by dividing these concentrations by the 

appropriate dilution factor, yielding the initial concentrations of all species. Finally, the 

equilibrium constants at Tfinal are calculated using the previously determined enthalpies and 

entropies and using these parameters as constraints, the system of differential equations is 

solved using a custom ODE-solver. A detailed description of the kinetic modelling procedure 

and overview of the full ODE-systems specifying the exact reaction steps for single-pathway 

and two-pathway models can be found in the Experimental Section.  
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Figure 2.9: Analysis of T-jump experiments with the single-pathway kinetic model. A) Concentration-

dependence of t-90 determined from the normalized kinetic traces after a T-jump of a solution of 1 in n-butanol 

at 313 K to a temperature of 293 K. Circles show the experimentally measured t-90, while the solid line 

represents t-90 simulated using the single-pathway model with parameter values k+ = 4x107 M-1s-1 and r = 0.5. 

B-C) The single-pathway model has two free parameters; the combined association rate constant k+, and the 

ratio of association rate constants in the nucleation and elongation regime r. Panels (B) and (C) show variation 

of these parameters over a realistic interval, 106 M-1s-1 < k+ < 108 M-1s-1 and 10-2 < r < 100. Axes are identical to 

(A). 

The single-pathway kinetic model was used to perform T-jump simulations at various total 

concentrations, in order to investigate the concentration dependence of t-90. Figure 2.9A 

shows the simulated concentration dependence of t-90 (solid line), overlaid by the 

experimental values (open circles). Clearly, the single-pathway model predicts a strong 

concentration dependence of the t-90 in the low concentration regime, while at higher 

concentrations the kinetics become concentration independent. The strong dependence of t-90 

at low monomer concentrations (log-log slope < -1) and the weak concentration dependence 

at high concentrations are reminiscent of classical nucleation-dependent kinetic models93,94, 

and are explained by slow nucleation at lower monomer concentration. To check if this 

scaling is a general property of the single-pathway model, we performed parameter scans for 

the two kinetic parameters, k+ and r. The parameter k+ includes association rate constants for 

both nucleation and elongation, and a change in k+ shifts the overall timescale of the 

transition but does not affect the concentration dependence (Figure 2.9B). Variations in r, the 

ratio of the association rate constants in the nucleation and elongation regime (i.e. r = 

kn
+/ke

+), change the limiting concentration at which the t-90 becomes concentration-

independent but do not change the slope at low total concentrations (Figure 2.9C). 
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2.5.2 Two-pathway kinetic model    

 

Figure 2.10: Analysis of T-jump experiments with the two-pathway kinetic model. A) Concentration-

dependence of t-90 determined from the normalized kinetic traces after a T-jump of a solution of 1 in n-butanol 

at 313 K to a temperature of 293 K. Circles show the experimentally measured t-90, the solid line is the t-90 

simulated using the two-pathway competitive model with parameter values kA
+ = 1x106 M-1s-1, rA= 1, kB

+ = 

1x106 M-1s-1 and rB = 0.25. B-E) In the two-pathway model, four parameters can be independently varied; the 

combined association rate constant for pathways A and B, kA
+ and kB

+ respectively, and the ratio of nucleation 

and elongation association rate constants for the two pathways, rA and rB. These parameters are varied in panels 

(B-E), within realistic ranges: 105 M-1s-1 < kA
+ < 107 M-1s-1, 105 M-1s-1 < kB

+ < 107 M-1s-1, 10-1 < rA < 101 and 10-

1.5 < rB < 100.5. Axes are identical to (A). 

The concentration dependence of the t-90 for the two-pathway case has also been 

investigated, as shown in Figure 2.10A (solid line). Using the two-pathway kinetic model,  

the experimentally observed weak concentration-dependence of the t-90 is closely reproduced 

by the kinetic simulations over the entire concentration range. The weak scaling is explained 

by the nearly isodesmic characteristics of B-type aggregates combined with the presence of 

strongly anti-cooperative A-type aggregates. At Tfinal, the A-pathway is kinetically and 

thermodynamically accessible since kn,A
+

 > kn,B
+ and [1] > Kn,A

-1, leading to sequestration of 

monomer in small aggregates. Since the A-type aggregates are the kinetic species at the final 

temperature, the amount of 1 that transiently resides in this pathway is highly dependent on 

the total concentration78. In a graph plotting t-90 against total concentration, this leads to a 

slope with an absolute value lower than 1, which cannot be reproduced by a single-pathway 

mechanism involving monomer-dependent nucleation94,95. Due to the anti-cooperativity of 

pathway A, the slope does not increase to positive values at very high concentration, as is 

observed for cooperative self-assembly78. Variation of the kinetic parameters that control 

monomer aggregation in pathway A, kA
+ and rA, shows that the effect of pathway A on the 

overall kinetics is indeed stronger at higher concentration due to the higher abundance of A-

type aggregates (Figure 2.10B,C). Altering kB
+, the rate parameter for pathway B, changes 

the total timescale of the entire self-assembly process (Figure 2.10D). On the other hand, 

changing only the nucleation rate constant affects the low-concentration regime most 
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significantly, which is consistent with the slow nucleation at low concentration predicted by 

theory93 (Figure 2.10E). Comparing these simulations to the T-jump experiments, we find 

that a single-pathway model is unable to accurately describe the self-assembly of 1, while a 

two-pathway model quantitatively reproduces its kinetics. At this point, it is worth noting that 

while the current two-pathway model provides a minimal description of the experimental 

observations, the actual system may involve additional equilibria. 

These results, combined with equilibrium spectroscopy experiments (vide supra), can 

elucidate the self-assembly behaviour of 1 in molecular terms. The weak concentration-

dependence of the kinetics observed in the analysis described here proves that small, 

disordered A-type aggregates compete with, and are kinetically favoured over, the more 

ordered B-type structures after rapid cooling. The lack of well-defined structure in A-type 

aggregates explains the lower barrier for monomer association, and can also explain their 

anti-cooperative behaviour because the orientational flexibility may lead to inefficient 

stacking. In this case, non-directional solvophobic and dipolar interactions promote 

aggregation but steric effects will limit the aggregate size. The strong temperature-

dependence of the formation of B-type aggregates implies that a conformational change is 

required to self-assemble into this pathway. This likely entails a confinement of the 

bipyridine wedges to an ordered, ship screw-like conformation79 at low temperatures, 

compatible with a more isodesmic aggregation behaviour. Such an ordered conformation is 

supported by DSC- and SANS data81, and agrees well with the tendency of bipyridine-

extended discotics to form extended helical stacks in a variety of conditions80,96,97. From the 

poor match of the single-pathway model with the kinetic data, we can conclude that 

disordered aggregates cannot directly nucleate the formation of more ordered stacks, 

indicating that this conformational change does not take place inside existing A-type 

aggregates. Instead, it is kinetically more favourable to disassemble and reassemble into B-

type aggregates. 

2.6 Conclusions 

The computational and experimental analysis outlined here illustrates the challenges in 

achieving mechanistic understanding of aggregation processes. This understanding is critical 

for optimizing the performance of self-assembled materials, since the assembly mechanism 

determines how a desired morphology can be formed on a reasonable timescale. Studies of 

both protein-based and synthetic supramolecular polymers have established a variety of 

mathematical models for self-assembly processes, recently emphasizing the far-reaching 

consequences of multiple aggregation pathways for product formation rates. Interpreting 

experimental data in these complex systems is becoming increasingly challenging, and thus 

determining the correct aggregation model for a supramolecular polymerization process 

requires a combination of multiple spectroscopic techniques and numerical modelling.  

Here we have shown that the appearance of two aggregate signatures in steady-state 

spectroscopy of 1 can be explained using either a single-pathway model with a disordered 
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nucleus, or a two-pathway model with two different aggregates competing for the monomer. 

This observation serves as a reminder that acute transitions can be explained by competition 

between species in a broad sense, and do not necessarily require highly cooperative assembly 

pathways. To distinguish the aforementioned two mechanisms, time-resolved T-jump 

experiments were performed. Since the effects of the simultaneous change in temperature and 

concentration on the molecular distribution are not easily intuitively understood, ODE-based 

kinetic models have been applied to explain the spectroscopic transitions. Computational 

predictions show that a single-pathway model with an extended nucleus cannot reproduce the 

weak concentration-dependence of 1 aggregation kinetics. On the contrary, a model with two 

competing aggregate states can match the experimental results through the interaction of an 

anti-cooperative and an isodesmic pathway, thus illustrating how kinetic modelling can 

distinguish between different possible self-assembly mechanisms for 1. The two assembly 

pathways are caused by a temperature-dependent conformational change in the 1 molecule, 

leading to different stacking geometries that compete for the monomer and interconvert by 

disassembly and re-aggregation. Establishing this mechanism has important consequences for 

the formation kinetics of either state, and provides opportunities for directing the assembly 

towards a desired morphology. Additionally, it warrants the remark that the direct conversion 

between states often intuitively assumed in literature requires more careful experimental 

confirmation. 

Thus, we show how multiple temperature- and concentration-dependent spectroscopic 

techniques can be combined to obtain sufficient information about a complex self-assembly 

process. For a coherent interpretation of these measurements, we employ numerical 

modelling to combine the disparate data into a global understanding of the self-assembly 

mechanism, and demonstrate how to validate the choice for a particular model. In this way, 

we provide a guideline for the elucidation of pathway complexity in supramolecular 

polymerizations, the thoughtful application of which may reveal counterintuitive mechanistic 

information. In the near future, the inclusion of modelling avenues for “non-classical” 

mechanisms, such as the currently intractable dissipative systems, will bring the 

understanding of self-assembly to a higher level.  More generally, such a combined 

theoretical approach, utilizing coupled thermodynamic and kinetic data, is in our view 

indispensable in improving the processing of crystalline materials, polymers and any other 

types of matter aggregating through non-covalent interactions. 

2.7 Experimental section 

2.7.1 Instrumentation and material 

The synthesis of 1 has been described in literature81. Circular dichroism, UV-Vis 

absorption and fluorescence excitation spectra were acquired on a Jasco J-815 spectrometer 

with a FMO-427S fluorescence module, using a PMT-detector for dichroism and absorption 

measurements. Sensitivity, response time and scanning rate were appropriately chosen 
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according to the sample requirements while temperature was controlled using a water-cooled 

Jasco Peltier PFD-425S temperature controller with a range of 263 – 383 K. Spectra were 

acquired using Hellma 110-QS and 111-QS cuvettes.  

Temperature-jump experiments were performed on a BioLogic stop-flow setup consisting 

of a MOS-500 spectrometer, an SFM-400 stop-flow module with MPS-60 microprocessor 

unit and Julabo F-12 temperature control system, and an ALX-250 illumination unit (Xe 

lamp). Temperature-jump functionality was added using a BioLogic temperature-jump head 

with 3 TCU-250 Peltier controllers and a JASCO MCB-100 mini circulation bath. 

Measurements were performed in fluorescence mode, using BioLogic FC-15 quartz cuvettes, 

a 455 nm high-pass emission filter and a PMT-450 photomultiplier tube as the detector. 

Excitation bandwidth and sampling rate were chosen according to experimental requirements.  

2.7.2 Spectroscopy under thermodynamic control 

Equilibrated spectra of 1 dissolved in n-butanol (1-butanol, spectroscopic grade, Sigma-

Aldrich) were obtained using 10 mm or 1 mm path length cuvettes. Cooling rates 

corresponding to equilibrated conditions were chosen by acquiring cooling traces at different 

cooling rates (1 Kmin-1, 0.5 Kmin-1 and 0.2 Kmin-1). Additionally, spectra were acquired at 

different time points after a temperature change and showed no further development. Spectra 

and temperature traces were acquired at concentrations [1] = 1.0x10-6 M, 2.5x10-6 M, 5.0x10-

6 M, 1.0x10-5 M, 2.5x10-5 M, 5.0x10-5 M and 1.0x10-4 M. The investigated temperature range 

corresponds to T = 268 K – 363 K. The optical path length of the cuvette for the lowest five 

concentrations was 10 mm while spectra at the highest two concentrations were acquired 

using a cuvette with a 1 mm path length. Because the 1 mm cuvette did not have fluorescence 

observation windows, no fluorescence data were acquired at the highest two concentrations. 

In all CD measurements, no linear dichroism artefacts were observed. 

2.7.3 Spectroscopy under kinetic control 

Temperature-jump traces of 1 dissolved in n-butanol (1-butanol, spectroscopic grade, 

Sigma-Aldrich) were obtained using a 1.5 mm path length cuvette. The SFM-400 had 1.9 mL 

and 10 mL syringes installed for the solution of 1 and n-butanol, respectively. T-jump 

experiments were performed with Tinitial = 313 K and Tfinal = 293 K, and a volumetric mixing 

ratio of 1 : 2.5 for 1-solution : n-butanol provided minimal dead time. Calibration for heat 

losses during the mixing process was performed using the temperature-sensitive fluorescent 

dye N-acetyl tryptophan amide (NATA) in n-butanol. Kinetic traces were acquired at initial 

concentrations [1] = 1.40x10-6 M, 2.70x10-6 M, 5.40x10-6 M, 1.09x10-5 M, 2.19x10-5 M, 

4.38x10-5 M, 8.75x10-5 M, 1.75x10-4 M and 3.5x10-4 M, and using λexc = 380 nm. The high 

voltage over the PMT-detector was adjusted to provide sufficient signal in the experimental 

conditions.  
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2.7.4 Equilibrium model for self-assembly in a single pathway 

The self-assembly of 1-monomer X can be investigated using a one-dimensional 

aggregation model. We modelled the size change of aggregates by monomer association and 

dissociation, so the general reactions of the aggregation process are given by: 

   

 

 

 

 

 

Here, X is the monomeric 1 and Mi is the aggregate consisting of i monomers. Ki is the 

equilibrium constant for formation of the aggregate of size i by monomer addition to an 

aggregate of size i-1. In order to reduce the number of parameters in the model and thus the 

computational cost, several coarse-grained growth mechanisms can be assumed, each 

describing the dependence of Ki on aggregate size i in an unique way. The simplest 

assumption corresponds to isodesmic growth, which assumes that all equilibrium constants of 

association are equal: 
2 3 ... iK K K K= = = = . However, many supramolecular polymerizations 

display cooperative growth, and thus a nucleation-elongation growth scheme is often used. In 

this scheme, aggregates below nucleus size n grow with nucleation equilibrium constant Kn, 

while aggregates equal to or above the nucleus size grow with elongation equilibrium 

constant Ke: 2 3 1 2... , ...n enucleus nucleus nucleus
K K K K K K K K∞+ +

= = = = = = = = .  

This results in the following aggregation reactions:  
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 These equations represent cooperative polymerization if n eK K< , anti-cooperative 

polymerization if n eK K>  and reduce to an isodesmic mechanism if n eK K= . Thus, we can 

express the concentration of species Mi as follows: 
1[ ] [ ]i i

niM K X−
=  for i n≤  and 

1 i
e[ ] [X]i n n

niM K K− −
=  for i n> . If we then use dimensionless concentrations, i.e. [ ]ei im K M= , 

the dimensionless monomer concentration [ ]ex K X=  and define the cooperativity factor 

/n eK Kσ = , we can derive the following expression88 for the dimensionless concentrations of 

species Mi: 
1i i

im xσ
−

=  for i n≤  and 
1n i

im xσ
−

=  for i n> . We then define tot e totx K c= , 

where ctot is the experimental total monomer concentration in mol/L, and the dimensionless 

mass balance becomes: 

 
1 1

1 1

( )
n

i n i

tot

i i n

x i x ixσ σ σ
∞

− −

= = +

= +∑ ∑   (2.4) 

Upon applying standard expressions for the two converging sums in (2.4), we obtain: 

 

1 1
1 1

2 2 2

( ) ( 1) ( 1)

( 1) ( 1) ( 1)

n n
n

tot

x n x n x x nx n
x

x x x

σ σ σ
σ σ

σ σ

+ +

− −   − − − −
= + −   

− − −   
  (2.5) 

This equation is solved in Matlab® using the fzero solver to yield the dimensionless 

monomer concentration x, from which the monomer concentration [X] can be calculated, and 

via Equation (2.3) the concentrations of all different species Mi.  

The temperature-dependence of the equilibrium constants is introduced through the van ‘t 

Hoff-equation: 

 exp( ( ) / )K H T S RT= − ∆ − ∆
� �

  (2.6) 

where ∆Ho and ∆So are standard enthalpies and entropies of association, R the gas constant 

and T the temperature.  

In order to predict the spectral response based on the calculated concentrations [X] and 

[Mi], the following concentrations were defined:  

 
2

1

[ ] [ ]

[ ] [ ]

[ ] [ ]

mono

n

oligo i

i

poly i

i n

X X

X i M

X i M

=

∞

= +

=

=

=

∑

∑

  (2.7) 
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Here, [Xmono] is the total concentration of 1 in the monomeric state, [Xoligo] the total 

concentration of 1 in the oligomeric, pre-nucleus state and [Xpoly] the total concentration of 1 

in the polymeric, post-nucleus state. Each of these states is assumed to have a distinct 

spectroscopic signature, and thus distinct absorption/emission coefficients at different 

wavelengths. Based on Equation (2.7), the total simulated signal is then calculated for 

circular dichroism, UV-Vis absorption and fluorescence excitation spectroscopy according to 

Equation (2.8).   

 mono

( ) ( ) [ ] ( ) [ ] ( ) [ ]

( ) ( ) [ ] ( ) [ ] ( ) [ ]

( ) ( ) [ ] ( ) [ ] ( ) [ ]

model

mono mono oligo oligo poly poly

model

mono oligo oligo poly poly

model fl fl fl

exc mono mono oligo oligo poly poly

X X X

A X X X

I X X X

θ λ θ λ θ λ θ λ

λ ε λ ε λ ε λ

λ ε λ ε λ ε λ

= ⋅ + ⋅ + ⋅

= ⋅ + ⋅ + ⋅

= ⋅ + ⋅ + ⋅

  (2.8) 

 

In Equation (2.8), λ corresponds to the wavelength in nm, ( )model
θ λ  is the ellipticity in 

mdeg, θ(λ) the molar ellipticity coefficient in mdegM-1, ( )modelA λ  the dimensionless 

absorbance, ε(λ) the molar absorption coefficient in cm-1M-1, ( )model

excI λ  the excitation 

fluorescence intensity in a.u. and ( )fl
ε λ  the molar absorption coefficient as measured by 

fluorescence in a.u.cm-1M-1. In order to limit the number of fitting parameters, a single 

wavelength containing maximum information is selected, i.e. the wavelength that has the 

largest difference in signal between the different states (see Figure 2.2). In this system, the 

wavelength λ = 335 nm was chosen. The values of most of the coefficients in Equation (2.8) 

can be estimated from the experimental data at very high or low concentrations and/or 

temperatures, when a single state is almost exclusively present. Remaining coefficients were 

estimated by performing manual simulations with these coefficients as global parameters. 

The accuracy of the coefficients was tested by including them as free parameters in the fitting 

routine, showing very little change from the initial values. Table 2.3 shows the final values of 

the coefficients: 

Coefficients in single-pathway model 

 

-1

 (λ = 335 nm)

(mdegM )

θ
 -1 -1

 (λ = 335 nm)

(cm M )

ε
 

-1 -1

 (λ = 335 nm)

(a.u.cm M )

fl
ε

 

Monomer 0 7.0x104 0 

Oligomer 6.5x101 5.3x104 3.5x104 

Polymer 3.8x106 6.5x104 3.5x104 

Table 2.3: Final values for absorption and emission coefficients in the single-pathway model. 
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The model was fitted to experimental data using non-linear least squares minimization. 

The experimental data consists of temperature- and concentration-dependent spectroscopic 

traces obtained at a single wavelength. Based on Equations (2.8), if N is the total number of 

experimental conditions (i.e. concentrations and temperatures), a 1 x 3N cost function vector 

was defined: 

 

[( ( , ) ( , )),...

( ( , ) ( , )), ( ( , ) ( , ))]

model data

tot tot

model data model data

tot tot exc tot exc tot

CostFunctionVector c T c T

A c T A c T I c T I c T

θ θ= −

− −
  (2.9) 

The minimization was performed in Matlab using the lsqnonlin function, a trust-region-

reflective method that implicitly calculates the sum-of-squares of the supplied cost function 

vector, to obtain optimal values for 4 free parameters (∆Hn°, ∆Sn°, ∆He°, ∆Se°) as defined by 

Equations (2.3) and (2.6). In order to prevent entrapment in a local solution, the fitting 

procedure was performed using 400 sets of starting parameter values. To prevent a large 

proportion of futile fitting runs due to spurious parameter combinations, starting values for 

different parameters were generated using Latin Hypercube Sampling as implemented in the 

Matlab function lhsdesign. The 95% confidence intervals of the parameter estimates were 

calculated using the Matlab function nlparci.  

We verified that the model was able to describe the data by repeating the non-linear least-

square analysis for nucleus sizes ranging from n = 2 to n = 10. The total sum of squared 

residuals was calculated for each nucleus size and shows a monotonic decrease with n 

reaching a plateau at n = 8 (See Figure 2.4). This shows that, although the model is able to 

describe the data, a large nucleus size (n ≥ 8) is needed to generate the biphasic melting 

curves. In the remainder of the analysis using the single-pathway model we have employed  n 

= 8. 

2.7.5 Equilibrium model for self-assembly in two pathways 

The self-assembly of 1-monomer X can also be analyzed using a model involving two 

different, competing aggregate states (State A and State B). We again model the change in 

size in each of these pathways by monomer association and dissociation, so the general 

reactions of this aggregation process are given by: 

 

2 2

2 3 2 3

1 1

2 2

3 3

1 1

i i i i

A B

A B

A B
i i

K K

K K

K K

X X A X X B

A X A B X B

A X A B X B
+ +

+ +

+ +

+ +

+ +
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 Here, X is the monomeric 1, Ai corresponds to the A-state aggregate consisting of i 

monomers and Bi corresponds to the B-state aggregate consisting of i monomers. Ki
A and Ki

B 

are the equilibrium constants for formation of the aggregate of size i by monomer addition to 

an aggregate of size i-1 in pathways A and B, respectively.  

In order to reduce the number of equilibrium constants, a nucleation-elongation growth 

mechanism is assumed. In this scheme, aggregates below nucleus size n grow with nucleation 

equilibrium constant Kn, while aggregates equal to or above the nucleus size grow with 

elongation equilibrium constant Ke. If we assume a nucleus size n = 2, this results in the 

following set of reaction steps: 

   

  

      (2.10) 

 

 

Now, we can express the concentrations of A-state species as 
2[ ] ( ) [ ]A A i i

n eiA K K X
−

=  for 

2, ...,i = ∞  and the concentrations of B-state species as 
2[ ] ( ) [ ]B B i i

n eiB K K X
−

=  for 

2, ...,i = ∞ . If we define the cooperativity factors for the two pathways as /A A
n eA K Kσ =  and 

/B B
n eB K Kσ = , and use the dimensionless concentrations [ ]A

ex K X= , [ ]A
ei ia K A=  and 

[ ]A
ei ib K B= , we arrive at the following expressions for the dimensionless concentrations of 

the aggregate species Ai and Bi: 
A i

ia xσ=  and 
1( / )B B A i i

e eib K K xσ
−

= . If we once again 

take tot tot
A
ex K c=  as the dimensionless total concentration of monomer, the mass balance for 

the two-pathway model becomes: 

 

1

2 2

i
B

i ie
tot A B A

i i e

K
x x ix i x

K
σ σ

−
∞ ∞

= =

 
= + +  

 
∑ ∑   (2.11) 

Equation (2.11) can be simplified using the standard expressions for its converging sums, 

yielding: 

 
( )

22

1 1
1 1 1

(1 ) 1 ( / )
tot A B

B A

e e

x x
x K K x

σ σ

  
   = + − + −   −  −  

  (2.12) 

This equation is solved using the fzero solver in Matlab to calculate the concentrations of 

all species through Equation (2.10). Again, concentrations of all species at different 
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temperatures are obtained by changing the equilibrium constants using the van ‘t Hoff 

Equation (2.6). 

In order to predict the spectral response in the two-pathway model, the signatures that are 

observed are assumed to originate from 1  in the monomeric state, in aggregate state A and in 

aggregate state B, the concentrations of which are given by [ ]
mono

X , [ ]
A

X  and [ ]
B

X  

respectively: 

 
2

2

[ ] [ ]

[ ] [ ]

[ ] [ ]

mono

A i

i

B i

i

X X

X i A

X i B

∞

=

∞

=

=

=

=

∑

∑

  (2.13) 

Analogous to Equation (2.8), the total simulated signal for the circular dichroism, UV-Vis 

absorption and fluorescence excitation spectroscopy is then calculated according to Equation 

(2.14): 

 mono

( ) ( ) [ ] ( ) [ ] ( ) [ ]

( ) ( ) [ ] ( ) [ ] ( ) [ ]

( ) ( ) [ ] ( ) [ ] ( ) [ ]

model

mono mono A A B B

model

mono A A B B

model fl fl fl

exc mono mono A A B B

X X X

A X X X

I X X X

θ λ θ λ θ λ θ λ

λ ε λ ε λ ε λ

λ ε λ ε λ ε λ

= ⋅ + ⋅ + ⋅

= ⋅ + ⋅ + ⋅

= ⋅ + ⋅ + ⋅

  (2.14) 

The values of the coefficients in Equation (2.14) are again obtained by manual simulations 

with the coefficients as global parameters. The coefficients were subsequently also 

incorporated as free parameters into the fitting procedure, again yielding negligible changes. 

Final values are shown in Table 2.4: 

Coefficients in two-pathway model 

 

-1

 (λ = 335 nm)

(mdegM )

θ
 

-1 -1

 (λ = 335 nm)

(cm M )

ε
 

-1 -1

 (λ = 335 nm)

(a.u.cm M )

fl
ε

 

Monomer 0 5.7x104 0 

State A 0 4.2x104 3.7x104 

State B 3.8x106 5.5x104 3.4x104 

Table 2.4: Final values for absorption/emission coefficients in the two-pathway model. 

The two-pathway model was also fitted to the temperature- and concentration-dependent 

experimental traces obtained at wavelength λ = 335 nm using the Matlab function lsqnonlin 
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and a cost function as defined in Equation (2.9) (albeit now with θmodel, Amodel and 
model

excI

defined by Equation (2.14)). Suitable starting parameter sets were again generated using 

lhsdesign, and parameter confidence intervals estimated using nlparci. The two-pathway 

model with nucleus size n = 2 was able to describe the data and provide an accurate fit to the 

biphasic melting curves. 

2.7.6 Generating a population diagram using equilibrium models 

Through the fitting routine described in the previous section, the thermodynamic 

parameters that most accurately describe the equilibrium self-assembly of 1 have been 

determined. Using these parameters, the equilibrium constants at any temperature can be 

calculated through Equation (2.6). Using these equilibrium constants, the mass balance can 

be solved for any concentration using Equation (2.5) or (2.12). This yields the monomer 

concentration at any temperature and concentration, and from this all other concentrations 

can be calculated and a population diagram constructed. Graphically, this population diagram 

is constructed by calculating the amount of 1 in the monomer, disordered aggregate and 

ordered aggregate states for any pixel (representing particular physical conditions), taking the 

population-weighted average of their respective colors (grey, green and red, RGB coded) and 

plotting this average color. 

2.7.7 Kinetic model for assembly in a single nucleated pathway 

If fragmentation and fiber recombination are assumed to be negligible, the kinetics of the 

self-assembly process of 1 in a single pathway can be described by monomer association and 

dissociation reactions, as given by the following general equations:   

 

 

 

 

 

 

 

 

As discussed for the equilibrium case, the self-assembly of 1 is described by a cooperative 

model, implying different equilibrium constants in the nucleation and the elongation regime. 

In the kinetic model this is implemented by using different association rate constants 

(forward) and dissociation rate constants (backward) for the nucleation regime compared to 
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the elongation regime, as has been done for other cooperative systems93. This leads to the 

following set of reactions: 
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  (2.15) 

In order to limit the number of required equations, aggregates up until size i N=  (N being 

much larger than the nucleus size) are explicitly considered. Korevaar et al. investigated 

supramolecular polymerization using a similar kinetic model with equal forward rate 

constants for nucleation and elongation. In their paper, a method is described to reversibly 

treat aggregates larger than N collectively as a fibril pool by calculating the number 

concentration [F] and mass concentration [Z] of fibrils78: 

 1 2 3[ ] [ ] [ ] [ ] ...N N NF M M M
+ + +

= + + +   

 1 2 3[ ] ( 1)[ ] ( 2)[ ] ( 3)[ ] ...N N NZ N M N M N M
+ + +

= + + + + + +   

For this pool it is assumed that for every i N> , 1[ ] [ ]
i i

M Mα
+

=  with 

1 [ ] / ([ ] [ ])F Z N Fα = − − . Through this approach the fibril pool can be followed using 

only two additional equations, improving accuracy compared to straight truncation.  

The kinetics of self-assembly in a single-pathway model are then described by the 

following rate equations: 

-Monomers: 

 

1

2

2

3 1

[ ]
[ ] 2[ ] [ ] [ ] [ ] [ ]

2[ ] [ ] [ ] [ ]

n N

n i e i

i i n

n N

n i e i

i i n

d X
k X X M k X M F

dt

k M M k M F

−
+ +

= =

− −

= = +

   
= − + − +   

   

   
+ + + +   

   

∑ ∑
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  (2.16) 
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-Pre-nucleus aggregates: 

 ( ) ( )1 1

[ ]
[ ] [ ] [ ] [ ] [ ]i

n i i n i i

d M
k X M M k M M

dt

+ −

− +
= − + −   (2.17) 

-Nucleus: 

 1 1

[ ]
[ ][ ] [ ][ ] [ ] [ ]n

n n e n e n n n

d M
k X M k X M k M k M

dt

+ + − −

− +
= − + −    (2.18) 

-Post-nucleus aggregates: 

 ( ) ( )1 1

[ ]
[ ] [ ] [ ] [ ] [ ]i

e i i e i i

d M
k X M M k M M

dt

+ −

− +
= − + −   (2.19) 

-Aggregate of size N: 

 ( ) ( )1

[ ]
[ ] [ ] [ ] (1 )[ ] [ ]N

e N N e N

d M
k X M M k F M

dt
α

+ −

−
= − + − −   (2.20) 

-Fibril number concentration: 

 
[ ]

[ ][ ] (1 )[ ]
e N e

d F
k X M k F

dt
α

+ −
= − −   (2.21) 

-Fibril mass concentration: 

 ( ) ( )
[ ]

[ ] ( 1)[ ] [ ] [ ] (1 )[ ]
e N e

d Z
k X N M F k F N F

dt
α

+ −
= + + − + −   (2.22) 

The resulting system of coupled ordinary differential equations is solved in Matlab using a 

custom-written ODE solver called PPODESUITE. PPODESUITE is a Fortran-based package 

that automatically switches between different solver algorithms based on the stiffness and 

sparsity of the system of differential equations, and can be simply called from Matlab through 

a MEX interface. The PPODESUITE package can be obtained from 

https://github.com/tfadgreef. 

In order to simulate a temperature-jump experiment (vide supra), the starting 

concentrations of all species present in Equations (2.16)-(2.22) are calculated at the initial 

temperature and total concentration using the equilibrium model corresponding to a single 

pathway. To obtain these starting concentrations, the optimal thermodynamic parameters (i.e. 

∆Hn°, ∆Sn°, ∆He°, ∆Se°) as determined from the non-linear least square analysis of the 

melting curves were used. After applying a dilution step similar to that used in the 

experimental setup, the kinetic simulation is started. In the kinetic simulations, Kn and Ke 
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(obtained from the same optimized thermodynamic parameters) were applied as constraints 

leaving two free parameters ( n ek k k
+ + +

= =  and /n er k k
+ +

= ) to be varied.  

2.7.8 Kinetic model for assembly in two pathways 

When utilizing the two-pathway model, the equations of the self-assembly process are 

given by: 
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Again, we incorporate the nucleation-elongation behavior with n = 2 into both pathways to 

obtain the following reaction scheme:  
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Using the same fibril-pool approach as outlined for the single-pathway model, the rate 

equations for the two-pathway model become: 

-Monomer: 
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  (2.24) 

-Pre-nucleus aggregates: 
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  (2.25) 

-Nucleus: 
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  (2.26) 

 

-Post-nucleus aggregates: 
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  (2.27) 

-Aggregate of size N: 
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  (2.28) 
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-Fibril number concentration: 
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  (2.29) 

-Fibril mass concentration: 
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  (2.30) 

Again, the corresponding system of coupled ordinary differential equations is solved using 

the PPODESUITE package in Matlab while varying 4 free parameters ( , e,A n A Ak k k+ + +
= = ,

, e,B n B Bk k k+ + +
= = , , ,/A n A e Ar k k+ +

=  and , ,/B n B e Br k k+ +
= ).  
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Probing exchange pathways in one-dimensional 

aggregates by super-resolution microscopy 

 

 

 

Abstract 

Supramolecular fibers are prominent structures in biology and chemistry, and a thorough 

description of their dynamics is of great use in the development of their applications. Here, a 

method is described to obtain quantitative understanding of molecular exchange pathways in 

these one-dimensional aggregates, using a combination of super-resolution stochastic optical 

reconstruction microscopy and stochastic simulations. The potential of this methodology is 

demonstrated with a set of well-defined synthetic building blocks that self-assemble into 

supramolecular fibrils. All nanoscopic phenomena underpinning monomer exchange were 

hidden in previous ensemble measurements, but the molecular pathways observed in single-

aggregate studies reveal unexpected random exchange along the polymer backbone. These 

results pave the way for experimental investigations of the structure and exchange pathways 

of synthetic and natural supramolecular fibers. 
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3.1 Introduction 

Supramolecular polymers, one-dimensional (1D) aggregates in which the monomeric units 

are connected through noncovalent interactions, are of major interest in biology and 

chemistry as outlined in Chapter 1. Various studies of biological fibers such as microtubules 

and actin filaments have  been described, illustrating their importance in controlling cell 

mechanical properties, migration, and differentiation1. Moreover, the formation of 

excessively stable fibrils plays a distinct role in several diseases2. In chemistry, potential 

applications in materials science, medicine, and molecular electronics have been presented3. 

Because of the importance of supramolecular polymers in these fields, significant effort has 

been invested in theoretical studies to increase the mechanistic understanding of fiber 

assembly and dynamics4,5. Generally, numerical studies apply comparable models to explain 

the behaviour of both natural and synthetic assemblies, despite their very different chemical 

nature6. Based on ensemble measurements, these models usually assume that monomer 

exchange between fibers occurs via polymerization-depolymerization at the ends of the 

aggregates or through a fragmentation-recombination mechanism, and thus obtain 

microscopic rate constants from macroscopic data through computational data analysis. 

While appropriate modelling can yield insightful results, tools for the experimental validation 

of the assumptions in these models are scarce. 

Recent breakthroughs in super-resolution fluorescence microscopy provide powerful new 

means for the direct observation of mechanistic details on the nanoscale7. Whereas the spatial 

resolution Λmin of high-end traditional fluorescence microscopes is determined by optical 

diffraction as described by the Abbe diffraction limit (Equation (3.1), on the order of 250 nm 

for visible light), new methodologies circumvent this barrier using structured illumination8, 

stimulated emission9 or single-molecule localization10,11. In particular localization-based 

super-resolution techniques routinely achieve high spatial resolution in lateral and axial 

directions (~20 and 50 nm, respectively), and are thus highly suitable for the detailed 

investigation of supramolecular systems.  

 min
2 sinn

λ

θ
Λ =   (3.1) 

Super-resolution localization microscopy is based on the reconstruction of an image from 

individually observed single fluorescent molecules. By separating the emission of 

fluorophores in time, diffraction-limited fluorescent signals originating from single molecules 

can be detected. Fitting these signals with the appropriate Point Spread Function (PSF) yields 

the positions of the fluorophores with high accuracy (i.e., a localization). If the fraction of 

emissive molecules at any particular time point, the so-called duty cycle, is sufficiently low, 

even densely labelled structures can be reconstructed in an extended image acquisition 

procedure (Figure 3.1A).  
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Several methods exist for the temporal separation of fluorescence emission events. The 

most common include photo-activatable fluorophores12, transient immobilization of dyes13 

and photoswitchable dyes14. The latter approach is used in stochastic optical reconstruction 

microscopy (STORM), and uses dye pairs in combination with high-intensity laser light to 

switch between a fluorescent ‘on’-state and a non-emissive ‘off’-state. While classical 

STORM allows reliable photoswitching and multimodal detection, sample functionalization 

with pairs of dyes and the use of multiple illumination sources mean that significant practical 

effort is required to obtain high-quality images. As a more facile adaptation of this technique, 

direct STORM (dSTORM) was developed15,16, achieving alternating fluorescent and dark 

states through reversible chemical modification of a single dye species with a primary thiol17 

(Figure 3.1B). The conversion rates between these states can be tuned by modulating the 

illumination intensity, resulting in highly controlled stochastic blinking suitable for 

localization-based imaging15 (Figure 3.1C).  

 

Figure 3.1: A) Schematic overview of the image reconstruction procedure in localization-based super-

resolution imaging. Single molecules in the fluorescent state emit a diffraction-limited signal, which can be 

fitted to yield a localization. Iterative switching and summation result in a high-resolution reconstruction. Image 

from reference 12. B) In dSTORM, dyes are switched between fluorescent and dark states by a combination of 

chemical action and high-intensity illumination. Image adapted from reference 17. C) Switching rates in 

dSTORM depend on illumination intensity linearly. Images from reference 15. 
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Figure 3.2: A) Structure of unfunctionalized BTA 1, Cy3-functionalized BTA 2 and Cy5-functionalized 

BTA 3 (top). BTAs 1 and 2 or 1 and 3 are co-assembled to create Cy3- or Cy5-labelled supramolecular 

polymers (bottom). B) Conventional TIRF (top) and STORM (bottom) imaging of 5%-labelled BTA fibers. 

Fibers were deposited onto glass coverslips by 1 minute incubation of a 25 µM aqueous solution, followed by  

washing with Milli-Q water and STORM buffer. Scale bars 1 µm. 

During its wider dissemination in the last few years, super-resolution microscopy has 

become accepted as a promising imaging technique and has facilitated important 

breakthroughs because of its high resolution and multicolor ability18–24. More recent reports 

have aimed to move away from using STORM as a purely qualitative imaging approach25,26, 
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processing images in order to extract information about the structure27 and the dynamics28 of 

biological machineries. Here, we seek to apply quantitative image analysis techniques to 

localization-based images to further improve the capability of super-resolution microscopy 

for mechanistic investigation. In collaboration with dr. Lorenzo Albertazzi, a combination of 

STORM microscopy and stochastic modelling has been used to quantitatively study exchange 

pathways of 1D self-assembled structures at a single-fiber level. Moreover, the general 

applicability of this methodology has been demonstrated by extending the use of STORM to 

synthetic supramolecular polymers. In particular, we present STORM imaging of 

supramolecular polymers based on the 1,3,5-benzenetricarboxamide (BTA) motif29. This 

synthetic moiety is a suitable experimental system, because of the high control that can be 

achieved at the molecular level, in terms of structural diversity and degree of labelling. A 

FRET-based study of the dynamics in water of BTA supramolecular fibers has previously 

been reported30. These ensemble measurements provide useful information about the time 

scale of the exchange, but are not sufficient to unveil its mechanism. Chapter 3 describes the 

application of STORM to address this issue and elucidate nanoscale exchange processes. 

3.2 STORM imaging of BTA-based fibers 

Three water soluble BTA-based molecules31 have been prepared for this study by dr. Janus 

Leenders – backbone BTA 1, which self-assembles into 1D fibers, and dye-labelled variants 

of different colours; 2 containing Cy3 and 3 containing Cy5 functionalities (Figure 3.2A). 

These dyes were selected based on their suitable photophysical properties for STORM 

imaging and on their high degree of molecular similarity, which minimized the effects of the 

labels on monomer behaviour. By co-assembling 1 and 2 or 1 and 3, single-color polymer 

assemblies could be obtained. The degree of labelling of the fibers could be accurately 

controlled by simply tuning the ratio of the different components during the self-assembly 

process, which proved critical for obtaining quantitative information from the STORM 

analysis. A detailed description of the synthesis, fiber assembly, and sample preparation 

procedure is given in the Experimental Section.  

We  obtained STORM images of BTA-based supramolecular polymers incorporating 

either 2 or 3 and observed fiber features down to 25 nm (Figure 3.2B). The high-quality 

reconstruction of fibers indicates appropriate photoswitching behaviour of the cyanine dyes, 

proving that STORM can be applied to image dye-conjugated synthetic structures. The 

multicolour ability together with the enhancement of the resolution allowed us to resolve 

structural details of the fibers as well as monomer distributions on a sub-aggregate scale. 

These distinctive features of STORM provide structural insights synergistic with other high-

resolution techniques such as cryoelectron microscopy (cryoTEM) and atomic force 

microscopy (AFM)31.  
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Figure 3.3: A) In an exchange experiment dual-labelled fibers are generated through monomer exchange, 

after mixing of aqueous solutions of pre-assembled Cy3- and Cy5-functionalized fibers. Equilibrated 25 µM 

BTA solutions in Milli-Q water were mixed in a 1:1 volumetric ratio and incubated at 20°C for the indicated 

timespan. B) STORM imaging of Cy3- and Cy5-labelled supramolecular polymers after different mixing times 

in the exchange experiment. The separate Cy3 (excitation at 561 nm) and Cy5 (excitation at 647 nm) channels 

and the merge images are presented. Fibers were deposited by taking aliquots directly from the mixing solution 

and incubating for 1 minute on a glass coverslip, followed by washing with Milli-Q and STORM buffer. Scale 

bars 1 µm. 
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3.3 Investigation of exchange on a single-aggregate basis 

Exchange experiments were performed by mixing solutions of pre-assembled, single 

colour fibers, as schematically depicted in Figure 3.3A, followed by immobilization of the 

polymers after a particular incubation time. Immobilization was achieved by physisorption of 

the BTA fibers to a glass microscope coverslip, freezing all dynamics and allowing the 

acquisition of a super-resolution image (for details, see the Experimental Section). The 

exchange of molecules was monitored by imaging the migration of Cy5-labeled monomers to 

a Cy3-labeled fiber, and vice versa. In Figure 3.3B, STORM images of a mixture of Cy3- and 

Cy5-labeled fibers are shown at different mixing times t. At t0, the fibers appear either green 

or red, indicating that monomer exchange has not taken place. After 24 hours however, every 

fiber contains both monomer colours; fibers that were originally green or red are now 

virtually indistinguishable, indicating complete exchange. The intermediate time points 

display the development of exchange and hence provide insights into the exchange 

mechanism. As displayed in the middle row of Figure 3.3B, fibers were partially mixed after 

1 hour of incubation, showing the appearance of red localizations inside existing green fibers 

(and vice versa). These images unambiguously established that the exchange did not take 

place through fragmentation-recombination, as no single-color blocks were observed. Also, 

polymerization-depolymerization at the fiber termini could be excluded because the 

fluorescence intensity at the polymer ends was not appreciably higher (i.e., no more than 10 

percent difference versus middle segments). Remarkably, none of the mechanisms deemed 

most likely in literature is operative, but instead these observations point toward a mechanism 

based on the exchange of monomers along the fiber length. 

3.4 Quantitative analysis of STORM images 

The cues observed in the mixing experiment, pointing towards an unexpected exchange 

mechanism, prompted a more comprehensive investigation. Early super-resolution studies 

were often concerned with showcasing imaging methodologies and demonstrating the high 

resolving power in various samples, but recently attention for the development of quantitative 

metrics, similar to traditional pixel-based image analysis, has mounted. To study the 

monomer-based exchange mechanism in more detail, adequate tools to extract quantitative 

information from STORM images are needed. However, the stochastic processes under study, 

as well as the localization-based nature of STORM images, make most of the currently 

available analysis tools unsuitable. Several recent papers propose alternative approaches, 

based on correlation algorithms, to quantify the distribution of molecules in isotropic, two-

dimensional samples (e.g. receptors in the plasma membrane)32–34. As such, a toolbox was 

developed that allows quantitative analysis of molecular distributions in supramolecular 

polymers using localization-based data. This toolbox combines a correlative image analysis 

routine (Figure 3.4A) with stochastic modelling to interpret the experimental results (Figure 

3.4B). 
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Figure 3.4: A) Schematic depiction of an automated image analysis routine. Localization-based images are 

clustered to identify supramolecular fibers (top), fiber backbones are reconstructed from the resulting 

localization clusters (middle) and the monomer distribution assessed using this backbone (bottom). B) 

Schematic depiction of stochastic simulator for STORM images. The simulator implements arbitrary dye 

distributions and incorporates dye activation (red arrows), blinking (green arrows) and bleaching (black arrows). 

Localizations are calculated in every time step and a dataset analogous to the experimental localization density 

profile is obtained.  

3.4.1 Localization-based image analysis 

In order to perform mechanistic investigation, data on sufficient amounts of individual 

aggregates needs to be gathered, and therefore an automated image analysis routine has been 

developed. In STORM images, supramolecular polymers are present as dense, anisotropic 

clusters of localizations with a high aspect ratio (Figure 3.5A). These clusters can be 

separated and background localizations removed using a density-based clustering algorithm, 

yielding collections of localizations corresponding to individual supramolecular polymers 

(Figure 3.5B). Once a single, non-overlapping fiber of interest has been selected (Figure 

3.5C), a continuous backbone for this fiber is reconstructed using a local density-based 

tracking routine (Figure 3.5D). This backbone can be analysed to assess the mechanical 

properties of the polymer under study, e.g. the length and scaling behaviour of the structure, 

in similar fashion to previous studies of fluorescence and AFM data35. In the final analysis 

step, localizations close to this backbone are counted and the corresponding localization 

density (i.e. the number of localizations per unit area) is calculated (Figure 3.5E). The result 

is a profile of the localization density along the polymer backbone, which contains 

information about density and distribution of dyes in the supramolecular fiber (Figure 3.5F). 

However, fluctuations in this profile can be attributed to either local variations in the dye 
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concentration or to stochastic effects involved in STORM imaging, e.g. dye blinking36. 

Hence, the monomer distribution cannot simply be derived from patterns in the localization 

density profile.  

 

Figure 3.5: Automated fiber tracking algorithm. A localization-based image (A) is subjected to a density-

based clustering procedure (B), removing background and yielding localization clusters corresponding to single 

supramolecular polymers (C). Using a local density-based approach, a continuous backbone is created for the 

polymer (D), which can be used to evaluate its mechanical properties. Based on this backbone, the localization 

density in 25 nm sections along the polymer is calculated (E) and visualized as a localization density profile (F). 

Image size 30 x 30 µm (A-B) or 5 x 5 µm (C-E).  

To overcome this problem, a method based on spatial autocorrelation was employed. 

Spatial autocorrelation is a powerful approach to investigate localization distributions. In 

purely random distributions, localizations a distance r apart are by definition uncorrelated, 

therefore g(r) = 0. A positive correlation g(r) > 0 indicates an increased probability of finding 

a second localization at distance r from a particular localization, while an anticorrelation g(r) 

< 0 indicates a decreased probability. In spatial autocorrelation traces of STORM images, 

blinking of dyes leads to an overcounting contribution37, manifesting as a short-ranged (i.e. 

<100 nm) positive term (Equation (3.2)): 

 1( ) exp
r

g r A
τ

 
= − 

 
  (3.2) 
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In this equation, parameter τ is related to the experimental resolution, and exponential decays 

are commonly found for the correlations between weakly dependent processes (see 

Experimental Section). Any autocorrelation pattern that occurs in addition to the 

overcounting signature is caused by the distribution of actual dye molecules, providing a 

method to investigate supramolecular structure and dynamics. 

3.4.2 Stochastic simulations 

In order to complement the image analysis procedure, a stochastic simulator was 

developed for the interpretation of localization profiles. The simulations take into account the 

different stochastic processes involved in STORM imaging and generate in silico localization 

profiles. A schematic representation of the underlying theoretical model is depicted in Figure 

3.4B. In order to simulate a STORM image of a supramolecular polymer, a linear structure is 

generated and dye labels are spread over the fiber according to a particular pattern, usually 

randomly if no interactions between dyes are present. Subsequently, the stochastic blinking 

characteristic for STORM dyes is implemented by switching between fluorescent and dark 

states with particular rates. Finally, dyes in the fluorescent state have a particular probability 

to undergo bleaching due to oxidative reactions (i.e. being irreversibly converted to a non-

fluorescent state), creating Markov chain behaviour that is amenable to statistical 

investigation. The input parameters of the model, namely the number of monomers and 

polymer size, the degree of labelling and the photophysical properties of the dye, could be 

independently determined, some measured directly and others obtained through juxtaposition 

of simulations and benchmark experiments. As an illustration of the latter case, Figure 3.6 

shows how the experimental duty cycle (i.e. the ratio of times in the ‘on’ and ‘off’ states32) 

and bleaching behaviour (Figure 3.6A) could be used to optimize the corresponding model 

parameters (Figure 3.6B). Hence, the model faithfully reproduced the typical properties of the 

acquired STORM images. Comparison of in silico profiles with the experimental ones now 

allowed the interpretation of the stochastic processes involved, most importantly the analysis 

of molecular distributions from localization density traces.  
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Figure 3.6: A) Experimental single molecule trace (top), displaying the characteristic dye blinking 

behaviour. Single molecules of 3 were absorbed on a glass coverslip and imaged according to the normal 

procedure. Number indicates duty cycle, calculated as previously reported in reference 31. Experimental 

bleaching profile (bottom) for a BTA fiber labelled with 5% 3. Localizations were binned every 50 image 

frames. B) Simulated single molecule trace (top) and bleaching profile (bottom). Simulation input parameters 

are tuned to match experimentally observed quantities. The scale of the y-axis in the single-molecule trace is 

arbitrary in this case, since the fluorescence intensity is not explicitly included in the simulator. All x-axes 

comprise equal overall timescales, with 1 bin containing 50 frames of 8 ms each. 

3.5 Validation of analysis methods  

We demonstrate the potential and the generality of this quantitative approach by analysing 

single-color synthetic BTA-based supramolecular polymers as well as reference biological 

fibers (microtubules in vitro38 and in BSC-1 cells; see Figure 3.7A, 3.7G and 3.7M). 

Irrespective of the chemical nature of the assemblies, both the mechanical properties and the 

dye distribution along the fibers could be probed. Scaling behaviour, a common way to 

analyse fiber mechanical properties39 (Figure 3.7B, 3.7H and 3.7N), highlights the higher 

flexibility of BTA-based polymers compared to microtubules, as expected from previous 

reports on biological fibers1. The localization density profiles for BTA in vitro, microtubules 

in vitro and in cells are shown in Figure 3.7C, 3.7I, and 3.7O, respectively. The amplitudes of 

these profiles show that the fiber backbones were well reconstructed, indicating a high image 

quality suitable for quantitative analysis. Also, the number of localizations along the fiber 

showed fluctuations around the average amplitude that matched the prediction of the 

simulations (Figure 3.7D, 3.7J, and 3.7P, respectively), with the exception of a small number 

of outliers due to photoswitching artefacts. This demonstrates that the experimental data can 

be explained using the stochastic processes captured by the stochastic model. 

The autocorrelation of the localization density profiles has been calculated, and all of the 

fibers showed short-range autocorrelation decays associated with overcounting phenomena37 

(Figure 3.7E, 3.7K, and 3.7Q). No other correlations appeared, indicating that the monomer 

distribution was purely stochastic in all samples, as expected for random dye 
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functionalization. The fitting of the autocorrelation for in vitro microtubules gave a 

characteristic decay length of 26 nm, in excellent agreement with a previously reported 

measurement of the spread of localizations corresponding to a single molecule11. Similar 

curves were obtained when the autocorrelation algorithm was applied to a simulated 

stochastic distribution of labels (Figure 3.7F, 3.7L, and 3.7R), confirming numerically the 

lack of long-range interactions between dyes in both synthetic and biological supramolecular 

polymers.  

 

Figure 3.7: Quantitative analysis of mechanical properties and monomer composition of BTA-based 

polymers (A-F), in vitro microtubules (G-L, obtained from Prof. X. Zhuang) and microtubules in BSC-1 cells 

(M-R, obtained from Nikon Europe). The analysis was performed directly on the obtained datasets, indicating 

the robustness and general applicability of the methodology. For each dataset, an example fiber image (A, G and 

M), averaged scaling behaviour (B, H and N), an example localization density profile (C, I and O) and averaged 

spatial autocorrelation plots (E, K and Q) are presented. Additionally, corresponding simulated density profiles 

(D, J and P) and autocorrelation traces (F, L and R) are displayed. Autocorrelation decays were fitted using 

Equation (3.2), providing decay constants of 55 nm, 26 nm and 67 nm for BTA, in vitro microtubules and in 

vivo microtubules, respectively. Because of the unknown label density of the microtubule samples, simulation 

parameters were tuned to match the average localization density in the corresponding experimental traces. 

Image size 12 x 12 µm, scale bar 1 µm, error bars indicate the standard error of the mean (S.E.M.). 

3.6 Quantitative analysis of monomer exchange in BTA-based fibers  

Having established the ability to quantitatively probe monomer distributions using 

STORM images, we returned to the mechanism of BTA monomer exchange as observed in 
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Figure 3.3. While the images shown in Figure 3.3B disproved the occurrence of exchange at 

fiber ends or fragmentation-recombination events, unambiguously relating the emergence of 

red monomers in green fibers (and vice versa) to an exchange mechanism required more 

thorough investigation. Namely, insertion of red dyes in previously green supramolecular 

polymers led to the appearance of corresponding red localization clusters in the STORM 

images, but qualitative inspection cannot distinguish clustering due to dye blinking (i.e. 

overcounting) from clustering due to the presence of extended clusters containing multiple 

dyes, and hence cannot distinguish purely random from heterogeneous exchange. Therefore, 

the spatial distribution of inserted dyes during the exchange process was analysed using 

quantitative methods (vide supra).  

Stochastic simulations were performed for dye distributions corresponding to different 

exchange mechanisms (Figure 3.8), revealing the particular autocorrelation signatures for 

each of these mechanisms. For random insertion, no autocorrelation signature is present, 

except for the overcounting contribution (Figure 3.8A). In a heterogeneous exchange 

scenario, where dyes preferentially insert into certain areas of the fiber, the short-range 

positive autocorrelation is more defined and a clear anticorrelation can be identified at 

intermediate radius (Figure 3.8B). Finally, as a positive control, simulations have been 

performed for exchange taking place solely at the fiber ends, leading to a pronounced positive 

signal at short and intermediate radii combined with a strong anticorrelation at long range 

(Figure 3.8C). The fundamentally different behaviour in the simulated autocorrelation curves 

allows for the interpretation of the experimental profiles and the elucidation of the fiber 

exchange mechanism.  

 

Figure 3.8: Simulations of localization density profiles (top) and spatial autocorrelation (bottom) for dye 

distributions corresponding to different exchange mechanisms: random exchange (A), heterogeneous exchange 

(B) and polymerization-depolymerization at fiber ends (C). For the heterogeneous mechanism, areas with an 

average size of 500 nm were simulated, while the exchanging tails in the polymerization-depolymerization 

model are on average 2000 nm. 

STORM images were acquired after different incubation times in a mixing experiment, as 

shown in Figure 3.9A and 3.9B. Correlation analyses were performed on the Cy5-localization 
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profiles (Figure 3.9B) in originally green fibers, to investigate long-range order in the 

distribution of the monomers, i.e. the occurrence of clusters formed through non-random 

insertion. Contrary to intuitive, visual observations of Figure 3.3B, which may suggest a 

clustered distribution of monomers, autocorrelation curves did not provide any evidence of 

long-range ordering. Indeed, all curves were best fit to a single decay function corresponding 

to overcounting following Equation (3.2) (Figure 3.9C), in accordance with the simulation of 

random exchange presented in Figure 3.8A. Additionally, the spatial crosscorrelation 

between Cy3-functionalized (i.e. green) and Cy5-functionalized (i.e. red) monomers was 

calculated, representing the probability of finding a Cy5-functionalized monomer at a 

particular distance from a Cy3-functionalized monomer (Figure 3.9D). The lack of any 

signature in the crosscorrelation traces at all time points proves the absence of Cy3-Cy5 

interactions as well as heterogeneous domains, corroborating a random exchange mechanism. 

It is important to realize that the conclusions drawn here are restrained by the spatial and 

temporal resolution of the STORM technique (i.e. ~50 nm, corresponding to approximately 

ten times the fiber diameter). Within this range, the BTA-based supramolecular polymers 

presented here exchanged randomly along the polymer backbone, while no evidence for any 

fragmentation-fusion or polymerization-depolymerization at the chain-ends was obtained.  

The unexpected homogeneous exchange can be rationalized by the presence of defects 

inside the ordered hydrogen-bonded supramolecular polymer. In the disordered areas induced 

by these defects the interactions between monomers are proposed to be weaker and, hence, 

allow an easy location for monomers to leave and enter the 1D fiber. The observed exchange 

rate is relatively slow compared with the dynamics of the internal order within the fiber and 

therefore homogeneous exchange is observed in the STORM experiment. 
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Figure 3.9: Exchange analysis at different time points during the mixing experiment. Images of BTA fibers 

in the Cy3 (A) and Cy5 (B) channels are shown, and the corresponding localization density profile is reported 

below every image. Aliquots were taken directly from the mixing solution at the indicated time point and fibers 

were deposited by incubating for 1 minute on a microscope coverslip, followed by washing with Milli-Q and 

STORM buffer. Only green fibers incorporating red monomers were selected for the quantitative analysis. 

Average autocorrelation traces for the Cy5 channel are displayed in (C), and average crosscorrelation traces in 

(D). Image size 12 x 12 µm, scale bar 1 µm, error bars indicate the standard error of the mean (S.E.M.). 

3.7 Kinetics of exchange 

Having established a random exchange mechanism, quantitative determination of the 

molecular exchange rate became feasible. The localization profiles in the Cy5 channels in 

Figure 3.9B displayed a rising number of localizations over time as a consequence of mixing. 

As shown in Figure 3.10A, simulations show that an increasing number of dyes in the 

supramolecular fiber leads to a linear increase in the localization density. Hence, by 

averaging the localization densities for all fibers at a particular time point and plotting the 

localization density development over time, the rate of dye insertion can be assessed. The 

development of dye content followed a saturation behaviour with a plateau around 2.5% of 
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functional monomer, as expected for full mixing (Figure 3.10B). This curve shows the same 

trend as the previously reported FRET measurements, and thus links these single-aggregate 

measurements to their ensemble equivalents. 

In supramolecular polymer samples, a very low concentration of soluble monomers is 

present under all conditions, which is proposed to mediate exchange in the BTA system. A 

kinetic model based on exchange reactions between monomers in supramolecular fibrils and 

monomers in this soluble pool was created: 

 (fiber) (aq) (aq) (fiber)i j i i j iBTA BTA BTA BTA≠ ≠
→+ +←   (3.3) 

In this equation, BTAi is a BTA molecule of functionalization i, which can be Cy5, Cy3 or 

unfunctionalized, and the expression in brackets indicates the phase. If a random exchange 

mechanism is implemented, and the soluble monomer pool is assumed to equilibrate rapidly 

compared to the supramolecular fibers, the following three differential equations describe the 

development of the exchange process: 

 [ ]i
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∑ ∑   (3.4) 

In Equation (3.4), ni is the concentration of BTAi in a particular supramolecular fiber (where 

BTAi = 1, 2 or 3), kex is the exchange rate constant in M-1min-1, [BTAsol] is the total soluble 

BTA concentration in M and fi is the fraction of BTAi in the entire sample (see Experimental 

Section for a more detailed description of the model). Since the [BTAsol] could not be 

independently determined, the exchange kinetics were quantified in terms of the apparent rate 

constant kex’ = kex[BTAsol]. Fitting this kinetic model to the saturation curves in Figure 3.10B 

results in a good fit and yields an apparent exchange rate constant kex’ = 5.14 x 10-3 min-1.  

 

Figure 3.10: A) Calibration of localization density as a function of dye fraction. Simulations show the linear 

dependence between average degree of functionalization in the BTA fiber and the average localization density. 

B) Average fraction of dye-functionalized BTA during the mixing experiment. Data points indicate the average 

localization densities for the Cy3 (green) and Cy5 (red) channels, solid lines represent the kinetic model fit. 

Error bars indicate S.E.M. 
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3.8 Conclusions 

The use of super-resolution microscopy for the direct observation of dynamic processes on 

the nanoscale has been demonstrated. In the first application of STORM to synthetic 

structures, BTA-based supramolecular polymers were imaged with sub-diffraction limit 

resolution. Due to the stochastic processes inherent to STORM imaging, visual interpretation 

of these images in terms of molecular distributions presents major pitfalls. In order to 

circumvent these difficulties, a quantitative methodology for the analysis of localization-

based datasets was established. This approach comprises stochastic simulations and 

correlative image analysis, and was validated on a variety of synthetic and natural 

supramolecular polymers.  

In order to elucidate the dynamics in this supramolecular system, an exchange experiment 

has been performed by mixing differently labelled BTA nanofibers. Images of partially 

mixed polymers have been analysed using our quantitative metrics, revealing an unexpected 

random exchange mechanism. Having established the mechanistic details of the exchange 

process, a kinetic model was used to obtain the microscopic exchange rate constant, 

demonstrating the power of a combined theoretical and experimental approach.  

The sensitivity of quantitative super-resolution microscopy towards various exchange 

mechanisms in different systems will be illustrated in Chapter 5, identifying non-uniform 

exchange40 and irreversible aggregation41. Additionally, the use of super-resolution 

microscopy has recently been expanded to organic media, visualizing supramolecular 

polymers and analysing their structure with high resolution42,43. As such, this methodology 

provides a blueprint for the quantitative investigation of exchange processes in a variety of 

natural and synthetic supramolecular polymers. 

3.9 Experimental section 

3.9.1 Materials and instrumentation 

All reagents and chemicals were obtained from commercial sources at the highest purity 

available and used without further purification unless stated otherwise. All solvents were of 

AR quality and purchased from Biosolve. Deuterated chloroform was dried over 4Å 

molsieves and triethylamine was stored on KOH pellets. Flash chromatography was 

performed on a Biotage flash chromatography system using 200–425 mesh silica gel (Type 

60A Grade 633). Water was purified on an EMD Milipore Milli-Q Integral Water 

Purification System.  Reactions were followed by thin-layer chromatography (precoated 0.25 

mm, 60-F254 silica gel plates from Merck). Preparative reverse-phase HPLC was performed 

using HPLC grade trifluoroacetic acid (TFA) and acetonitrile (MeCN) purchased from 

Biosolve, with mass-triggered detection (Shimadzu LC Controller V2.0, LCQ Deca XP Mass 

Spectrometer V2.0, Alltima HP C18 column (5 µm, length 125 mm, ID: 20 mm) and 0.1% 

trifluoroacetic acid (TFA) in H2O/MeCN as mobile phase. All reactions were performed 

under an atmosphere of dry argon unless stated otherwise. Dialysis was performed using 
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Spectra/Por7; pre-treated RC grade dialysis tubing with a molecular weight cut-off of 1000 

Dalton purchased from Spectrumlabs. 
1H-NMR and 13C-NMR spectra were recorded on a Varian Mercury Vx 400 MHz (100 

MHz for 13C) NMR spectrometer. Matrix assisted laser desorption/ionisation mass spectra 

were obtained on a PerSeptive Biosystems Voyager DE-PRO spectrometer or a Bruker 

autoflex speed spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) and 2-[(2E)-3-

(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as matrices. Infrared 

spectra were recorded on a Perkin Elmer Spectrum One 1600 FT-IR spectrometer or a Perkin 

Elmer Spectrum Two FT-IR spectrometer, equipped with a Perkin Elmer Universal ATR 

Sampler Accessory. Ultraviolet-visible (UV-vis) absorbance spectra were recorded on a Jasco 

V-650 UV-vis spectrometer with a Jasco ETCT-762 temperature controller. Fluorescence 

data were recorded on a Varian Cary Eclipse fluorescence spectrometer. 

STORM images were acquired using a Nikon N-STORM system configured for total 

internal reflection fluorescence (TIRF) imaging. Excitation inclination was tuned to 

maximize the signal-to-noise ratio of the glass-absorbed fibers. Cy3 and Cy5 labelled 

samples were illuminated by the 561nm and 647nm laser lines built into the microscope. No 

activation UV light was employed. Fluorescence was collected by means of a Nikon 100x, 

1.4NA oil immersion objective and passed through a quad-band pass dichroic filter (97335 

Nikon). All time lapses were recorded onto a 128x128 pixel region (pixel size 0.17µm) of a 

EMCCD camera (ixon3, Andor). For one-color measurements 30,000 frames were acquired. 

For the mixing experiments 20,000 frames for every channel were acquired sequentially. 

STORM movies were analysed with the STORM module of the NIS Elements Nikon 

software.  

3.9.2 Synthetic procedures 

The synthetic route towards Cy3-functionalized BTA 2 and Cy5-functionalized BTA 3 

compounds is concisely shown in Figure 3.11. Detailed descriptions of all aforementioned 

synthetic procedures as well as analytical data can be found in literature44. The synthesis of 

the non-labelled BTA molecule 1, and the intermediates 1-phenyl-2,5,8,11,14-

pentaoxahexacosan-26-amine, 5-(methoxycarbonyl)isophthalic acid and 1-azido-3,6,9,12-

tetraoxatetracosan-24-amine has previously been reported30,31,45. 
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Figure 3.11: Synthetic procedure for asymmetric dye-conjugated BTA-derivatives 2 and 3. 

3.9.3 Sample preparation 

BTA 1, BTA-Cy3 2 and BTA-Cy5 3 were dissolved in methanol at a concentration of 

10mM, 1mM and 1mM, respectively. The organic solvent solutions were mixed at the desired 

ratio to control the molar ratio of BTA/BTA-dye and filtered Milli-Q water was added. A 

final total BTA concentration of 25 µM was obtained. Samples were equilibrated for 24 hours 

before experiments. 

To perform STORM imaging, BTA fibers were immobilized by adsorption onto the 

surface of a flow chamber assembled from a glass slide and a coverslip separated by double-

sided tape. Glass microscope coverslips (No. 1.5, 24*24 mm, thickness 0.17 mm) were 

consecutively immersed in acetone, isopropanol and MilliQ-water and sonicated 10 minutes 

in every solvent before being dried in a stream of N2. Next, a fresh solution of Piranha etch 

was prepared (3:1 v/v concentrated H2SO4:H2O2 (aq, 30%)) in which the slides were 

incubated for 15 min. Finally, the slides were washed thoroughly with Milli-Q and acetone 

before drying under N2-flow. The slides were used at least 24 hours after preparation. 

After 1 minute of incubation in the chamber, unbound fibers were removed by washing the 

chamber twice with Milli-Q water and twice with STORM buffer. STORM buffer contains 

50 mM Tris pH 7, an oxygen scavenging system (0.5 mg/mL glucose oxidase, 40 µg/mL 

catalase), 10% (w/v) glucose and 10 mM 2-aminoethanethiol. 

For mixing experiments, Cy3-functionalized and Cy5-functionalized fibers were 

separately assembled and equilibrated for 24h. Subsequently 100 µL-aliquots of each solution 

were mixed in a microcentrifuge tube and gently stirred at 20⁰C for different time periods. At 

the desired time point 30 µL of the solution was added to the imaging chamber for 1 minute, 

before washing and addition of STORM buffer. We verified that once adsorbed on the slide, 

fibers are not able to exchange monomers with the solution in the time frame of the 

experiment. STORM imaging of Cy3 and Cy5 channels was performed sequentially. 
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3.9.4 Computational methods 

During STORM-imaging, the Nikon software generates a list of localizations by Gaussian 

fitting of blinking chromophores in the acquired movie of conventional microscopic images. 

This localizations list was subsequently analysed with our custom-made Matlab script. No 

modification to the output of Nikon software was necessary. The Matlab script consecutively  

performs density based clustering, backbone fitting, localization counting and correlative 

analysis. Density based clustering requires optimization of two input parameters, radius k and 

density ε, to find localization clusters of appropriate densities (i.e. at least ε localizations 

within radius k). Backbone tracking is performed by calculating the local density of 

localizations within a cluster as a function of radial direction (Figure 3.12). In order to 

prevent doubling back and spurious artefacts, a directional mask is implemented to find a 

physically reasonable backbone. 

 

Figure 3.12: A) Backbone tracking algorithm. B) Local density of localizations as function of direction 

(top), directional mask (middle) and effective direction (bottom). 

The points found by the tracking algorithm are interpolated to yield a continuous backbone, 

which can be investigated with regards to scaling behaviour. A graph illustrating the scaling 

of BTA fibers is shown in Figure 3.13. At short distance, a slope of 1.0 representing the 

expected rigid rod-like behaviour is observed, while a slope close to 0.5 at long range implies 

random-walk like behaviour. From the transition between these regimes a crossover length of 

~1 µm can be identified, which is related to the persistence length of the fiber. 
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Figure 3.13: Average scaling behaviour of BTA fibers (n=40, S.E.M. within symbols).  

Finally, this backbone is also used to correlate the two imaging channels (i.e. Cy3 and Cy5) 

and forms the basis for the localization density measurement, by counting the number of 

localizations in 25 nm bins. A detailed further description of the Matlab script operation 

including worked examples, is available online44.  

Stochastic simulations were performed in order to study the defining characteristics of 

STORM images of supramolecular polymers. The simulator is implemented in JAVA, and 

the processes important in its operation have been outlined in this chapter. Input parameters 

for BTA and microtubules were independently established. The structural features of BTAs 

and microtubules (e.g. monomer size, fiber length) were either measured directly or 

extrapolated from literature data. The photophysical properties of Cy5 conjugated to BTA 

(e.g. duty cycle, bleaching rate, localization accuracy) were measured from single dyes 

absorbed on a glass slide (Figure 3.14). These single dyes were randomly encountered during 

imaging using the standard sample preparation procedure described earlier.  

 

Figure 3.14: STORM image of a single dye-conjugated BTA on glass (left). During the 1 minute incubation 

step of BTA fibers, soluble monomers from solution also attach to the microscope coverslip. These single dyes 

were found sparsely in all STORM images of BTA samples, and showed comparable characteristics in all 

instances. Clusters representing a single dye could be selected based on fluorescence intensity at low excitation 

power. The right graph shows the average autocorrelation decay for single-molecule localization clusters 

(n=12). Image size 500 x 500 nm, scale bar 100 nm.    
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Additionally, several processes specific to STORM image acquisition were implemented (e.g. 

removal of overlapping localizations, initial non-stationary state). The output of the simulator 

can be directly analysed by the custom Matlab analysis script. This allows for a comparison 

between the experimental and simulated data. The detailed operation of the simulator, as well 

as the mathematical reasoning for the exponential decay of autocorrelation traces, is 

extensively described online44. 

For the kinetic model, we assume fully homogeneous exchange. This means, that in a fiber 

of N monomers, the exchange probabilities for each of these monomers are equal. 

Furthermore, we assume that the chemical properties of red, green and colorless BTA-

molecules are identical, which means the rate constants for all transitions between monomers 

of different colors are equal, termed kex here. 

Since three different species (backbone BTA 1, green BTA 2, red BTA 3) are present, the 

kinetic model consists of three coupled ordinary differential equations. Each of these 

equations consists of several terms. For example, the equation for the rate of change of the 

3(fiber) contains a positive term for 1(fiber) and 2(fiber) exchanging for 3(aq) and a negative 

term for 3(fiber) exchanging for either of the other BTA species. The complete set of 

equations is: 
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Here, kex is the exchange rate constant and [i] is the concentration of BTA of a particular 

species in the indicated phase. If fast equilibration of the pool of ‘monomeric’ soluble BTA 

compared to BTA in fibers is assumed, its composition can be approximated as constant: 
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  (3.6) 

Here, fi is the fraction for each of the colors in the total sample and thus in the monomer pool 

(rapid equilibrium) which has a total concentration [BTAsol]. Substituting Equations (3.6) in 

Equations (3.5) gives Equations (3.4). Taking the experimental values of fred = fgreen = 0.025 

and fcolourless = 0.95, this was numerically solved using the ode15s-routine in Matlab. 

Subsequently, these traces were fitted to the data using the lsqnonlin-routine in Matlab, 

eventually obtaining the parameter kex’ = kex*[BTAsol]. 
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Chapter 4 
 

Super-resolution approaches for the 

quantification of nanoscale interactions  

 

 

Abstract 

Multivalency, the simultaneous interaction of multiple functionalities on a nanostructure, 

plays an important role in a range of chemical and biological processes. Therefore, a method 

to probe the functional group distribution on the surface of synthetic nanostructures, and its 

effect on various interactions, is highly valuable. Functionalized spherical nanoparticles 

provide a convenient model system due to their well-defined shape and facile modification, 

permitting the validation of imaging and quantization approaches. STORM microscopy is 

demonstrated as a powerful tool to visualize these nanoparticles in high resolution. The 

nanospheres can be observed in an intracellular environment, and particle averaging methods 

are presented to assess nanoparticle morphology in greater detail. As an example application, 

the processing of antigen-presenting nanoparticles inside dendritic cells was studied, 

revealing that an increased quantitative understanding of localization-based images is 

required for a proper appraisal of functional group distribution and density. Therefore, a 

photophysical model is developed for the direct STORM (dSTORM) imaging process, 

capturing stochastic blinking effects as well as the uncertainty inherent to localization-based 

approaches. Based on this model, simulations can be performed which faithfully reproduce 

experimentally acquired images and aid in their interpretation. Additionally, a mathematical 

approach for the quantitative evaluation of functional group distributions is presented, fully 

exploiting the high photon budget of dSTORM. These methods provide a perspective for the 

quantification of multivalent interactions in a range of dynamic nanosystems. 
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4.1 Introduction 

The sophisticated response of living cells to biochemical stimuli is mediated in large part 

by the non-covalent interactions of membrane-borne receptors with soluble ligands and with 

other receptors. As such, the concentration and clearance timescale of bio-active compounds, 

e.g. pharmacological molecules, are the traditional control parameters to elicit a desired 

physiological response. More recently, increasing attention has been drawn to the 

simultaneous presentation of multiple functional moieties, a phenomenon termed 

multivalency1.  

Multivalent effectors have been regularly found to yield qualitatively different response 

patterns compared to their monovalent analogues2. For example, multivalent interactions 

increase robustness of output in cellular signalling2–4 and highly selective binding has been 

achieved using multivalent supramolecular polymers5. These effects are mainly based on the 

entropic advantages of simultaneous binding to multiple receptors6,7, resulting in slower 

dissociation kinetics and higher overall association energy than an equivalent number of 

monotopic interactions. This basic principle has been applied in the development of a wealth 

of multivalent platforms for biomedical applications, the majority of which is created by 

random reaction of a scaffold with an excess of the relevant ligand, leading to limited control 

over the final architecture. However, the exact energetic gain is strongly dependent on the 

distribution of interactors in a multivalent construct6,8, which can take various forms (e.g. 

polymer, dendrimer, nanoparticle, liposome, micelle, viral capsid). As a result, the 

distribution of functional groups on a scaffold is a crucial parameter for appropriate 

interactions with cells and tissues and hence for the generation of its desired effect. 

Fluorescence imaging is a suitable method to investigate cell-material interactions, due to 

its chemical specificity and spatially resolved nature9,10. Additionally, because of its 

minimally invasive sample preparation, fluorescence microscopy can be applied to 

investigate the cellular processing of different nanomaterials and to quantify the dynamic 

characteristics of multivalent bonding11–17. Super-resolution approaches are particularly 

promising for this purpose, since the enhanced resolution allows the visualization of 

biological machineries and the elucidation of interaction mechanisms in even greater 

detail18,19. Despite the specific challenges associated with super-resolution imaging in 

immobilized and living cells20–22, related to for example selective introduction of fluorescent 

labels or toxicity of the imaging conditions, several major breakthroughs in structural and 

molecular biology have been achieved in recent years23–28.  

The transition from qualitative visualization to quantitative analysis of localization-based 

data is among the most important current developments in super-resolution microscopy29,30, 

and it is especially relevant for the elucidation of nanoscale interactions. For example, both 

multivalent constructs and cellular complexes often display a high degree of symmetry, 

allowing the use of particle averaging31. By aligning and overlaying the localizations of 

multiple equivalent structures, increased resolution and reconstruction can be achieved, 

yielding more detailed insight into architecture and functional interactions32,33. Molecular 
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counting approaches provide another auspicious route, aiming to correct for the stochasticity 

inherent to single-molecule localization. These methods expand on the correlation analysis 

described in Chapter 3 and obtain actual molecular densities from super-resolution images34–

37. In this way, the distribution of interacting groups on multivalent structures can be analysed 

and correlated to functionality. The principles behind these and other quantitative methods 

have been demonstrated in specific settings, and are now being converted into comprehensive 

tools for localization-based image analysis. 

In this chapter, we demonstrate the imaging of functionalized nanospheres in vivo and in 

vitro. In addition to providing a convenient model system relevant for current drug delivery 

studies38–41, these spherical nanoparticles can present initial guidelines for ligand presentation 

on dynamic structures, such as supramolecular polymers. The interactions between cells and 

the nanospheres are visualized during a particle uptake experiment. In these demanding 

imaging conditions, high-quality reconstructions of the nanospheres are obtained by 

averaging techniques, and subsequently processing of functional groups spread over the 

surface of these spheres is evaluated. Molecular counting approaches are developed for 

STORM-datasets and applied to the dye-conjugated nanoparticles in vitro, aiming to probe 

the exact functional group density and distribution on a bead-by-bead basis. Such knowledge 

could be applied to more accurately evaluate the performance of nanoparticle-based drug 

delivery systems and optimize their preparation protocols by rational design. 

4.2 Cellular uptake of nanoparticles imaged by super-resolution 

microscopy 

4.2.1 Modified nanoparticles as functional carriers 

Functionalized nanoparticles have been established as a readily accessible and versatile 

approach for the intracellular delivery of pharmaceutical molecules42,43. In this context, a 

variety of therapeutic systems has been fabricated and evaluated in vitro and in vivo44,45. 

However, the development of these nanomedicine remains challenging and the majority of 

the nanomedicines investigated fails to be translated to the clinic46,47, largely because of the 

inadequate understanding of nanoparticle-cell interactions48. This lack of knowledge leads to 

suboptimal particle design and hence low rates of cellular entry and processing. It is 

imperative to acquire more detailed knowledge about the size, morphology, and surface 

chemistry of nanoparticles in order to improve multivalent interactions and cellular uptake 

efficiency11,14,49.  

Super-resolution microscopy provides a means to investigate the spatial and chemical 

characteristics of nanomaterials directly, with abilities complementary50 to more established 

confocal49 and electron microscopy51. Its potential has been exploited in materials science for 

the imaging of polymers52 and DNA origami53, while its application in self-assembled 

systems was demonstrated in Chapter 3. However, the use of super-resolution techniques to 
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probe functional group distributions on these materials is so far rather unexplored, in 

particular in the field of cell-material interactions.  

Of the various super-resolution techniques, direct STORM (dSTORM)54–56 provides 

unique opportunities for quantification of interactions between synthetic materials and 

biological structures due to its resolution and localization-based nature30,34. The molecular 

counting and averaging approaches enabled by the acquisition of signals at the single-

molecule level provide unparalleled insight into the size and morphology of nanoscopic 

particles synthesized using various methods. Additionally, combining the quantitative 

information from multiple images allows an increased resolution through selection of the 

most accurate localizations, while maintaining a good reconstruction of the object31. 

Correlating these structural characteristics with the efficacy of the resulting cell-material 

interactions provides an attractive route for the optimization of functional nanoparticle 

design. 

4.2.2 Visualizing spherical nanoparticles using STORM 

In order to introduce functional groups onto nanoparticles, spherical polystyrene (PS) 

beads with amine or carboxylic acid covered surfaces have been reacted with 

photoswitchable Cy5 and Alexa647 dyes (Figure 4.1A). These dyes are among the best 

performing cyanine-based STORM dyes57, displaying bright fluorescence and reliable 

photoswitching. The positively charged amine-beads, sized 230 nm as measured by dynamic 

light scattering (DLS), were conjugated directly with an N-hydroxy succinimide (NHS)-

activated dye. The carboxylic acid moieties on the negatively charged beads (diameters 80, 

330, 450 and 880 nm by DLS) were activated using coupling reagent EDC and NHS, before 

reacting to an amine-functional dye. Both approaches lead to red-fluorescent beads with a 

high density of labels on the surface. 

Preliminary assessment of the fluorescent nanoparticles was performed using in vitro 

experiments. Beads were immobilized on a glass substrate, incubated in imaging buffer 

required for photoswitching and visualized using total internal reflection fluorescence (TIRF) 

diffraction-limited microscopy and STORM super-resolution microscopy (Figure 4.1B). Both 

techniques show the expected spherical fluorescent particles, but a significant difference in 

image definition can be observed. While the fluorescent beads in TIRF imaging show diffuse 

boundaries due to optical diffraction, preventing an accurate assessment of the size of smaller 

particles, the STORM images clearly reconstruct nanoparticles with a 80 nm diameter. The 

high spatial resolution and solid reconstruction of the super-resolution images indicate that 

thiol-induced photoswitching of the dyes on the bead surface is occurring appropriately, 

confirming the suitability of these nanoparticles for STORM imaging in more challenging 

environments.  
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Figure 4.1: A) Nanoparticle functionalization protocol. Amine-covered nanoparticles are dispersed in 

bicarbonate buffer (pH 8.5) at 0.25% w/v and incubated with 1 eq. of NHS-Cy5 for 4 h at room temperature. 

Carboxylic acid-covered nanoparticles are dispersed in PBS buffer (pH 7.2) at 0.25% w/v and incubated with 

excess EDC, NHS and  0.6 eq. of cadaverine-Alexa647 for 4 h at room temperature. Beads were subsequently 

centrifuged down, resuspended and purified by extensive dialysis. See Experimental Section for a detailed 

procedure. B) TIRF (upper row) and STORM (lower row) images of fluorescent nanoparticles of various sizes. 

Beads were adsorbed to a glass coverslip by 10 minute incubation of a MilliQ dispersion at room temperature. 

Super-resolution images of fluorescent beads inside a cellular environment are required to 

perform analysis of nanoparticle processing and interactions. Figure 4.2A schematically 

depicts the key steps to obtain images suitable for this analysis. Two-colour fluorescence 

imaging is needed to visualize a functionalized nanoparticle and its cellular environment 

simultaneously. In order to perform two-colour STORM, nanoparticles are modified as 

described before and specific organelles are labelled with spectrally separated, 

photoswitchable dyes. After nanoparticle administration, cells are fixed at a desired time 

point and imaged with nanometric resolution using two-colour dSTORM58. The images are 

subsequently analysed to obtain nanoparticle number, size and intracellular localization.  

Figure 4.2B shows dSTORM imaging of 80 nm PS nanoparticles internalized by HeLa 

cells. PS nanoparticles have been extensively evaluated as model nanomedicines, both for 
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delivery and mechanistic purposes, due to their controlled size and ease of 

functionalization59. The plasma membrane of the HeLa cells was stained with Alexa568-

labeled wheat germ agglutinin (WGA), a lectin known to bind to N-acetyl-D-glucosamine 

and sialic acid on the cell membrane60. This composite label allows free choice of the dye 

conjugated to the lectin and facile control over the density of labels on the membrane, both 

crucial factors for optimal STORM performance57. Attachment of Alexa568 provides 

excellent photophysical properties in the green regime, leading to well-reconstructed STORM 

images in two channels.  

 

Figure 4.2: Nanoparticle uptake by HeLa cells imaged using dSTORM. A) Schematic representation of the 

uptake experiment, comprising particle and cell labelling, STORM imaging and data analysis. Details of the 

procedures can be found in the Experimental Section. B) STORM image of 80 nm PS nanoparticles (red) inside 

membrane-stained (green) HeLa cells. The upper right corner displays the corresponding diffraction-limited 

image. Scale bar 5 µm. C) Overlay of diffraction-limited wide-field (grey) and super-resolution STORM (red) 

images of an individual nanoparticle. Scale bar 300 nm. D) Profile of the nanoparticle in (C) for the STORM 

and wide-field image. Intensities are normalized. E) Three-dimensional STORM image of 330 nm diameter PS 

nanoparticles (red) near the membrane of a HeLa cell (green). Information in the axial direction was obtained by 

insertion of a cylindrical lens and analysis of the resulting astigmatism. Scale bar 500 nm. F) Silica, crosslinked 

bovine serum albumin (BSA) and poly lactic acid (PLA) nanoparticles (red) internalized by HeLa cells (green) 

and imaged by STORM. Image size 5x5 µm.  

The comparison between STORM imaging and wide-field microscopy (top right corner) 

confirms the dramatic increase in resolution, allowing the identification of individual 

nanoparticles and the measurement of their position inside the cell, while the diffraction-

limited imaging is unable to resolve the details of the nanoparticle-membrane interactions. 

Figures 4.2C and 4.2D show the details of an individual nanoparticle in STORM (red) and 

conventional wide-field imaging (grey), highlighting the ability of STORM to resolve sub-
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diffraction limit sized nanoparticles (Figure 4.2D). In the wide-field image, the particles 

appear significantly larger than their true 80 nm diameter due to optical diffraction.  

Resolving nanoparticles in three dimensions is of crucial importance for intracellular 

tracking. Astigmatism-based STORM imaging61 is an easily accessible method to resolve the 

3D structure of internalized nanoparticles. In this approach, a cylindrical lens is introduced 

into the optical path, creating an elliptical distortion of objects in the image. The exact form 

of this distortion depends on the axial location of the object. In this way, the distortion of 

localizations can be used to reconstruct objects in the axial direction. As an illustration, 

Figure 4.2E shows top and sides views of 330 nm diameter nanoparticles in WGA-stained 

HeLa cells. STORM provides sufficient resolution in both lateral and axial dimensions to 

resolve the correct size and shape of the polystyrene beads, their 3D positioning inside cells, 

and the local curvature of the membrane.  

To prove the general applicability of this imaging methodology, the labelling procedure 

has been expanded to a variety of relevant carriers used in nanomedicine, such as poly lactic 

acid (PLA) nanoparticles, silica colloids and crosslinked bovine serum albumin (BSA) 

nanoparticles with suitable STORM dyes. All of these materials are widely used in 

nanomedicine research and are currently being evaluated in clinical trials for the delivery of 

hydrophobic drugs, gene delivery, vaccines and cancer immunotherapy62. Figure 4.2F shows 

two-colour images of 250 nm diameter particles of the different materials internalized by 

HeLa cells. STORM successfully resolves the sub-diffraction particles in all cases, showing 

that the performance of the technique is minimally affected by the chemical nature of the 

scaffold and proving that our approach can be applied to a wide variety of synthetic 

nanoparticles.  

4.2.3 Quantitative approaches for nanoparticle imaging 

The development of quantitative imaging, “from pretty pictures to hard numbers”63, is of 

great importance in the field of nanoscopy. The single molecule nature of STORM represents 

a challenge for data analysis but together with the corresponding high resolution, provides 

great potential to extract useful information at the molecular level. In order to quantify the 

details of nanoparticle uptake in HeLa cells, automated image analysis was performed on 

two-colour STORM images, as schematically shown in Figure 4.3 and extensively described 

online64.  
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Figure 4.3: Analysis routine for automated quantification of nanoparticle properties. In the six-step 

procedure illustrated here, a two-colour STORM image is loaded (A), background localizations are removed (B) 

and high-density localization clusters are identified in large fields of view (C). These clusters are assessed in 

terms of aspect ratio, size and number of localizations (D), and thus clusters corresponding to single, well-

reconstructed beads can be selected (E). Based on the aggregated dataset, the mean value of relevant 

characteristics can be investigated, as well as the corresponding variability (F). Additionally, spatial overlay of 

multiple nanoparticles, i.e. particle averaging, yields enhanced reconstruction and resolution. 

The image analysis procedure separates the two channels and applies a density-based 

clustering algorithm to the nanoparticle channel to remove sparse background localizations 

and identify groups of localizations that possibly correspond to single nanoparticles. Each of 

these clusters is subjected to a quality check, discarding all signals that do not correspond to 

individual nanoparticles. This is achieved through: (i) a size filter that discards very small 

objects (likely single fluorescent molecules) and very big objects (likely aggregates of 

multiple nanoparticles); (ii) a shape filter that eliminate high aspect ratio objects (e.g. dimers 

of nanoparticles) and (iii) a number threshold that selects only the nanoparticles that provide 

a sufficient number of localizations and will result thus in accurate quantification. Notably, if 

necessary for a particular application, the selection process can be expanded to include 

intracellular NP clustering. Approved clusters are then fitted with a 2D (circles) or 3D 

(spheres) model that yields information about the size of the internalized NPs. This procedure 

allows for the automatic quantification of a large number of internalized nanoparticles, and 

subsequently the distribution of specific properties can be plotted in a histogram or individual 

objects can be averaged to obtain a high-resolution rendering of the nanoparticles.  

With this tool at hand, the intracellular behaviour of a series of nanoparticles varying in 

size and chemical composition was quantified. Figure 4.4 shows the images of internalized 

nanoparticles with diameters ranging from 80 nm to 900 nm as acquired using wide-field 

(Figure 4.4A) and STORM (Figure 4.4B) microscopy. The nanoparticles above the 
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diffraction limit (450 nm and 880 nm) can be resolved by both techniques, while only 

STORM is able to precisely address the size of individual nanoparticles below that limit. 

Moreover, the resolution of the plasma membrane is also enhanced in STORM. Due to these 

improvements, polystyrene particles of the different measured sizes can be observed to 

undergo uptake almost exclusively as singlets or doublets. 

 

Figure 4.4: Analysis of various nanoparticles internalized by HeLa cells. A,B) NPs of different size and 

surface functionality (diameters 80, 230, 330, 450 and 880 nm as measured by DLS, surface functionalization 

with carboxylic acid or amine groups) were imaged inside immobilized cells using wide-field (A) and STORM 

(B) microscopy. Scale bar 500 nm. C) Size histograms displaying the diameters of the nanoparticles as observed 

by STORM. Solid lines indicate Gaussian fits, numbers indicate mean and standard deviation of the fit. D) 

Averaged nanoparticle reconstructions, where n is the number of individual observed nanoparticles. Scale bar 

300 nm. 

Figure 4.4C shows the histogram of bead sizes measured inside HeLa cells; the data are in 

very good agreement with both dynamic light scattering measurements and in vitro STORM 

imaging, demonstrating the ability of STORM to accurately measure nanoparticle size inside 

cells. Not only can this average value be precisely determined, but the spread in size can also 

be assessed using these histograms. In this case, the monomodal distribution of individual NP 

sizes (approximated as Gaussian, solid lines in Figure 4.4C) implies the absence of particular 

subpopulations of NPs during internalization. Figure 4.4D shows averaged reconstructions 

for PS nanoparticles in HeLa cells, revealing the correct identification of size and 
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morphology. This demonstrates that particle averaging, successfully used for protein 

complexes32 and viral particles33,65, can be applied to visualize synthetic nanoparticles in 

cellular systems with even greater detail.  

4.2.4 Uptake in dendritic cells 

The intracellular delivery of nanoparticulate antigens to antigen-presenting cells is an 

important biomedical challenge, that has been studied in collaboration with the de Geest Lab 

of UGhent. Appropriate antigen presentation is crucial in the induction of a strong specific 

immune response, and controlling this process through nanoparticulate delivery can therefore 

be useful in the development of novel vaccines66. Key steps in this process are the 

internalization of the nanoparticles by dendritic cells (DCs), their intracellular trafficking and 

the processing of the carried antigens67. Each of these steps can be conveniently analysed 

using super-resolution image analysis. 

 

Figure 4.5: Schematic depiction of nanoparticle uptake experiment with DC2.4 dendritic cells. Polystyrene 

nanoparticles functionalized with Cy5-conjugated ovalbumin are imaged after internalization, providing insight 

into the endocytosis pathway and antigen processing.  
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Figure 4.6: STORM imaging of OVA-nanoparticle internalization by dendritic cells. A) Two-colour 

imaging of membrane-stained DCs (green) and OVA-NPs (red) in wide-field (right) and STORM (left). B) 

Magnification of the membrane highlighting individual nanoparticles bound to the plasma membrane and after 

internalization. C) Co-localization of OVA-NPs (cyan) with endosomal vesicles labelled by cholera toxin 

subunit B (red). D) Size histogram detailing the diameters of internalized nanoparticles. E,F) Two- and three- 

dimensional average reconstruction of 247 nanoparticles over 20 different cells.  

Here, the internalization of ovalbumin (OVA)-coated polystyrene nanoparticles by DCs is 

visualized (Figure 4.5). Ovalbumin is a commonly used model antigen that is recognized by 

the murine immune system and used as a standard tool for in vitro and in vivo immuno-

biological experiments. Figure 4.6A shows STORM images of OVA-loaded PS nanoparticles 

endocytosed by DC2.4 dendritic cells. In these images it is possible to resolve individual NPs 
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at various stages of the internalization process, showing a large population of particles 

strongly bound to the membrane before uptake (Figure 4.6B). A more detailed view on 

nanoparticle internalization can be obtained by labelling the plasma membrane and endocytic 

vesicles with the high-performance Alexa647-dye, attached using cholera B toxin. In this 

way, individually contained particles can be observed inside intracellular vesicles, as shown 

in Figure 4.6C. 

The OVA-nanoparticles inside dendritic cells were subsequently investigated using 

quantitative image analysis methods (vide supra). The histogram in Figure 4.6D shows the 

nanoparticle size distribution after internalization. It is worth noting that the photoswitchable 

dye is conjugated to the antigen (OVA) rather than to the nanoparticle itself, in order to track 

the active payload inside dendritic cells. However, the average measured size perfectly 

matches the administered nanoparticles with a narrow dispersity. This indicates that most of 

the payload is still loaded onto the NP and not yet processed68, as processing would lead to 

observation of partially reconstructed beads and single proteins. Figures 4.6E and 4.6F show 

the 2D and 3D particle averaging of the internalized OVA-beads. These averages reveal an 

excellent reconstruction of the spherical bead with a high density of localizations over the 

entire surface, confirming that a relatively large number of OVA-moieties is attached to each 

observed bead. Interestingly, the histogram of the number of localizations per nanoparticle 

shows a broad distribution (Figure 4.7). Since the number of localizations per bead is 

correlated with the number of antigens present69, this may indicate either variability in the 

functionalisation process of the nanoparticles or partial processing of the OVA on the bead 

surface. We argue that, if the understanding of the relevant photophysics of the dyes is 

improved, the molecular counting ability of STORM can be used to evaluate the efficacy of 

antigen processing on different nanoparticles and provide rules for the design of novel and 

improved nanocarriers for intracellular antigen delivery. 

 

Figure 4.7: Histogram of the number of localizations per internalized nanoparticle inside DC2.4 dendritic 

cells.  



Super-resolution approaches for the quantification of nanoscale interactions 

107 

 

4.3 Analysing functional group density using STORM 

4.3.1 Molecular counting in localization microscopy 

In principle, localization microscopy is ideally suited for molecular counting approaches, 

i.e. the quantitative determination of the number and location of dye-functionalized 

molecules on a particular structure, due to its identification of fluorescent signals originating 

from individual fluorophores. In practice however, the accuracy of the obtained numbers is 

reduced by undercounting and overcounting errors. Undercounting errors are mostly caused 

by substoichiometric labelling efficiencies, and for extended structures with a high average 

degree of functionalization such as the aforementioned nanoparticles, the occurrence of 

unlabelled beads is rare. Overcounting errors are related to multiple localizations of an 

individual dye molecule30, as illustrated in Figure 4.8. Due to the presence of multiple dye 

molecules in close proximity on densely functionalized nanoparticles, overcounting errors 

become increasingly difficult to correct.  

 

Figure 4.8: Overcounting problem in localization microscopy. Photoswitchable dyes are generally localized 

multiple times during an acquisition, and this number of localizations per dye is a random variable. Therefore, 

localizations in a cluster cannot be unequivocally assigned to specific dye moieties, and the underlying number 

of dyes and their location is not immediately apparent. 

The main photophysical cause of overcounting errors in localization microscopy is dye 

blinking, i.e. the chromophore entering reversible non-fluorescent or ‘dark’ states (as opposed 

to irreversible dark states associated with bleaching processes)57,70. Since dark states are 

required to obtain the low duty cycle necessary for high quality imaging (viz. Section 3.1) and 

inherent to the photophysical processes in fluorescence imaging, avoiding overcounting by 

altering molecular structure alone is highly challenging. Nonetheless, the severity of 

overcounting issues can be ameliorated somewhat by careful selection of photo-activatable 

chromophores with a low blinking probability and by the inhibition of inter-system crossing 

processes, albeit at the cost of adding another constraint in an already demanding imaging 

approach71.  

Since overcounting effects usually cannot be fully prevented, several methods have been 

designed to correct these artefacts ex situ. Correlative approaches are powerful tools for the 



Chapter 4 

108 

 

quantitative investigation of molecular distributions, and can be used to identify 

overcounting35. As described in Chapter 3, multiple localizations of a single dye display a 

characteristic spatial signature, which can be isolated to allow the investigation of any 

remaining correlation between localizations. In this way, structural order can be investigated 

below the diffraction limit34,72,73, but the large overcounting contribution hampers analysis of 

correlations close to the localization resolution. Effectively, structure at the smallest scale is 

still obscured by overcounting effects, and this is just the length scale that is relevant for cell-

material interactions. 

In order to address overcounting at a more fundamental level, the temporal signature of 

acquired localizations can be investigated. Photoactivation-based approaches such as PALM 

usually display reversible dark states caused by singlet-to-triplet transitions, resulting in 

relatively short dark times and rapid blinking. Therefore, multiple localizations in close 

spatial and temporal proximity can be assigned to a single dye molecule, reducing or 

removing overcounting effects74,75. This method requires careful optimization of the temporal 

thresholding procedure, as demonstrated by Bustamante et al36.  

Localization microscopies based on photoswitching (STORM) show much longer dark 

times and extended blinking. The experimentally easily accessible direct STORM (dSTORM) 

technique operated in this thesis achieves repeated photoswitching through chemical reaction 

with a primary thiol in the imaging buffer. This extended blinking yields a better 

reconstruction and higher total photon budget per dye57, but precludes temporal approaches 

for overcounting reduction. As a result, molecular counting approaches for STORM have 

proven highly difficult to develop76, limiting the quantitative potential of this technique.  

 

Figure 4.9: Nanoscopic structures, e.g. spherical colloids (grey sphere), are reacted with functional groups, 

leading to a particular distribution. If the functionalities are fluorescently labelled (red spheres), this distribution 

can be imaged using dSTORM, resulting in a more diffuse distribution of localizations (red crosses) due to 

blinking behaviour and localization uncertainty. Using a model for the photophysical processes operative in 

dSTORM, the information in these localizations is used to estimate the locations of the underlying fluorescent 

moieties, providing cues for improvements to the functionalization protocols. 

Here, in collaboration with Richard Post of the van der Hofstad group at the Department 

of Mathematics of the TU/e, a method is outlined to analyse dSTORM-images at the single-

blink level. This method extracts the spatial information contained in individual localizations 

and makes improved use of the high photon counts afforded by blinking dyes. By studying 

the photophysical behaviour of single dye molecules, the spatial characteristics and blinking 

details of the corresponding localizations can be modelled in great detail. This model can be 
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used to interpret dense super-resolution images, combining individual localization precision 

values to estimate the real location of functional groups (Figure 4.9). Such knowledge is 

crucial for understanding multivalent binding and optimizing cell-material interactions. 

4.3.2 Investigating single dye photophysics 

The development of molecular counting for dSTORM microscopy requires a thorough 

understanding of the relation between the photophysical properties of a specific dye and its 

localization accuracy. Only if this relation can be accurately captured in a model, does it 

become feasible to estimate molecular locations based on localization data. The basis for such 

a model is provided by a single-molecule dataset in which overcounting does not cause 

interpretation issues, i.e. images of nanoparticles with only a single dye attached. These 

particles are synthesized by conjugating a reactive dye derivative with a large excess of 

colloidal particles, in this case polystyrene particles with a 330 nm diameter, yielding 

monofunctional beads as the major product (Figure 4.10A). The particles are immobilized on 

a glass microscope coverslip and imaged by dSTORM (Figure 4.10B), showing clusters of 

localizations corresponding to single dye molecules, suitable for quantitative analysis. 

The blinking behaviour of photoswitchable STORM dyes can be modelled by transitions 

between fluorescent, reversible dark and irreversible dark states, inspired by similar models 

for photo-activatable chromophores36 (Figure 4.10C). If the relative rates for these transitions 

are constant over the timespan of the experiment, the probability of bleaching is the same for 

every blink. Hence, blinking can be interpreted as a Bernoulli trial and the number of blinks 

per dye is expected to follow a geometric distribution. As can be seen in Figure 4.10C, this 

distribution seems suitable to describe the data with an optimized value of 0.20 for parameter 

p, the probability of irreversible bleaching for a dye in the fluorescent state. Using this 

distribution, the number of localizations from a single dye can be predicted by the model. 
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Figure 4.10: A) Schematic depiction of a spherical nanoparticle functionalized with a single dye molecule. 

B) Three-dimensional dSTORM-image of monofunctional nanoparticles. Beads were deposited on a poly-L-

lysine covered glass coverslip by 10-minute incubation of a nanoparticle dispersion in Milli-Q water. Three-

dimensional imaging was achieved using astigmatism, and drift correction was performed with fiducial markers. 

C) Histogram of the number of blinks per dye. Bars indicate data and the solid line is the maximum likelihood 

estimate (MLE) of a conditional geometric distribution (for a number of blinks Bl > 3), yielding bleaching 

probability p = 0.20. Inset: Three-state model for dSTORM-dye behaviour, where kd, kf and kb are the rates for 

entry of a dark state D, return from dark state to fluorescent state F and irreversible bleaching B, respectively. 

D) Histogram of the number of photons in a single blinking event. Bars represent the data, solid line is the 

numerically optimized MLE of a gamma-distribution with k = 6.43 and θ = 118.4. E) Cluster of localizations 

belonging to a single dye. The spatial distribution of the localizations (blue circles) compared to the weighted 

mean of the cluster (black circle) provides an estimate of the localization uncertainty σ in the X-, Y- and Z-

dimensions. The cluster mean is weighted by √N with N the number of photons in a localization. F) Graph 

displaying the localization uncertainty in the X-direction as a function of the number of photons and the Z-

position. Black points are experimental values calculated from single-molecule localization clusters as in (E), 

red points are simulated values from the model with k = 1 and green points are simulated values from the model 

with k = 3. Similar plots are obtained for Y- and Z-directions.  
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In localization-based super-resolution microscopy, the location of a fluorescent molecule 

is approximated by fitting a two-dimensional elliptical Gaussian to a diffraction-limited 

signal. The three-dimensional localization uncertainty in this procedure is known to be 

dependent on the number of photons in the diffraction-limited signal according to Equations 

(4.1)77,78: 
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In this equation, σ is the super-resolution localization uncertainty in X-, Y- or Z-dimensions, 

z is the Z-location (i.e. height) of the dye molecule, s is half of the width of the diffraction-

limited spot in X- or Y-dimensions, N is the number of photons in the diffraction-limited 

signal, A is a pixelation term, B is a background signal term, and C and D are z-dependent 

constants related to the ellipticity of the diffraction-limited spot. From these formulae, it is 

evident that the number of photons per blinking event N is a crucial parameter in a 

photophysical model. Figure 4.10D shows the measured distribution of the number of emitted 

photons per blinking event. This number is related to the timespan during which dyes reside 

in the fluorescent state. Assuming every residence in the fluorescent state consists of multiple 

emissive periods, each with an exponentially distributed lifetime, the overall emissive time is 

expected to follow a gamma distribution. The gamma distribution yields a good fit, allowing 

the simulation of localization uncertainties and comparison to experimental results. 

The localization uncertainty can be experimentally determined by measuring the spread of 

signals from a single dye (Figure 4.10E). Since the actual location of the dye is not known, it 

is approximated by the mean of the localizations, weighted by √N. The distance between 

localizations and this weighted mean provides the measurement uncertainty in X-, Y- and Z-

directions. The black points in Figure 4.10F display this measurement uncertainty as a 

function of the height (z-value) of the localization and its number of photons, showing a 

relatively large variation between localizations (i.e. a large variance of the measurement 

uncertainty).  

Measurement uncertainties for localizations can also be simulated through Equation (4.1). 

By inserting the number of photons and Z-value, and introducing a similar variance of the 

measurement uncertainty, the simulations can be compared to the experimental data. 

Simulations following Equation (4.1) clearly result in a measurement uncertainty that 

underestimates the experimental value (red points in Figure 4.10F), while following the same 
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trend with number of photons and z-value. Simulations using adjusted expressions revealed 

that Equation (4.2) is able to bring simulations and experimental measurements into 

agreement.  
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In these equations, symbols represent the same quantities as in Equation (4.1), with the 

addition of bold-faced constants k as a photon correction term and σdrift as a residual drift 

correction-induced uncertainty. Noise terms are small in the experimental system and have 

hence been omitted. The green points in Figure 4.10F are simulations for a k-value of 3 and a 

σdrift of 15 nm, and overlap with the experimental uncertainty. First, this result indicates that 

fiducial marker-based drift correction cannot fully prevent drift artefacts, and therefore these 

need to be taken into account in the model. Additionally, the k-value implies that only a 1/k-

fraction of the photons contribute to the localization process. The cause of this factor is 

currently unknown, but better single-molecule data quality and quantity will certainly aid and 

shed light on its origins. Regardless, simulations following Equation (4.2) now succeed in 

capturing the photophysical behaviour of STORM dyes. 

4.3.3 Simulating functionalized beads 

Having established a model for the behaviour of single dyes, multivalent experimental 

systems can be investigated. Therefore, multifunctional beads were synthesized by reacting 

330 nm polystyrene nanospheres in dispersion with an excess of reactive dyes (Figure 

4.11A). These beads were deposited on a glass slide and visualized using dSTORM, yielding 

the image in Figure 4.11B. This image displays well-reconstructed, slightly elongated 

spherical shapes, as expected from the anisotropic resolution.  

Most molecular counting approaches aim primarily to establish the number of functional 

groups on a nanoparticle. Having elucidated the dye photophysics at the single-molecule 

level, information about this functionality can be gleaned from the distribution of the number 

of blinks per bead (Figure 4.11C). We have shown that the number of blinks per dye is 

geometrically distributed (vide supra), and the common hypothesis in literature is that the 

functionalization reaction takes place uniformly over the surface of the bead, conditioned on 

a number of dyes that is Poisson distributed (i.e. a homogeneous Poisson point process). 
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Combining the Poisson distribution for the number of dyes per bead and the geometric 

distribution for the number of blinks per dye, a compound Poisson distribution is to be 

expected for the total number of blinks per bead. As can be clearly seen in Figure 4.11C, the 

experimental data displays more probability mass in the tails of the distribution than the most 

likely compound Poisson distribution. This important finding demonstrates that even 

functionalization of polystyrene beads with soluble dyes using NHS-chemistry, one of the 

most robust protocols available, does not lead to fully random functionalization and the 

corresponding narrow distribution of functional group densities in this 341-bead sample. 

Moreover, replacing the Poisson distribution for the number of dyes by a negative binomial 

distribution, which is essentially a Poisson distribution with overdispersion and is thus more 

heavily tailed, does lead to a more reasonable fit (Figure 4.11D). This shows that additional 

variance is introduced by the dye functionalization process, leading to a large spread in the 

number of functional groups on a nanoparticle surface.  

 

Figure 4.11: A) Schematic depiction of a spherical nanoparticle functionalized with multiple dye molecules. 

B) Three-dimensional dSTORM-image of functionalized nanoparticles. Beads were deposited on a poly-L-

lysine covered glass coverslip by 10-minute incubation of a nanoparticle dispersion in Milli-Q water. Three-

dimensional imaging was achieved using astigmatism, and drift correction was performed with fiducial markers. 

C) Histogram of the number of blinks per bead. Bars indicate data and solid line is a maximum likelihood 

estimate (MLE) of a compound Poisson distribution with λ = 49.7, resulting in a poor fit. D) MLE of the number 

of blinks per bead by a negative binomial distribution with r = 7.46 and p = 0.87 (solid line), resulting in 

improved fit quality. 

Using the aforementioned distributions, both the number of dyes on a bead and the number 

of localizations per dye can be simulated with an accurate uncertainty. This means that the 

chemical functionalization and super-resolution imaging processes can be appropriately 
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represented, and beads emulating these experimental properties can be simulated (Figure 

4.12A). These simulations result in images that are very similar to the experimental 

counterparts in terms of general reconstruction, resolution and localization density (Figure 

4.12B). However, it is difficult to evaluate the spatial distribution of the dyes by cursory 

assessment of such images. In the simulations, dyes are assumed to be randomly distributed 

over the surface of the bead. However, the unexpectedly large spread in the number of dyes 

may also imply a spatial interaction. Therefore, it is crucial to extract more quantitative 

spatial information about the location of dyes from the collection of localizations that form a 

dSTORM image. 

 

Figure 4.12: A) Based on photophysical properties studied in single-molecule experiments in combination 

with experimentally determined degrees of functionalization, simulated dSTORM images of functional beads 

can be generated. B) Comparison of experimental (green) and simulated (blue) dSTORM images, displaying 

localization patterns similar in terms of density and resolution. 
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4.3.4 Estimating functional group locations 

None of the existing molecular counting approaches make full use of the information 

contained in individual localizations to investigate the spatial placement of the corresponding 

dyes. The locations of chromophores on the surface of a nanoparticle can be inferred using 

the local density and the individual photon counts of localizations, but are not known exactly. 

This is an inverse problem, in which the number and location of dyes as well as the 

assignment of localizations to dyes are unknown, but all the underlying parametric 

distributions are fully characterized. Using a custom expectation-maximization (EM) 

implementation, this problem can be addressed and an estimation of the dye locations 

retrieved. However, the accuracy of the estimation by the EM-algorithm needs to be 

validated, and this is not possible using experimental methods since the actual dye locations 

on a nanoparticle surface are unknown. Therefore, simulated dSTORM images, with identical 

properties to the experimental data, were used as a model system (Figure 4.13). 

In this model system, a bead is simulated and a random number of dyes, generated from a 

negative binomial distribution, is placed on the surface of this bead according to the spatial 

pattern to be investigated (Figure 4.13A). For the current simulations, this is a fully random 

pattern (i.e. a uniform probability distribution). Subsequently, the dSTORM imaging and 

localization process is simulated (vide supra), resulting in a simulated collection of 

localizations (Figure 4.13B). Each of these localizations has a location, but also an associated 

uncertainty. Individual localizations are comprised of different numbers of photons, leading 

to different localization accuracies, as described Equation (4.2). Figures 4.13C and 4.13D 

graphically display these uncertainties, showing confidence intervals for a cluster of 

localizations originating from a single dye. The variation in size of these confidence intervals, 

and the repeated localization of a particular dye, clearly contain information that can be 

applied to approximate the location of the dye on the surface of the sphere.  

In the actual inverse problem, the correspondence between dye and localization is not 

known, precluding a solution through simple fitting. However, the spatial information in the 

localizations, combined with the information about the blinking behaviour of the dye, can 

still be used to estimate the most likely locations for dyes to be present. The expectation-

maximization procedure employed for this purpose optimizes the estimated locations of the 

dyes and the assignment of localizations to particular sources iteratively, to arrive at a 

solution as shown in Figure 4.13E (see Experimental Section for a detailed description). In 

this figure, the proximity of estimated locations and the actual locations of the dyes is a good 

indication for the power of the dye allocation algorithm. In order to quantify this 

performance, the average distance between a dye location and a location estimation has been 

measured using a bipartite graph from mathematical graph theory. Subsequently, a technique 

called the Hungarian method79 minimizes the total distance if dye and estimate locations are 

connected in a pairwise fashion (‘perfect matching’), as shown in Figure 4.13F. In this way, 

an average distance of 40 nm is found in a 15-bead sample, providing an rough indication of 

the estimation uncertainty in this procedure. It is worth noting that this is the uncertainty in 
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the location of actual dye molecules, containing far more information than the mere fitting 

uncertainty of a single localization. 

 

Figure 4.13: Solving the dye allocation inverse problem in a simulated model system. A) Dyes (solid points) 

are placed on the surface of a spherical bead (grey sphere) according to a uniform spatial distribution, in this 

case fully randomly. Dyes in the foremost quadrant are individually coloured for clarity. B) Localizations 

(crosses) are generated following the established spatial, photophysical and blinking distributions. Colours 

match the corresponding dye in (A). C) Zoomed image of the foremost quadrant in (A) and (B), displaying the 

localizations corresponding to a single example dye. Each of the localizations has an associated uncertainty in 

three dimensions, indicated by the transparent spheres. These spheres are coloured to match the dyes in (A), and 

represent the 67% confidence bound (i.e. 1 standard deviation). D) Top view of the localizations in (C), 
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emphasizing the different uncertainties associated with individual localizations as represented in the size of the 

confidence intervals. E) Benchmark of dye allocation routine. Localization-based images are generated based on 

a simulated set of dyes (blue points) and subsequently subjected the expectation-maximization procedure 

described in the main text, to yield estimations for the dye locations (red triangles). F) In order to quantify the 

estimation accuracy, the distance between the estimated locations (coloured triangles) and the true locations of 

the dyes (coloured points) is measured by constructing  a bipartite graph and applying the Hungarian method.  

Finally, work has been started on applying this EM-algorithm to experimental 

localization-based images. These images present the additional complication that the number 

of dye molecules on a bead is initially unknown. However, the probability distribution for the 

number of dyes, assuming a known number of localizations, is fully accessible (see 

Experimental Section for details). By combining this probability distribution with the EM-

algorithm conditioned for each of these dye numbers, an overall most likely assignment of 

dyes can be reached. Figure 4.14 shows preliminary results of this approach, displaying the 

most likely dye distribution based on a localization-based dSTORM image of a functional 

bead. This figure highlights both the improved clarity, and the increased information content 

of such a processed image. For example, the 61 dyes assigned for this bead seem to be 

relatively heterogeneously distributed, with sparsely and densely functionalized areas both 

present. However, only a single bead has been analysed using the full algorithm, prompting 

care in the interpretation until this dataset can be expanded. 

Currently, the validation process of the EM-procedure using simulations is being 

improved to identify limiting factors for the accuracy of the localization assignment. 

Additionally, the quantification of the underlying dye distribution is being studied, aiming to 

provide an objective interpretation of these estimated locations. Finally, improved single 

molecule datasets, as well as nanoparticles with various functionalization densities, will yield 

a better solution to the inverse problem, and shed light on the performance of the algorithm in 

different systems. 

 

Figure 4.14: Experimental dSTORM-image of a 330 nm diameter functionalized bead (left) subjected to the 

dye allocation approach, yielding the most likely location of dyes on the surface of the bead (right). Coloured 

spheres indicate the average distance between dye and estimation, as found using a bipartite graph. 
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4.4 Conclusions 

A combination of dSTORM imaging and single molecule analysis methods is presented 

for quantitative investigation of functional group distributions in synthetic nanostructures, 

relevant for multivalent cell-material interactions. Spherical nanoparticles provide a 

convenient, well-defined model system for such studies, and have been functionalized with 

photoswitchable fluorescent dyes. The resulting fluorescent nanoparticles have been imaged 

in vitro, showing appropriate photophysical behaviour for super-resolution imaging. In vivo 

cellular uptake experiments showed similar performance, with STORM images revealing 

properties such as bead size and morphology at the single-particle level. The quantification 

approaches for these datasets revealed the degree of variation within a sample as well as the 

ensemble average, and particle averaging has been used to accurately reconstruct 

nanoparticles in challenging intracellular imaging conditions.  

The distribution of surface functionalities is particularly important for a new generation of 

advanced nanoparticles, designed for multivalent targeting interactions or antigen 

presentation. Recruitment of the appropriate receptors during initial membrane-nanoparticle 

contact largely decides the uptake mechanism and hence the subsequent intracellular 

processing, determining overall therapeutic potency. The ability to probe functional group 

distributions on the nanoscale provides insight into molecular mechanisms and may help 

elucidate the antigen processing in dendritic cells. This process has been visualized using 

dSTORM, but cannot be interpreted unambiguously without quantitative analysis of the 

localization-based images. 

A stochastic modelling approach has been established for quantitative analysis of 

dSTORM data, aiming to exploit the repeated blinking and well-characterized photophysical 

behaviour of the chromophores for an accurate estimation of the location of individual 

molecules. To this end, the detailed properties of photoswitchable STORM-dyes have been 

modelled and parametrized using single-molecule measurements. This model has been 

applied to investigate multi-functional nanoparticles, revealing that the functionalization 

process is less controlled than is commonly assumed in literature and providing an angle for 

improving performance. Moreover, it allowed unparalleled insight into the information 

contained in dSTORM localizations. A expectation maximization approach was designed to 

extract this information and estimate the locations of actual dye molecules with great 

accuracy (i.e. 40 nm). This protocol was validated using model-based simulations, and 

subsequently applied in the initial analysis of experimental beads. Currently, this analysis is 

being optimized for the evaluation of functional group distributions and being expanded for 

application with different types of functional nanoparticles. 

In this framework super-resolution microscopy is an ideal bridge between existing 

microscopic techniques, providing a combination of high resolution, chemical specificity and 

functional quantification. As such, it represents an essential tool for improving the 

understanding of multivalent cell-material interactions. 
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4.5 Experimental section 

4.5.1 Materials and synthetic procedures 

Nanoparticle labelling: Carboxylic acid functionalized polystyrene beads (Spherotech, 

diameters 80, 330, 450, 880 nm) were suspended at 0.25% w/v in PBS (pH 7.2) followed by 

the addition of 10 eq. EDC (Sigma, 240 µg), 25 eq. NHS (Sigma, 357 µg) and 0.6 eq. 

Alexa647-Cadaverine (Invitrogen, 92 µg). For single-dye beads, 1x10-6 eq. of the Alexa647-

Cadaverine was added (0.2 ng, added through dilution series in MilliQ). Amine 

functionalized polystyrene beads (Spherotech, diameters 230, 300 nm) were suspended at 

0.25% w/v in bicarbonate buffer (pH 8.5) followed by the addition of 1 eq. Cy5-NHS. All 

reactions were shaken for 4h at room temperature. The beads were then centrifuged, the 

supernatant was removed, the beads were resuspended in water and extensively dialysed for 

48h. Carboxylated PS nanoparticles (Spherotech) of 300 nm diameter were functionalized 

with ovalbumin, Alexa Fluor 647 conjugate (OVA-AF647, Life Technologies) according to 

the protocol provided by the manufacturer. Nanoparticles were analysed by DLS and Zeta-

potential measurements.  

4.5.2 Instrumentation 

DLS and Zetasizer: Nanoparticles were diluted in water or PBS and measurements were 

conducted at 20˚C using Sarstedt UV Transparent Disposable Cuvettes (DLS) or Malvern 

Disposable Capillary Cells (Zeta) in a Malvern Instruments NanoZS ZEN3600 Zetasizer with 

a 632.8 nm Laser. Using the Malvern Zetasizer Software, an average result was obtained per 

bead type over three consecutive measurements of at least ten runs. 

Confocal imaging: Confocal microscopy was carried out on a Leica DMI6000 B inverted 

microscope equipped with an oil immersion objective (Leica, 63x, NA 1.40) and attached to 

an Andor DSD2 confocal scanner. Images were processed with ImageJ software. 

Transmission electron microscopy: After cell incubation and uranyl staining (vide infra), 

ultrathin sections of a gold interference colour were cut using an ultramicrotome (ultracut 

E/Reichert-Jung), followed by a post-staining with uranyl acetate and lead citrate in a Leica 

ultrastainer, and collected on formvar-coated copper slot grids. They were viewed with a 

transmission electron microscope 1010 (JEOL, Tokyo, Japan). 

STORM imaging: Images were acquired using a Nikon N-STORM system configured for 

total internal reflection fluorescence (TIRF) imaging. Excitation inclination was tuned to 

adjust focus and to maximize the signal-to-noise ratio. Fluorophores were excited 

illuminating the sample with the 647 nm (∼160 mW), 561 nm (∼80 mW) and 488 nm (∼80 

mW) laser lines built into the microscope. Fluorescence was collected by means of a Nikon 

100x, 1.4NA oil immersion objective and passed through a quad-band pass dichroic filter 

(97335 Nikon). Images were recorded onto a 256x256 pixel region (pixel size 170 nm) of a 

EMCCD camera (iXon3, Andor). Three-dimensional measurements were performed using 

the astigmatism method. A prior calibration curve to relate the ellipticity of single fluorescent 
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molecules to z-position was performed using fluorescent TetraSpeckTM microspheres 0.1 µm 

in diameter (Life Technologies, Molecular Probes®). Single molecule localization movies 

were analysed with NIS Elements (Nikon) and ImageJ. The custom-made software for single 

molecule quantification is extensively described in this Chapter. 

4.5.3 Methods 

Cell culture and staining: HeLa cells were plated in 8-wells LabTek Dishes (10.000 cells 

in 250 µL of medium) and cultured overnight at 37 °C and 5 % CO2. Next, nanoparticle 

solution was added, followed by 4 h of culturing at 37 °C and 5 % CO2. Cells were 

subsequently washed with PBS and fixed with 4% paraformaldehyde (PFA) for 10 minutes at 

room temperature. In fluorescence colocalization studies, Wheat Germ Agglutinin (WGA)-

Alexa568 was used for membrane and nuclear pore complex staining. WGA-Alexa568 (1 

µg/mL) was added for 5 minutes after cell fixation followed by PBS washing.  

DC2.4 cells were plated on Willco-Dish glass bottom dishes (125.000 cells, suspended in 

500 µL of culture medium) and cultured overnight at 37 °C and 5 % CO2. Next, nanoparticle 

solution was added, followed by 24 h of culturing at 37 °C and 5 % CO2. Culture medium 

was aspirated and cells were washed with PBS. For fluorescence measurements, after fixation 

in 4 % paraformaldehyde, cells were stained with Hoechst (10 µL of a 1 mg/mL stock in 

DMSO) and Cholera Toxin B (CTB)-Alexa488 (5 µL of a 1 mg/mL stock in PBS) for 40 min 

at room temperature. For electron microscopy, aspirated cells were incubated with 1 mL of a 

fixing solution containing 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 mM sodium 

cacodylate buffer (pH 7.2) and allowed to fixate for 4h at room temperature, followed by 

fixation overnight at 48 °C. After three 20-minute washing steps with buffer solution, cells 

were dehydrated through a graded ethanol series, including a bulk staining with 1% 

uranylacetate at the 50 % ethanol step followed by embedding in Spurr’s resin. 

Comparative imaging: An experiment was performed to compare the intracellular 

nanoparticle imaging capability of confocal, super resolution and electron microscopies. 

Dendritic cells were incubated with a mixture of (i) 300 nm OVA-Alexa647 functionalised 

NPs; (ii) 80 nm Alexa647-labeled carboxylic acid NPs and (iii) 300 nm Cy3-labeled amino 

beads, followed by STORM, confocal microscopy and TEM imaging as shown schematically 

in Figure 4.15. The mixture of these three species represents a good benchmark to evaluate 

the ability of the various techniques to resolve differences in nanoparticle size and chemical 

functionality.  
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Figure 4.15: Schematic depiction of the benchmark experiment presenting a nanoparticle mixture to 

dendritic cells.  

Figure 4.16 shows TEM, STORM and confocal images of NP-pulsed dendritic cells; in all 

the techniques it is possible to visualize particle internalization. TEM images display high 

resolution (provided staining approaches can be applied to the sample under investigation), 

but do not yield any information on the nanoparticle colour, and thus surface-

functionalization. This is showcased in the lower panel of Figure 4.16. The excellent 

resolution of TEM allows the discrimination of particles of different sizes, while at the same 

time solving the morphologies of the cellular structures in the surroundings, e.g. endosomal 

vesicles or plasma membrane. However, particles of the same size but different chemical 

functionality are not distinguishable. On the contrary, both confocal and STORM can 

differentiate between particles with different labelling. However, confocal microscopy is 

unable to discriminate between 300 nm and 80 nm particles as they fall below diffraction 

limit. STORM microscopy succeeds in distinguishing both particles varying in size and 

surface functionality, although it does not reach the resolution of TEM. An important 

advantage of fluorescence microscopy is its compatibility with live cell samples, permitting 

the study of dynamic phenomena involving nanoparticles in living cells. In this regard, live 

cell STORM for nanoparticles will represent a valuable approach to investigate antigen 

processing and drug delivery. In general, STORM can fill the gap between electron and 

confocal microscopy, and the development of correlative techniques able to superimpose 

STORM and TEM images can further aid the nanomedicine field80. 
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Figure 4.16: A) Images of DC2.4 dendritic cells after incorporation of the benchmark nanoparticle mixture. 

Left panel shows a uranyl-stained TEM image, middle panel shows a three-colour STORM image and right 

panel shows a three-colour confocal image. Particle internalization protocol is provided in the text of the 

Experimental Section. Scale bar 5 µm. B) Zoom of individual nanoparticles. Scale bar 500 nm. 

Mathematical simulations: The photophysical behaviour of STORM dyes was modelled 

based on transitions between three states (fluorescent, dark and bleached) as described in 

Figure 4.10C. The distributions measured using single-dye beads yielded the required 

parameters to perform simulations of multi-functional beads with accurate blinking statistics 

and localization accuracy. The actual simulations are implemented in Java, and can be 

obtained upon request. The main steps of the simulator are outlined here, and a thorough 

mathematical description will be published in due course. 

First, a number of dyes is generated from the negative binomial distribution shown in 

Figure 4.11D. These dyes are assigned to locations on a sphere of 330 nm diameter according 

to a particular pattern, in this case a uniform distribution. Subsequently, the blinking 

behaviour of these dyes is simulated using the geometric distribution in Figure 4.10C, 

resulting in a certain number of blinks. Each of these blinks is assigned a number of photons 

according to Figure 4.10D, corresponding to a particular time in the fluorescent state. This 

number of photons is associated with a particular localization uncertainty as captured in 

Equation (4.2). The blinks are randomly displaced for a distance according to this uncertainty 

(i.e. realizations of a 3D multivariate normal distribution), as shown in Figure 4.10F. Overall, 

this procedure yields localization clusters with very similar properties to the experimentally 

imaged beads. 

Expectation maximization: The retrieval of individual dye locations from a localization 

point cloud is an inverse problem in which the allocation of localizations to dyes and the 

location of the source dyes are unknown, but the underlying probability distributions are 

known. More formally, an expression for the maximum likelihood can be obtained based on 

Duda et al.81, incorporating the following assumptions: 
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1) The localizations originate from a known number of n emitters (i.e. dyes). 

2) The localization labels Hj, connecting localization j to a particular dye, are unknown. 

3) The position for n emitters θ1,...,θn are unknown. 

4) The prior probabilities ( )jH i=P  for each emitter i are known. These are the 

probabilities that localization j belongs to dye i if no information about the dye 

locations is available. In this problem, all these prior probabilities are equal and 1/n. 

5) The form for the class-conditional probability densities ,
( )

j
jH

f
θY

y  is known. This 

is the probability density of the location of localization j, if its assignment to a dye Hj 

and the location of all dyes θ are known. 

Since these conditions are met in this inverse problem, the following equations can be 

derived: 

 

( )

( )

( )

( )

( )

( )

,

, ,1

1
,

,

,y ,1

1
,

,

, ,1

1
,

2

,

ˆ

ˆ
ˆ

2

ˆ

ˆ
ˆ

2

ˆ

ˆ
ˆ

2

ˆ ˆ

j

n ij x

i x j xj

jn

ij
ij x

j

n ij y

i j yj

jn

ij
ij y

j

n ij z

i z j zj

jn

ij
ij z

i x

H i

y
H i

H i

y
H i

H i

y
H i

θ

σ
µ

θ
λ

σ

θ

σ
µ

θ
λ

σ

θ

σ
µ

θ
λ

σ

µ

=

=

=

=

=

=

 =
 
 

=  
 =
 +
 
 

 =
 
 

=  
 =
 +
 
 

 =
 
 

=  
 =
 +
 
 

+

∑

∑

∑

∑

∑

∑

P

P

P

P

P

P

2 2 2

, ,
ˆ 0

i y i z
rµ µ+ − =

  (4.3) 

In these equations, 
,

ˆ
i xµ  is the maximum likelihood estimator for the x-coordinate of dye i, 

,j xy  is the x-coordinate of localization j, ( )ˆ
jH i θ=P  is the likelihood that localization j 

originates from dye i, given the maximum likelihood estimator for all the dye locations θ̂ , 

,ij xσ  is the localization uncertainty in the x-direction for localization j assigned to dye i, r is 

the radius of the bead and 
i

λ  is a Lagrange multiplier. The first three equalities of Equation 

(4.3) describe the most likely locations of the dyes, while the fourth term is a constraint to 

place the dyes on the surface of a spherical bead. Equations (4.3) have been derived at the 
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Department of Mathematics of the TU/e82, and an algorithm has been designed to iteratively 

solve these equations using the statistical software package R. Both will be optimized and 

extensively treated in future publications. 

In brief, the algorithm is an expectation-maximization routine that alternatingly optimizes 

the estimations of the dye locations considering the current assignment of localizations to 

dyes, and vice versa. In this approach, a reasonable initial estimate for the dye locations is 

critical. Currently, a k-means clustering algorithm is used for this purpose, but methods to 

reach a better estimate and validate its accuracy are still in development. 

An estimate for the probability that the number of dyes on a bead X is equal to k, provided 

the total number of blinks on the bead equals b, can be given based on the geometric 

distribution of Bli and the negative binomial distribution of X. This estimate is shown in 

Equation (4.4): 
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In this equation, Bli is the number of blinks for dye i, X is number of dyes on a bead, b is the 

total number of localizations for a bead. Following Figure 4.11D, X is a random variable with 

a negative binomial distribution.  
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Abstract 

Correlative analysis of STORM images has provided a powerful method to investigate the 

dynamics of supramolecular fibers on the nanoscale. By analysing the exchange kinetics in 

nanofibers with various molecular architectures, the relation between monomer structure and 

material dynamics can be addressed. Mixing experiments in peptide amphiphile fibers 

established an exchange mechanism based on random monomer expulsion and insertion, but 

also revealed striking heterogeneity between fibers and even between domains inside a single 

fiber. The coexistence of dynamic and immobile regions in this system could be attributed to 

the local presence of ordered β-sheet structures. Studies of a silk-mimic triblock polypeptide 

showed irreversible self-assembly, mediated by extensively hydrogen-bonded β-roll motifs. 

This property could be exploited to achieve ‘living’ supramolecular polymerization, granting 

access to structured, blockwise functionalization of a non-covalent aggregate. While further 

optimization of the unimer structure is required for robust design of the aggregate 

architecture, the influence of the different bonding interactions on the self-assembly 

mechanism of these triblocks is being increasingly understood. More generally, a first 

analysis of the role of order as a control parameter for the residual dynamics in 

supramolecular polymers has been performed. 
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5.1 Introduction 

In Nature, cellular responses to a variety of interactions are carefully regulated, depending 

on the spatiotemporal characteristics of the specific stimulus1–3. In order to optimize 

supramolecular materials for a variety of biomedical applications, it is essential to understand 

their dynamic properties4–7, for example the exchange kinetics. Traditional ensemble 

techniques such as FRET or radiolabelling can provide the average timescales of exchange 

processes, but cannot usually distinguish between different subpopulations or elucidate 

mechanistic information. In Chapter 3, we described a methodology based on super-

resolution fluorescence microscopy and quantitative image analysis, which is able to address 

exchange mechanisms in synthetic supramolecular polymers. In this Chapter, we expand this 

quantitative approach and apply it to different non-covalent systems, aiming to improve our 

understanding of the relation between the molecular properties of a monomeric building 

block and its exchange dynamics. 

5.2 Exchange pathways in peptide amphiphile nanofibers 

5.2.1 Peptide amphiphile nanofibers 

Peptide amphiphiles (PAs) that self-assemble into high aspect ratio objects offer exciting 

opportunities for regenerative medicine and other therapeutic applications, as pioneered in the 

Stupp group8–12. This class of molecules is composed of an unbranched alkyl chain linked to 

a peptide segment, which can be further subdivided into several domains. A segment with 

propensity to form β-sheets is conjugated to the alkyl tail, followed by a charged segment for 

solubility. Additional domains can be connected to the canonical structure in order to 

introduce biofunctionality in the nanofibers. Whereas the hydrophobic collapse of the 

aliphatic tails induces self-assembly, experimental13,14 and theoretical15 evidence suggests 

that the formation of directional hydrogen bonds within the β-sheet domain is an additional 

important component of the driving force for assembly of the molecules into one-dimensional 

filamentous shapes. The facile incorporation of multiple bioactive signals at controlled 

concentrations16,17, together with their structural resemblance to extracellular matrix (ECM) 

fibers, makes PA assemblies useful as artificial ECM components for cell culture. 

Furthermore, the assemblies are intrinsically biocompatible and biodegradable and can 

therefore be easily removed after fulfilling their biological functions. PAs have been 

extensively studied as a platform for applications that include bone, cartilage, enamel and 

neuronal regeneration, angiogenesis for ischemic disease, targeted drug delivery, and cancer 

therapeutics8–12,18.  

Ensemble measurements of PA dynamics revealed partial self-healing using rheological 

techniques19, while kinetic spectroscopy showed pathway selection of PAs into different 

morphologies20,21. However, these approaches did not consider structural heterogeneity and 

its effect on dynamic molecular exchange at the level of individual filaments. Here, in 

collaboration with dr. Ricardo da Silva, STORM is applied to image individual PA 
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nanofibers, addressing the distribution of molecules along the fiber during exchange and 

therefore analysing diversity among supramolecular nanofibers.  

 

Figure 5.1: A) Molecular structure of unfunctionalized PA 1. B) Molecular structure of PA molecules 

functionalized with sulfonated Cy3 (2, green) and Cy5 (3, red) fluorescent dyes. C) Nile Red assay of PA self-

assembly. The solvatochromic characteristics of Nile Red are used to monitor the formation of hydrophobic 

aggregates with increasing PA concentration. Solutions are in HEPES buffer, [Nile Red] = 1 µM, T = 293 K and 

PA concentration is indicated on the x-axis. D) Circular dichroism (CD) spectrum of 1. [1] = 100 µM in HEPES 

buffer. E,F) Cryo-TEM image of nanofibers consisting of purely 1 (E) or a mixture of 95% 1 and 5% 3 (F) in 

HEPES buffer. [PA] = 1 mgmL-1, scale bar 200 nm. G,H) Diffraction-limited TIRF microscopy images of Cy3-

labelled (G) and Cy5-labelled (H) PA nanofibers. Nanofibers were adsorbed to a glass coverslip from 100 nM 

solution in acidic STORM buffer (see Experimental Section for details). Scale bar 1 µm. 
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5.2.2 Imaging of PA nanofibers using STORM 

The PA molecule 1 studied in this work is shown in Figure 5.1A. It consists of a palmitic 

acid tail, six alanines in the β-sheet forming region, followed by three glutamic acids as 

charged solubilizing moieties. This PA molecule self-assembles in water, as shown using the 

solvatochromic dye Nile Red (Figure 5.1C). The increase in fluorescence intensity and the 

shift of emission wavelength with increasing PA concentration indicate the formation of 

hydrophobic cavities, and establish a critical aggregation concentration (CAC) in the order of 

100 µM. Circular dichroism (CD) spectroscopy of this PA is consistent with the typical β-

sheet conformation found for other PAs14, at physiological pH and ionic strength (Figure 

5.1D). Amino acids display different propensities to form β-sheets, and the amino acid 

composition considerably affects the internal order of PA assemblies, as well as nanofiber 

stiffness14. Since alanine has a weaker tendency to form β-sheets than valine22, placing this 

amino acid in the β-sheet forming segment was expected to yield relatively dynamic PA 

fibers.  

In order to perform imaging by fluorescence microscopy, PA molecules were labelled with 

cyanine dyes, yielding Cy3-PA 2 and Cy5-PA 3 (Figure 5.1B). The Cy3 and Cy5 dyes have 

been chosen for their suitable photo-physical properties for STORM imaging; moreover, they 

constitute a good FRET pair with a Förster radius of 50 Å23. Single-color labelled nanofibers 

were created by co-mixing a stock solution of either Cy3-PA 2 or Cy5-PA 3 with a stock 

solution of unfunctionalized PA 1, and the degree of labelling was accurately controlled by 

premixing the different PAs at the desired ratios (for details, see the Experimental Section). 

Fluorescently labelled nanofibers displayed a morphology that was indistinguishable from 

their non-labelled counterparts, both forming nanofibers around 7 nm in diameter and 

exhibiting lengths in the range of micrometres as observed by cryogenic transmission 

electron microscopy (cryoTEM) (Figure 5.1E,F). 

Single PA nanofibers could be adsorbed to a glass coverslip by optimizing sample 

preparation in terms of concentration and ionic strength (an extensive description of these 

protocols is included in the Experimental Section), and observed using TIRF microscopy 

(Figure 5.1G,H). STORM-images of these fibers show well-reconstructed aggregates (Figure 

5.2A,B) indicating that both dyes display appropriate photo-switching behaviour when 

associated to PA structures. The fiber characteristics observed by STORM, e.g. rigidity and 

fiber length, match those obtained from cryoTEM images (Figure 5.1H).  

Applying the methodology outlined in Chapter 3, quantitative analysis of the STORM 

images was used to investigate the spatial details of the monomer distribution in PA 

nanofibers. Figures 5.2C and 5.2D display the localization density plots for Cy5- and Cy3-

labeled PA, respectively. As discussed in detail in Chapter 3, the fluctuations in these density 

plots can be attributed to either a heterogeneous distribution of monomers or alternatively to 

the stochastic processes taking place during STORM image acquisition. Therefore, we 

perform a spatial autocorrelation analysis to investigate the distribution of dye-functionalized 

PA. 
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Figure 5.2: A,B) STORM images of PA nanofibers co-assembled from 95% 1 and either 5% 2 (A) or 5% 3 

(B), processed using the image analysis routine described in Chapter 3. Nanofibers were adsorbed to a glass 

coverslip from 100 nM solution in acidic STORM buffer at 293 K (see Experimental Section for details). Image 

size 10 µm, scale bar 1 µm. C,D) Localization density graphs of green (C) and red (D) fibers, corresponding to 

the aggregates in (A) and (B), respectively. E,F) Averaged autocorrelation traces for Cy3-functionalized (E) and 

Cy5-functionalized (F) PA. Symbols represent experimental data, solid blue lines represent the fits using 

Equations (5.2) (E) and (5.1) (F), respectively, n indicates the number of fibers analysed and the error bars 

represent the 95% confidence interval of the mean. 

The spatial autocorrelation g(r) describes the probability of finding a second localization 

at distance r from a particular localization, and plots displaying STORM spatial 

autocorrelation data have clear contributions belonging to either overcounting (i.e. multiple 

observations of a single dye) or dye distributions. This overcounting curve is now fitted using 

a Gaussian function, rather than the exponential decay utilized in Chapter 3. As described in 

recent literature24, this Gaussian term describes more accurately the correlation between 

multiple localizations corresponding to a single dye, leading to the expression for 

overcounting shown in Equation (5.1): 
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In Equation (5.1), the standard deviation (σ) provides an estimate of the resolution achieved. 
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The autocorrelation curves of fibers in single-color samples are shown in Figures 5.2E and 

5.2F. The average autocorrelation trace of Cy5-labelled nanofibers displays the typical, 

strongly positive overcounting signature at short range (<100 nm) and is valued zero for 

longer distances. Hence, Equation (5.1) provides a good fit to the autocorrelations of Cy5-

labelled single-color nanofibers (Figure 5.2F). This means that the localization density 

fluctuations visible in the STORM images for these PA nanofibers (Figure 5.2D) are due to 

stochastic processes inherent to the technique, while the monomer distribution is random up 

to our experimental resolution of ~35 nm.  

On the other hand, the average autocorrelation function for the Cy3-channel (Figure 5.2E) 

is not well described by Equation (5.1), since the Cy3-functionalized fibers display a 

consistent anticorrelation (g(r) < 0) at intermediate distances (~500 nm). The autocorrelation 

behaviour of these fibers was correctly described using a micro-emulsion model, that 

accounts for the existence of “microdomains” rich in the fluorescent monomer, according to 

Equation (5.2)24:  
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The first term of this equation is equal to Equation (5.1), since the overcounting phenomenon 

is still present. In the second term, the parameter r0 is the average size of “microdomains” and 

α is the coherence length of the domains. The “microdomains” in Equation (5.2) correspond 

to extended fiber regions that are enriched in fluorescently labelled molecules compared to 

the fiber average, thus increasing the likelihood of finding these molecules in those particular 

regions. Hence, molecules are not necessarily completely confined to the “microdomains” as 

defined in this context.  

An improvement in the goodness of the fit was not observed when applying Equation (5.2) 

to the Cy5-labeled nanofibers, therefore it is reasonable to adopt the simpler model with less 

parameters, which excludes the existence of “microdomains”. On the other hand, in the case 

of Cy3-labeled nanofibers a considerable improvement on the chi-square (more than 3.5 

times lower, significant in an F-test) is obtained for the model with the “microdomain” 

component, compared to the model that only considers the contribution of the overcounting. 

A “microdomain” size of ~300 nm and coherence length of ~500 nm were obtained from the 

fit (Figure 5.2E), showing a regular fluctuation of localization density in the Cy3-fibers at the 

submicron length scale. The difference observed between the distributions of Cy3 and Cy5-

PAs is surprising, because of the great chemical and structural resemblance of these dyes. 

These results show that a small change in the PA structure may have noticeable effects on the 

self-assembly process, and that the STORM-based autocorrelation analysis can be used to 

investigate structure at the single-aggregate level. Additionally, it shows that Cy5-

functionalized PA 3 is suitable for use in quantitative exchange experiments, since the Cy5 

dye does not affect the molecular distribution of the PA monomers. 
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Figure 5.3: A) Schematic rendition of an exchange experiment. Green and red fibers pre-assembled in 

HEPES buffer from 99.5% 1 and either 0.5% 2 or 0.5% 3, respectively, are mixed and monitored for a 

designated incubation time. B) Temperature dependence of exchange as probed using a FRET experiment. 

Temperatures indicated in graph, [PA] = 5 mM. C) Concentration dependence of exchange. Concentration are 

indicated in graph, temperature is 37 °C. D) Detailed graph of early time points of the exchange process shown 

in (C).  

5.2.3 Exchange experiments of PA nanofibers 

The timescale of molecular exchange in PA-based nanofibers was measured using FRET-

based kinetic experiments. Two sets of PA nanofibers were separately pre-assembled from a 

mixture of non-labelled PA 1 with either Cy3-PA 2 (0.5%) or Cy5-PA 3 (0.5%), as illustrated 

in Figure 5.3A. Next, the two solutions were mixed and the FRET ratio, defined as the 

relative fluorescence intensity of Cy5 acceptor and Cy3 donor, was monitored over time. As 

shown in Figure 5.3B, the FRET ratio increases with time, reaching a plateau after several 

hours. This rising FRET ratio indicates increased proximity of the Cy3 and Cy5 dyes, and 

shows that PA molecules are able to migrate between nanofibers, resulting in mixed 

fluorophore fibers. Figure 5.3B shows kinetic experiments at different temperatures, showing 

that the exchange rate is remarkably faster at 37ºC than at 20ºC. On the other hand, a limited 

effect of concentration on the exchange rate was observed (Figure 5.3C,D) proving that the 

exchange process is not diffusion limited in this concentration range. These results resemble 

observations on self-assembled polymeric micelles, in which unimer expulsion and insertion 

is thought to be the rate-determining step of system dynamics25,26, as well as other synthetic 

supramolecular polymers27. So, while FRET measurements provide useful information about 

the time scale of the exchange, FRET is an ensemble technique, and it does not provide the 

spatially resolved information required to elucidate the mechanism of exchange. 
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Figure 5.4: A) STORM images of PA nanofibers labelled with 5% dye at different mixing times during the 

exchange experiment. An example green fiber imaged after 1 minute of incubation (left) is fully reconstructed in 

the Cy3-channel (top), but displays very few localizations in the Cy5-channel (bottom). On the other hand, an 

example green fiber after 48 hours of mixing (right) is well reconstructed in both channels. Nanofibers were 

adsorbed to a glass coverslip from 100 nM solution in acidic STORM buffer at 293 K (see Experimental Section 

for details). Image size 10 µm, scale bar 1 µm. B) Localization density graphs of Cy3 (top) and Cy5 (bottom) 

channels of the fibers in (A).  

STORM is endowed with the ability to image individual nanofibers with high resolution 

and can be applied to study the distribution of different molecular species inside aggregates 

(vide supra). These capabilities make it the perfect tool to elucidate the mechanism of 

exchange in PA samples. Sample preparation for these experiments is similar to the 

procedure for the FRET measurements. First, two sets of single-color PA nanofibers were 

separately pre-assembled by combining non-labelled 1 with 5% of either 2 or 3, followed by 

a 16-hour equilibration period. Subsequently the two equilibrated solutions were brought to 
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37ºC and mixed, allowing molecular exchange. Aliquots of the mixing solution were 

withdrawn over the course of 48 hours and nanofibers were immediately adsorbed onto a 

glass coverslip at room temperature to freeze the exchange. Two-colour STORM images of 

assemblies were then acquired at the different time points. Figure 5.4 displays representative 

PA nanofibers after 1 minute and 48 hours of mixing; as clearly shown in the images and in 

the corresponding localization density plot (Figure 5.4B), the fibers initially containing a 

single label acquire a high density of alternately labelled molecules over the course of the 

experiment. We verified that the exchange process is bidirectional by identifying green fibers 

incorporating red monomers and vice versa.  

As described in Chapter 3, the intermediate time points provide insight into the exchange 

mechanism. Similar to the BTA-based supramolecular polymers, visual inspection of 

STORM images showed insertion of labelled monomers over the entire length of the 

nanofibers throughout the exchange experiment. This finding suggests an exchange 

mechanism based on expulsion and reinclusion of PA molecules. Polymerization-

depolymerization at the nanofiber ends would have resulted in preferential exchange in those 

regions, while fragmentation-recombination would have resulted in a block-like structure; 

neither of these mechanisms is consistent with the acquired STORM images.  

5.2.4 Diversity in exchange 

In order to confirm this observation and further quantify the exchange, the distribution of 

both 2 and 3 in initially exclusively green-labelled nanofibers was investigated over time. By 

analysing these reconstructions using correlative methods (vide supra), the insertion of Cy5-

functionalized 3 into PA nanofibers could be assessed. Figure 5.5 shows the auto- and cross-

correlation plots for the green and red channels at the different time points. The green channel 

displays the previously described clustered distribution described by Equation (5.2), 

rendering it less amenable to quantitative analysis. Therefore, we monitored the 

autocorrelation of the red channel over time to analyse monomer exchange. These traces can 

be fit with Equation (5.1) for all time points (Figure 5.5), suggesting a random exchange of 

monomers. However, for later time points (i.e. after incubation longer than 5 hours) the 

quality of the fit deteriorates, indicating non-random variations of the concentration of Cy5-

PA 3 in the nanofibers other than the single decay originating from overcounting. However, 

the formation of regular “microdomains” does not seem plausible, because application of 

Equation (5.2) did not improve the quality of the fit or yield reasonable fitting parameter 

values. Since clustering is not observed in single-color Cy5-functionalized nanofibers (Figure 

5.2), this observation may point to a heterogeneous exchange and indicate the presence of 

structural variations along the fiber or between fibers. The occurrence of heterogeneity is 

supported by the variable shape of the additional autocorrelation signature and can also be 

perceived visually in several example fiber images. The cross-correlation between both 

channels was computed to assess possible reciprocal influence of the two different cyanine-

functionalized monomers. A cross-correlation of zero was found for the entire range (Figure 
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5.5), indicating that the distribution of Cy5-PA 3 is not affected by the presence of Cy3-PA 2, 

and vice versa. In other words, the heterogeneous exchange of 3 is not due to the pre-existing 

clusters of 2, but rather a consequence of structural variation in the PA nanofiber.  

 

Figure 5.5: Averaged autocorrelation traces for PA nanofibers at different time points during the exchange 

experiment. The autocorrelations in the Cy3 (left) and Cy5 (middle) channels are presented, as well as the cross-

correlation between these channels (right). Rows contain data for different time points. For this graph originally 

green fibers were selected. Symbols represent experimental data, solid blue lines represent the fits using 

Equations (5.2) (Cy3) and (5.1) (Cy5), respectively, n indicates the number of fibers analysed and the error bars 

represent the 95% confidence interval of the mean. Exchange was performed at 310 K, immobilization at 293 K.  
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Figure 5.6: A) Development over time of the linear density of Cy5 localizations, averaged over all initially 

green fibers analysed at a particular time point. Symbols indicate data points, error bars indicate standard 

deviation and solid line is to guide the eye. Dashed line indicates the expected localization density after 

complete mixing, as extrapolated from purely Cy5-functionalized fibers. B) Box plot of the data presented in 

(A). Boxes indicate data median (middle line), quartiles (outer lines) and 5% and 95% (error bars). Additionally, 

all data points are depicted as grey symbols, and the mean as red symbols. C-F) STORM images of individual 

nanofibers immobilized after 48 hours of exchange. The Cy5 channel is depicted, illustrating variation in 

exchange behaviour between different fibers. Image size is 10 µm, scale bar 1 µm.  

The observation of this heterogeneity in exchange, which remained undetected in the 

FRET experiment, was possible due to the ability of STORM to evaluate the progress of 

molecular exchange for each individual supramolecular nanofiber. The variability of the 

exchange progress between different aggregates could be measured, thus allowing us to 

further probe the heterogeneity in the system during and after molecular exchange. The linear 

density of localizations, defined as the number of localizations per nanometre arc length, has 

been computed for all individual aggregates and could be used as a rough estimate for the 

ensemble concentration of labelled molecules28. The linear density of Cy5-PA 3 in originally 

single-color green fibers was measured as a function of time, showing an increase in the 
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average value as molecular exchange proceeded (Figure 5.6A). However, the standard 

deviation also increased markedly, another indication for the presence of intrinsic structural 

diversity. In Figure 5.6B, it is possible to observe how the distribution of the linear densities 

gets progressively wider as molecular exchange progresses in time. This can be confirmed 

visually by inspecting STORM images acquired after 48 hours mixing time (Figure 5.6C-F), 

which displayed a range of different behaviours. It was possible to observe a large subset of 

fibers that had a density of Cy5-PA 3 consistent with full mixing (Figure 5.6C), as well as 

fibers containing domains of Cy3-PA 2 only (Figure 5.6D,E), and both subsets coexisted with 

a smaller subpopulation of nanofibers that had undergone very little exchange all over their 

length (Figure 5.6F). The existence of regions displaying minimal or no exchange after 48 

hours implies that full equilibration of these regions will take weeks to months, making them 

persistent for most practical purposes. This analysis suggests that the population of fibers is 

considerably more heterogeneous after 48 hours than would be expected based on the FRET 

ensemble measurements.  

Previous molecular dynamics (MD) simulations of a similar PA provide a theoretical 

framework for this structural diversity15. In these simulations, a broad distribution of 

secondary structures was found in the equilibrated fiber. The heterogeneous molecular 

exchange pattern observed in our study might stem from this conformational diversity. The 

key feature that led to the discovery of peptide amphiphile supramolecular nanofibers was the 

use of a β-sheet peptide domain to drive one-dimensional self-assembly. Using electron 

paramagnetic resonance (EPR), the β-sheet domain has been recently shown to give rise to 

locally solid-like behaviour in the interior of nanofiber PA assemblies29. On the other hand, 

the surface moieties in these nanofibers have been identified by the EPR experiments as 

regions where liquid-like dynamics prevail. Well equilibrated β-sheets within the nanofibers 

are therefore highly cohesive assemblies, but achieving this ordered state is nontrivial and 

strongly dependent on the experimental protocols20. As a result, the dynamic exchange 

among supramolecular nanofibers should give rise to a large diversity of supramolecular 

environments. This is in contrast to supramolecular systems with weaker internal cohesion 

that could exchange molecules to produce completely homogeneous environments28. The 

formulation of supramolecular systems with high levels of internal order and cohesion such 

as the peptide amphiphile nanofibers will therefore open new avenues to generate structural 

diversity for functional purposes.  

5.3 Exchange pathways in silk-mimic triblock polypeptides 

5.3.1 Silk-mimic triblock polypeptides 

Extended β-sheet domains are an important structural feature of natural silk, resulting in a 

highly ordered semi-crystalline material with excellent mechanical properties. In the Physical 

Chemistry and Soft Matter group of Wageningen University, triblock protein polymers have 

been designed to self-assemble into well-defined fibrillar structures30, using the silk-inspired 
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(GA)n-repeat sequence as a basis. These polymers are constituted of a central silk-like 

domain that mediates self-assembly through the formation of strongly hydrogen-bonded β-

roll structures, flanked by two collagen-like random coil blocks to provide solubility in water. 

Aggregation can be controlled via pH-sensitive ionisable residues in the middle block, and in 

the case of histidine (i.e. sequence (GAGAGAGH)n) self-assembly is induced under 

physiological conditions31. At the same time, the collagen-like fibrous exterior would provide 

favourable interactions with cells in tissue engineering applications. 

The mechanical properties of these triblock polypeptide fibrils have been studied 

extensively in terms of gelation time, gel strength and self-healing characteristics, and the 

morphological features such as secondary structure, fibril shape and growth rate have been 

investigated using various approaches32–34. However, as observed earlier, it is difficult to 

probe microscopic mechanisms using ensemble methods, and thus the nanoscopic details of 

triblock polypeptide self-assembly have remained elusive.  

Computational studies have provided valuable insights, showing that aggregation of the 

silk-like blocks is highly energetically favourable, to the extent that the assembly process is 

basically irreversible35. A related triblock unimer containing glutamic acid instead of 

histidine has been shown by light scattering methods to assemble through a nucleation-

elongation mechanism. This system also exhibited ‘living polymerization’ properties, i.e. 

termination processes are slow and fiber ends remain susceptible to further polymerization 

after exhausting monomer supply31. Exploiting these properties, fibrils with predesigned 

functionalization patterns could be generated by co-assembly of structurally similar silk-like 

blocks. While spatial control of signalling cues is important in the design of materials for 

regenerative medicine, it is difficult to achieve in supramolecular biomaterials as illustrated 

by the relative paucity of such systems reported in literature36. 

The irreversible and ‘living’ nature of the self-assembly process in principle allows for 

sequence control in the formed nanofibril, but only if the rates of termination and de novo 

nucleation are sufficiently low. Additionally, the mechanism of nucleation determines the 

geometry of the self-assembled structures. The symmetry of the nucleus can promote either 

mono- or bidirectional fiber growth36,37 and thus determines the final functionalization 

pattern. Hence, understanding mechanistic details is critical and a method to probe nucleation 

and growth processes with nanoscopic resolution is required.  

Due to its aforementioned resolution and multicolour ability, STORM can provide 

unrivalled insight into the relation between structure and dynamics. In particular, in 

collaboration with dr. Lennart Beun, quantitative analysis of exchange and growth patterns 

has been used to investigate ‘living’ fibril formation of histidine-containing triblock 

polypeptides. First, the kinetics of triblock fiber growth have been evaluated using AFM 

snapshots over time. Subsequently, the exchange dynamics of individual unimers inside these 

fibers have been probed using mixing experiments, and the ‘living’ polymerization conditions 

confirmed through STORM imaging. Finally, control over the structure and functionalization 
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pattern of these aggregates is demonstrated by the realization of different pre-designed fiber 

architectures.  

5.3.2 Imaging of triblock fiber growth 

Triblock polypeptides suitable for the formation of ordered biomaterials have been 

expressed in the yeast P. pastoris, purified and analysed34. These proteins consist of a central 

histidine-containing silk-like block (S) of 48 (GAGAGAGH) repeats, bounded on each side 

by a dimer of 99 amino acid long collagenous sequences (C), yielding the structure C2SH
48C2 

or unimer 4. The side blocks have a general structure of the form (GXY)n and are rich in 

proline, preventing the formation of any secondary structure over a wide pH-range. 

Additionally, serine, glutamine and asparagine residues are abundant, making the sequence 

highly hydrophilic and providing colloidal stability to any aggregates formed. Nanofibers are 

assembled by neutralizing an acidic solution of 4, converting the polycationic middle block to 

a neutral β-roll which is prone to self-assembly (Figure 5.7A). The resulting fibers are robust 

and can be analysed using various microscopic approaches. 

Atomic force microscopy (AFM) can be applied to determine the lengths of individual 

fibers with high resolution, at the cost of a slightly invasive sample preparation procedure. 

Images of fibers deposited on a hydrophilic silicon wafer show structures with a length in the 

order of microns and a relatively high rigidity, revealing a persistence length that is also in 

the micron range (Figure 5.7B).  

 

Figure 5.7: A) Self-assembly of 4 induced by pH-change. The neutralized middle blocks form a β-roll 

structure (inset) which is highly susceptible to aggregation into a densely hydrogen bonded fiber. B) AFM 

image of fibers constituted of 4 deposited on hydrophilic silicon from phosphate buffer at pH = 8. Image size is 

3 µm, height is indicated by the colour bar. C) Average contour length of fibers growing from a neutralized 

solution of 4, monitored over time. Different colours indicate concentrations, error bars are standard deviations 

and solid lines indicate linear fits.  



The effect of supramolecular structure on exchange dynamics 

143 

 

By measuring the average length of fibers in a sample over the course of the self-assembly 

process, the aggregation mechanism can be investigated. Figure 5.7C shows the fiber growth 

in the initial stage of the polymerization process, revealing a linear increase in length with 

time. This linear growth is consistent with a living polymerization process, if nucleation is 

fast compared to elongation. Based on previous studies of a related triblock SE
24C4 SE

24 

where similar effects were observed31, fast nucleation is probably caused by residual 

impurities in the protein sample.  

The increasing width of the length distribution during the initial fiber growth, which is 

mirrored in the high dispersity of fully polymerized samples, indicates different growth times 

for individual fibers, if we assume that the microscopic rate of fiber growth is constant. This 

observation suggests that, in contrast to the SE
24C4 SE

24 system31, nucleation of 4 is not 

entirely limited to fast processes caused by impurities. The barrier for homogeneous 

nucleation of 4 is apparently relatively low, which is likely related to the different polar 

residues in the silk-like block. Depending on the relative rates of heterogeneous nucleation, 

homogeneous nucleation, elongation and dissociation, different patterned structures might be 

realized with varying efficiencies.  

5.3.3 Exchange experiments of triblock nanofibers 

In order to create patterned nanostructures, it is crucial to experimentally confirm the 

irreversibility of the self-assembly of triblock 4. For this purpose, an exchange experiment 

has been performed using two-colour STORM, prompting the synthesis of fluorescently 

labelled triblock polypeptides. Triblock C2SH
48C2 has been functionalized by conjugating 

reactive dyes to lysine residues in a statistical reaction (see Experimental Section for details). 

Functionalization was performed with the blue dye Alexa Fluor 488 yielding 5 and with the 

red dye Alexa Fluor 647 generating 6. Fibers self-assembled from either 5 or 6 have been 

immobilized on glass microscope coverslips and visualized using TIRF microscopy, resulting 

in diffraction limited images of the triblock fibers. STORM images of identical samples 

display the expected improvement in resolution, revealing fiber length and stiffness similar to 

those observed by AFM.   

Figure 5.8A schematically depicts the mixing experiment that was performed to probe the 

exchange dynamics of individual unimers in the self-assembled structures. Fibers consisting 

of either blue (5) or red (6) triblocks were pre-assembled separately, mixed and incubated for 

an extended time period. After three days, STORM images were acquired to probe the extent 

of blue and red unimer exchange. These images still show fibers that are either fully blue or 

fully red (Figure 5.8B), with no localizations of the alternate colour present visible (Figure 

5.8C). This indicates that the triblock nanofibers do not exchange unimers, and that the self-

assembly process is indeed irreversible. Additionally, end-to-end annealing is clearly absent, 

even after extended mixing times. 
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Figure 5.8: A) Schematic depiction of mixing experiment. Fully blue or red fibers are pre-assembled 

according to normal protocols, followed by mixing, incubation and STORM imaging. Depending on exchange 

kinetics, the resulting fibers may be mono-coloured or mixed. B) A488 (left) and A647 (right) channels of 

STORM image after 3-day mixing experiment at 293 K. Fibers were deposited onto a glass coverslip from 

neutral phosphate buffer. Image size is 18 µm, scale bar 2 µm. C) Localization density graphs of fibers 1 (top) 

and 2 (bottom) from (B) in the A488 (left) and A647 (right) channels. D) Merged image of fibers 1 and 2. Image 

size is 18 µm, scale bar 2 µm. E) Averaged autocorrelation traces in the A488 (top) and A647 (bottom) channels 

for triblock nanofibers after 3 days incubation time. Symbols are experimental data points, solid blue lines 

represent the fits using Equations (5.2) (A488) and (5.1) (A647), respectively, n indicates the number of fibers 

analysed per sample and the error bars represent the 95% confidence interval of the mean. 
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The distribution of dyes inside these fibers can also be investigated using correlative 

methods (vide supra). The localization density plots for an example pair of red or blue fibers 

(Figure 5.8D) display the expected fluctuations (Figure 5.8C), and the autocorrelation of 

these plots is calculated to identify the contribution of the dye photophysics to these 

variations. The autocorrelation traces were averaged for a sample of identically-coloured 

fibers, resulting in the plots reported in Figure 5.8E. The autocorrelation decay of the A647 

(red) channel can be fit using Equation (5.1), indicating that only an overcounting correlation 

is present. Contrastingly, the autocorrelation trace of the A488 (blue) channel shows limited 

anticorrelation at intermediate range, so Equation (5.2) provides an improved fit. These 

observations indicate that the Alexa488 dye has a slight tendency to induce more densely 

functionalized clusters, and thus probably gives rise to additional interactions between 

unimers. The Alexa647 dye on the other hand does not induce such effects, and as a result 

A647-functionalized monomers are distributed randomly over the fiber and thus more 

suitable for possible quantitative experiments.  

5.3.4 Controlled polymerization 

Having established the irreversibility of the self-assembly of C2SH
48C2, controlled 

polymerization experiments using this triblock could be attempted. While the required living 

behaviour has been previously observed in the similar SE
24C4 SE

24 system by light scattering 

methods31, this ensemble analysis could not distinguish subunit organization inside individual 

fibers. Using STORM, the presence and geometry of living fiber ends can be directly 

observed, and thus the mechanism of nucleation investigated by analysis of the unimer 

distributions.  

Controlled polymerization was assessed by sequential monomer addition to existing 

assemblies, which ideally leads to the formation of functionalized block structures in single 

fibers. In a first step, red fibers were grown from a 0.1 gL-1 solution of 6. After depletion of 

this monomer, an identical aliquot was added from a 0.02 gL-1 solution of blue unimer 5 

stored under acidic conditions (i.e. in the non-assembled state), while keeping the sample at a 

constant pH = 8. This process, schematically depicted in Figure 5.9A, ideally results in fibers 

with blue and red blocks in an overall 1:5 ratio, where the connectivity of the blocks contains 

information about the symmetry of the nucleus. 
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Figure 5.9: A) Schematic depiction of the two-step controlled polymerization experiment. A647-

Functionalized unimer 6 is self-assembled into fibrils in 50 mM phosphate buffer at 293 K. Upon depletion of 

this unimer, A488-functionalized 5 is added, polymerizing from the existing, living fiber ends. B) A488 (left) 

and A647 (right) channels of STORM image of a two-domain fibril that represents the major product of the 

procedure described in (A). Fibers were deposited onto a glass coverslip from neutral phosphate buffer. Image 

size is 10 µm, scale bar 1 µm. C) Localization density graphs in the A488 (left) and A647 (right) channels 

corresponding to the fiber in (B). D) Averaged autocorrelation traces in the A488 (left) and A647 (right) 

channels for two-domain supramolecular polymers as observed by STORM. Symbols are experimental data 

points, solid blue lines represent biexponential fits, n indicates the number of fibers analysed per sample and the 

error bars represent the 95% confidence interval of the mean. E) Merged image of two-domain supramolecular 
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polymer in A488 (blue) and A647 (red) channels. Image size is 10 µm, scale bar 1 µm. F) Overlay of A488 and 

A647 localization density graphs, clearly displaying well-defined domains consisting of either 5 or 6. G) 

Averaged cross-correlation trace for the two-domain sample. Symbols are experimental data points, error bars 

represent the 95% confidence interval of the mean and n is the number of fibers in the sample. 

Two-colour STORM images reveal asymmetric, two-domain fibrils as the major product 

of the two-step protocol (Figure 5.9B), while a much smaller fraction of exclusively blue 

fibers is also observed. Fibers in which the red domain is bounded on both sides by blue 

domains were not observed whatsoever. Localization density plots for these asymmetric 

fibers (Figure 5.9C) show that the domains are indeed mutually exclusive, and the 

autocorrelation graphs (Figure 5.9D) display an extended positive contribution due to the 

segregated structure, as predicted by the STORM simulations performed in Chapter 3. The 

observation of two rather than three domains in the STORM analysis indicates that an 

asymmetric nucleus is formed during the assembly process, which was unexpected based on 

the higher degree of symmetry assumed for the unimer in solution. This asymmetry in the 

nucleus structure creates growing fibers that contain only a single living end, allowing the 

design of segregated nanofibers without an internal mirror plane. Additionally, the domain 

sizes reproduce the molecular ratio of added unimers relatively faithfully (Figure 5.9E,F). 

Considering the complete segregation of blue and red unimers (Figure 5.9G), this observation 

indicates that nearly all triblocks are incorporated into existing fibers. This is corroborated by 

the low number of fully blue fibrils that is observed, confirming that elongation is favoured 

compared to de novo nucleation under these conditions. With this prerequisite for living 

supramolecular polymerization fulfilled, the versatility of C2SH
48C2-based assembly was 

tested. 

 

Figure 5.10: A) Three representative two-colour STORM images of two-domain supramolecular polymers 

assembled through controlled polymerization, using a 5:6 molar ratio of 1:5. Fibers were deposited on glass 

from neutral phosphate buffer at 293 K. Scale bar is 1 µm. B) Representative images of two-domain 

supramolecular polymers assembled using a 1:1 ratio of 5:6. Scale bar is 2 µm. C) Average length of domains 

observed by STORM after the two controlled polymerization experiments. Error bars indicate standard 

deviation, and the number of fibers per sample is n = 19 (1:5) and n = 14 (1:1). 
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In controlled polymerizations, the connectivity of domains is determined by the sequence 

of unimer addition steps, while the length of domains is dictated by the total added amounts 

of the different unimers. Considering this, the controlled polymerization experiment was 

repeated with a different molar ratio of unimers, aiming to increase the length of the second 

(blue) domain. Example STORM images of two-domain fibrils with 5:6 ratios of 1:5 and 1:1 

are shown in Figures 5.10A and 5.10B, respectively, and the average domain lengths for the 

complete samples are summarized in Figure 5.10C. These data suggest that domain length 

can be controlled to a certain extent, since the relative length of the blue segment under 1:1 

conditions has increased. However, the blue and red domains are not of equal length, 

indicating that 5 does not engage in elongation reactions on existing fibrils exclusively. As 

can be observed in the images of Figure 5.10B, the higher concentration of 5 in the second 

step leads to significant de novo nucleation and hence the presence of large amounts of 

exclusively blue fibrils.  

Since the presence of newly nucleated fibrils is detrimental for sample dispersity and 

structural properties, further improvements to the unimer structure are required to achieve full 

control over hierarchical self-assembly of fibrils based on 4. The extended, structured central 

block of this unimer imparts the triblock with a favourable hydrogen-bond mediated 

aggregation mechanism, but its high degree of order also allows easy nucleation. Earlier work 

demonstrated that small variations in sequence can already improve this particular property31, 

suggesting that further optimization of the self-assembling core and solubilizing corona may 

yield a building block for robust controlled polymerization under physiological conditions. 

Quantitative STORM-based analysis provides a powerful method to probe structural and 

dynamic properties of nanofibrils, indispensable in the development of such a system. 

5.4 Exchange pathways in BTA revisited 

Considering the significant influence of hydrogen-bonded arrays on exchange patterns in 

peptide amphiphile and silk-mimic fibers, the random exchange mechanism observed in 

BTA-based supramolecular fibers becomes all the more perplexing. While STORM can 

experimentally determine the absence of correlation in exchange events, it lacks the ability to 

investigate the molecular structure underlying these processes. In recent work however, 

Baker et al. have used computational methods to elucidate the apparent contradiction of a 

structured, helical backbone and random exchange patterns. Figure 5.11A shows a molecular 

model of an ideal, perfectly helical BTA fibril in water, often assumed to mirror the factual 

morphology. Using this fully extended conformation as a starting point for molecular 

dynamics simulations (MD), the authors observe major structural reorganizations over the 

course of 400 nanoseconds38. The equilibrated state is a folded, highly compacted fiber that 

improves hydrophobic shielding of the hydrogen-bonded core. The aromatic moieties of this 

core are shown in Figure 5.11B, revealing a limited persistence of the helical supramolecular 

bonding array. Numerous defects in the ordered structure can be observed, associated with 

lower binding energies and providing an explanation for infiltration of water molecules and 
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exchange of BTA monomers. These defects do not lead to fiber breakage due to the large 

hydrophobic effect of the aliphatic linkers in the BTA structure, decoupling the total 

magnitude of the association energy and the degree of supramolecular order.  

 

Figure 5.11: A) Molecular dynamics simulation of BTA supramolecular fibril in water, starting from gas-

phase optimized structure with extended side chains. Inset shows the detailed structure of the core. The 

simulation was performed for 400 ns, with periodic boundary conditions in a variable size simulation box 

(cyan). Simulations were performed using the general AMBER force field. B) Equilibrated structure of achiral 

BTA fiber, showing a relatively low degree of order. BTA core is coloured per atom, side chains are greyed out. 

Images adapted from reference 37. 

5.5 Conclusions 

STORM-based image analysis has been demonstrated as a powerful tool to study the 

dynamics of supramolecular polymers, complementary to more established approaches 

involving spectroscopy, light scattering or scanning probe microscopy. The exchange 

mechanisms of diverse supramolecular nanofibers in water have been elucidated, varying 

from the small BTA-based discotic molecules investigated in Chapter 3 to the extended silk-

mimic triblock polypeptides treated here.  
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In peptide amphiphile (PA) based fibrils, two-colour STORM analysis has been applied to 

confirm the timescale of monomer exchange as measured by FRET, and subsequently 

correlative interpretation of these images succeeded in demonstrating an exchange 

mechanism based on monomers or small oligomers. Even more remarkably, different 

exchange rates for individual fibers could be observed and the coexistence of fully dynamic 

and completely trapped regions inside a single fiber was established. These differences in 

functional properties were linked to the strongly hydrogen-bonded β-sheet domains that are 

present in PA fibers. The PA monomer is known to be subject to pathway complexity during 

self-assembly, and the degree of order in the final formed structure was shown to be an 

important determinant of dynamic behaviour. This provides valuable cues for the 

optimization of PA performance in biomedical applications.  

In even more extensively hydrogen-bonded silk-mimic polypeptides, the quantitative 

analysis was able to prove the total absence of exchange. These unimers, consisting of a 

central self-assembling silk-like block flanked by two solubilizing collagen-like blocks, 

assemble fully and irreversibly according to a nucleation-elongation mechanism. The 

suitability of this building block for living polymerization schemes was investigated, aiming 

to create architectures for hierarchical self-assembly. STORM was used to visualize 

polymerization of differentially functionalized unimers into segregated blocks, and to prove 

unexpected unidirectional growth for these fibers. Finally, an increasing occurrence of de 

novo nucleation was detected under certain growth conditions, once more presenting 

directions for the improvement of materials for regenerative medicine approaches.  

The investigation of supramolecular building blocks with different bonding topologies 

provides the opportunity to explore the relation between structure and dynamics in these 

aggregates. Obviously, the total magnitude of the binding energy provides an important 

indication of the timescale of dynamic processes. More extensive associating domains and 

stronger interactions usually yield slower disassembly rates and less dynamic systems in 

general. However, the observations in the BTA-based, PA-based and silk-mimic fibers 

demonstrate that order is also a critical parameter for determining monomer mobility. 

Disordered non-covalent assemblies can display significant exchange despite a relatively high 

average binding energy, due to the presence of defect sites with a corresponding lower 

association energy. In this way, exchange does not necessarily compromise structural 

integrity of the fiber. Contrastingly, highly ordered lattices provide no such mechanism, 

meaning exchange in stable fibers of this class is limited. This has important consequences 

for the design of self-assembling structures, emphasizing that different degrees of residual 

dynamics are to be expected for highly directional and specific interactions (e.g. hydrogen 

bonding, metal-ligand interaction) compared to more generic bonds (e.g. hydrophobic and 

ionic interactions). These conclusions are illustrated by the STORM studies of BTA-, PA- 

and silk-fibers described in this work, showing exchange rates proportional to the relative 

importance of hydrogen-bonding interactions in each system. Monitoring the spatially 

resolved exchange patterns with our correlative image analysis is particularly powerful, since 
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these kinetics provide a link between structural architecture and dynamic reactions of 

supramolecular fibrils. 

5.6 Experimental section 

5.6.1 Materials and synthetic procedures – Peptide amphiphiles 

Peptide synthesis and purification: Peptide amphiphiles were synthesized using standard 

Fmoc solid-phase peptide synthesis (SPPS). MBHA rink amide resin, Fmoc-protected amino 

acids, and other SPPS reagents were purchased from Novabiochem (USA). Cyanine dyes 

were supplied by Cyandye (USA). ACS grade solvents were used for synthesis. Water was 

purified on an EMD Millipore Milli-Q Integral Water Purification System. Unfunctionalized 

PA 1, Cy3-functionalized PA 2 and Cy5-functionalized PA 3 were synthesized via SPPS on 

MBHA rink resin, purified by HPLC and lyophilized to yield white, pink and blue solids, 

respectively. Detailed descriptions of all aforementioned synthetic procedures as well as 

analytical data can be found in literature39.  

Nanofiber assembly: Stock solutions of non-labelled PA 1 (10 mM), Cy3-labeled PA 2 (1 

mM) and Cy5-labeled PA 3 (1 mM) were prepared in Milli-Q water, aliquoted and stored at -

30 ºC. The degree of labelling of the fibers was accurately controlled by simply mixing PA 

stock solutions at the desired ratio. Solutions of non-labelled PA were mixed with aqueous 

solutions of either one or both labels at certain molar ratios, flash frozen in liquid nitrogen 

and lyophilized. The obtained PA mixture was molecularly dissolved in TFA and readily 

evaporated under vacuum. The obtained material was re-dissolved in aqueous NH4OH, flash 

frozen and further lyophilized. These two last steps resembled the cleavage and purification 

conditions, respectively. These steps were undertaken to provide molecular mixing, as well as 

to reset PA self-assembly history. Non-labelled PA was treated using the same protocol for 

measurements where fluorescently labelled molecules were not necessary. The obtained 

powders were reconstituted in appropriate buffers before measurements. After the harsh 

acidic conditions (dissolution in TFA) used to create a homogenous molecular mixture of 

different constituents, PAs were checked by analytical HPLC to rule out potential 

degradation of the original molecules. FRET measurements showed that the sample 

preparation is suitable for co-assembly of the three types of PAs in a single supramolecular 

object.  

5.6.2 Materials and synthetic procedures – Silk-mimic polypeptides 

Protein synthesis and labelling: The protein polymer 4 has a triblock structure that 

combines a central silk-like block (SH) with flanking random coil (C) blocks on each end. 

The pH-responsive silk-like domain consists of 48 repeats of the octapeptide SH 

=GAGAGAGH. The histidine (H) is positively charged at low pH (pKa = 6), which prevents 

self-assembly. At higher pH the silk-like block is neutral and self-assembles. The two 

symmetrical outer blocks (C2) are dimers of a 99 amino acid long C-block rich in the 
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hydrophilic amino acids glutamine, asparagine and serine. Its sequence has similarities to that 

of natural collagen (GXY triplets), but it does not assume any secondary structure under a 

wide range of solvent conditions40. The C2-blocks provide colloidal stability to the self-

assembled fibrils, preventing precipitation of the silk-like block33.  

The construction of the genes for the C2S
H

48C2 polymers, their production in the yeast 

Pichia pastoris, and their purification has been described elsewhere34. The protein was  

labelled with fluorescent dyes Alexa Fluor 488 (5) or Alexa Fluor 647 (6) (Life 

Technologies), with NHS-esters for coupling to primary amines on the proteins. Labelling 

occurred preferentially at the N-terminus, using a 50mM pH 8 phosphate buffer. After 

overnight reaction, purification was performed using a size exclusion column (PD-10 

Desalting Column, GE Healthcare Life Sciences), exchanging the solvent for 10 mM HCl. 

Filtration with centrifugal filters (Amicon Ultra, MWCO 3K, Merck Millipore) was used to 

confirm the complete absence of any free label. Protein concentration and labelling degree 

were determined spectrophotometrically. For both fluorescent labels, a degree of labelling of 

about 40 mole percent was found. Detailed descriptions of synthetic procedures and 

purification methods can be found in literature41. Atomic Force Microscopy was used to 

verify that the presence of the dye did not perturb the formation of the protein fibrils.  

Fibril formation was induced  by first dissolving the protein polymer in a 10mM HCl 

solution and subsequently adjusting the pH by adding phosphate buffer stock solution to a 

final concentration of 50mM at pH 8. The fibrils are robust and well preserved under sample 

preparation31. For kinetic studies, samples were taken after the required incubation time 

(defined as the time after the pH quench from acidic to neutral) and analysed by AFM or 

STORM. In controlled polymerization experiments, initial fiber blocks were assembled using 

the standard neutralization procedure (vide supra). After several days waiting time to ensure 

complete polymerization of this sample, an aliquot of the second monomer was added in the 

appropriate molar ratio and polymerized to completion in turn. 

5.6.3 Instrumentation  

Circular Dichroism (CD) spectroscopy: CD spectra were recorded using Jasco Circular 

Dichroism Spectrometer (model J-715). A quartz cuvette of 1 mm path length was used for 

the measurements. Each trace represents the average of five scans.  

Cryogenic Transmission Electron Microscopy (CryoTEM): CryoTEM was performed 

using a JEOL 1230 TEM at an accelerating voltage of 100 kV. Using a Vitrobot Mark IV 

(FEI) vitrification instrument at 25 °C with 100% humidity, a 6.5 µL drop of the sample was 

deposited on a 300-mesh copper grid with lacey carbon support (Electron Microscopy 

Sciences, EMS), blotted twice, plunge frozen in liquid ethane, then stored in liquid N2. For 

imaging, the sample was transferred to a Gatan 626 cryo-holder under liquid N2, and images 

were obtained with a Gatan 831 CCD camera. 

Fluorescence spectroscopy: Fluorescence spectra were recorded using a Varian Cary 

Eclipse Fluorimeter from Agilent Technologies. Emission spectra were acquired using 
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excitation wavelengths of 520 nm or 615 nm for Cy3 or Cy5, respectively. Excitation spectra 

were collected using emission wavelengths of 600 nm or 710 nm for Cy3 or Cy5, 

respectively. Temperature was kept at 20ºC using the in-built Peltier system. Fluorescence 

emission spectra of dual labelled PAs were recorded at the excitation wavelength of Cy3 

520 nm, at which direct excitation of Cy5 is negligible.  

Atomic Force Microscopy (AFM): A drop of the sample solution was deposited on a 10 x 

10 mm hydrophilic silicon wafer (Siltronic Corp.) with a thin oxide layer on top. The wafer 

was then rinsed with Milli-Q water and dried under a stream of nitrogen. Samples were 

analysed using a Digital Instruments Nanoscope V in ScanAsyst mode, using NP-10 silicon 

nitride tips (Bruker) with a nominal tip radius of 20 nm. The acquired images were analysed 

using NanoScope Analysis 1.40 software. 

Stochastic Optical Reconstruction Microscopy (STORM): STORM images were acquired 

using a Nikon N-STORM system configured for total internal reflection fluorescence (TIRF) 

imaging. Excitation inclination was tuned to maximize the signal-to-noise ratio of the glass-

absorbed fibers. Samples were illuminated by 488 nm, 561 nm and 647 nm laser lines. No 

activation UV light was employed. Fluorescence was collected by means of a Nikon 100x, 

1.4NA oil immersion objective and passed through a quad-band pass dichroic filter (97335 

Nikon). Time-lapses were recorded onto a 64x64 or 128x128 pixel region (pixel size 0.17 

µm) of an EMCCD camera (ixon3, Andor). For each channel, 20000 to 50000 frames were 

acquired. STORM movies were analysed with the STORM module of the ‘NIS Elements’ 

Nikon software.  

5.6.4 Methods 

Ensemble measurements: Detailed procedures for ensemble measurements, e.g. Nile Red 

self-assembly assay and FRET measurements, are available in literature39. 

STORM sample preparation: Glass microscope coverslips were cleaned by successively 

immersing in acetone, isopropanol and Milli-Q water. Bath sonication was performed for 10 

min with each solvent, followed by drying under N2 flow. The glass coverslips were then 

etched with a fresh Piranha solution (3:1 v/v H2SO4 (98%):H2O2 (30%)) for ½ h. To finish the 

cleaning procedure, the slides were washed thoroughly with Milli-Q water and rinsed with 

acetone before drying under N2 flow. In order to acquire high-resolution STORM images, 

single fibers should be immobilized on a glass surface. A flow chamber was assembled using 

a glass slide and a clean coverslip separated by double-sided tape.  

PA nanofibers were immobilized by adsorption onto the surface of the clean coverslip by 

flushing dilute PA solutions through the flow chamber. Initially, high ionic strength 

conditions (NaCl 1 M) were used to screen the electrostatic repulsion between highly charged 

PA nanofibers and the glass surface. However, repulsion between PA nanofibers is then also 

reduced, causing fiber bundling (as observed using STORM). In order to avoid bundling, PA 

solutions were rapidly diluted to 1 µM at low ionic strength. After a final (10x) dilution step 

in NaCl 1M, nanofibers were immediately attached on the glass coverslip. At this 
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concentration, isolated nanofibers are mainly observed in the microscopic mounting. After 

incubation for 1 min, the unbound nanofibers were washed way from the chamber flushing 

with HEPES buffer (2x) followed by STORM buffer (2x). STORM buffer is composed of 

50 mM HEPES buffer (pH=8.5), 1 M NaCl, an oxygen scavenging system (0.5 mg mL-1 

glucose oxidase, 40 µg mL-1 catalase, 5 wt% glucose) and 200 mM 2-aminoethanethiol. 

Silk nanofibers were immobilized by adsorption onto the surface of a flow chamber from a 

neutralized phosphate buffer solution. After 1 min of incubation in the chamber, unbound 

fibrils were removed by washing the chamber twice with phosphate buffer and twice with 

STORM buffer. STORM buffer contains 50 mM Tris pH 7, an oxygen scavenging system 

(0.5 mg/mL glucose oxidase, 40 µg/mL catalase), 10% (w/v) glucose and 10 mM 2-

aminoethanethiol. 

STORM mixing experiments: PA nanofibers consisting mainly of 1 were separately 

labelled with either PA-Cy3 2 (5%) or PA-Cy5 3 (5%) at 0.5 mM in 10 mM HEPES buffer 

(pH 7.5, NaCl 150 mM). Silk nanofibers were assembled from labelled unimer samples 5 or 6 

at a concentration of 0.1 gL-1 in 50 mM phosphate buffer (pH 8.0). Subsequently aliquots of 

each labelled solution were mixed and gently shaken at 37ºC (PA) or room temperature (silk) 

for different amounts of time. At predefined time points, samples were withdrawn, diluted 

and adsorbed on a glass surface as described above. Upon absorption to the glass slide, fibers 

are kinetically trapped and no longer able to exchange monomers with the solution in the 

time frame of the experiment. STORM imaging of different channels was performed 

sequentially, in order of decreasing wavelength (i.e. increasing photon energy). Original 

single colour nanofibers were observed before mixing as a control. 

STORM image analysis: During STORM imaging, the Nikon NIS software generates a list 

of localizations by 2D Gaussian fitting of blinking chromophores in the acquired movie of 

conventional microscopic images. This localizations list was analysed using custom Matlab 

scripts, as described in detail in Chapter 3. Briefly, a first step uses a density-based clustering 

algorithm to automatically identify the fibers in the image and to remove background. 

Subsequently, a pathfinding algorithm is run to reconstruct the fiber backbone in the channel 

of its initial colour. The polymer backbone coordinates are used to obtain structural 

information. Next, histograms of localization density profiles along the backbone are 

generated for both channels. The spatial autocorrelation (i.e. the average correlation between 

the localization density at one backbone point in the fiber and the density at another backbone 

point, as a function of the distance between these points) was also computed using the 

Matlab-function xcov with unbiased normalization. The spatial cross-correlation of the two 

channels was calculated in a similar fashion. Averaging over multiple fibers is required to 

obtain accurate correlation decay graphs. Investigation of the average correlation decays 

yields the distribution of dyes in a fiber, without interference from the stochastic fluctuations 

inherent to the technique. 
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Native dynamics in non-covalent systems 

 

 

 

Abstract 

The dynamic behaviour of non-covalent interactions is an important determinant of the 

structure of supramolecular materials. Observation of these dynamics at the single-aggregate 

level is hindered by the invasive immobilization procedures required for most microscopic 

techniques, including STORM. In order to circumvent this problem, a molecular tethering 

approach for BTA-based supramolecular polymers is presented. In this approach, aspecific 

surface interactions that influence molecular dynamics are prevented using chemical 

functionalization of a glass substrate. The substrate is reactivated towards the supramolecular 

polymer by the introduction of tether moieties, designed to restrain the movement of 

nanoscopic aggregates while maintaining their solution-like environment. This sample 

preparation method is easily expanded to various other nanoscopic structures, providing a 

general approach for the observation of native dynamic behaviour. Additionally, spatially 

resolved investigations of multicomponent systems and dynamic interactions become 

feasible. The knowledge obtained from such experiments is important for achieving 

controlled hierarchical self-assembly and thus for the creation of functional supramolecular 

materials. 
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6.1 Introduction 

A proper understanding of dynamic processes is critical in the performance and design of 

supramolecular materials for advanced applications1. The assembly pathways in an 

aggregation process can affect the timescale of its completion and even the morphology of 

the final product, determining the efficiency of for example organic electronics23. The 

residual dynamics in a supramolecular biomaterial dictate the interactions with cells and 

tissues, proving an important determinant for therapeutic efficacy4–7. Careful optimization of 

nucleation and elongation rates allows living supramolecular polymerizations, resulting in 

novel ordered structures and opening avenues for hierarchical assembly8–10. These 

applications demonstrate the demand for appropriate time-resolved techniques in order to 

execute kinetic studies and carefully exploit the dynamic functionality of non-covalent 

interactions. 

Most traditional investigations of material dynamics involve ensemble approaches, 

probing macroscopic samples with techniques that average the signal for a large population 

of molecules. While this allows an empirical optimization of material properties, insight into 

interactions at the molecular scale would yield a better comprehension of mechanistic 

function and thus provide options for forward engineering of specific material 

characteristics11–13. The relation between nanoscale structure and macroscopic properties can 

be elucidated by the use of modelling in combination with appropriate ensemble 

experiments14, or by direct observation using single-molecule experiments15, as illustrated by 

the investigation of self-assembly and exchange kinetics described in earlier chapters. 

However, the dynamic behaviour of supramolecular polymers is not limited to self-assembly 

and exchange, and nanoscopic approaches can be developed to explore dynamics in a broader 

sense. For example, fluorescence microscopy on single aggregates can provide insight into 

the conformational dynamics within supramolecular structures, while STORM can be applied 

in multicomponent mixtures to quantify interactions between different supramolecular 

structures.  

STORM microscopy is a technique with a relatively low temporal resolution. In order to 

perform single-molecule studies, a reliable method is required to prepare appropriate samples 

and fix aggregates in place, while preserving the intrinsic dynamic behaviour of the 

supramolecular system. Sample preparation for the exchange experiments described in 

Chapters 3 and 5 was performed by incubation in solution to allow the exchange, followed by 

physisorption of supramolecular polymers to a clean glass coverslip. This process 

immobilized the fibers but froze exchange kinetics and conformational dynamics due to the 

strong non-specific bonding with the surface. The physisorption approach is suitable for slow 

processes that are robust towards these surface interactions, such as the change of monomer 

distributions in exchange experiments. In contrast, studies of conformational and structural 

properties, as well as investigation of interactions between different supramolecular systems, 

can be biased by the strong association to a surface. 
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In order to prevent strong non-specific interactions at an interface, surfaces can be treated 

to display antifouling properties16. A wide range of antifouling approaches are available in 

literature, especially for preventing the absorption of proteins17–19. The most common 

methods include the deposition of a polymer layer, grafting from a surface20 or the formation 

of a self-assembled monolayer, usually involving fluorinated moieties with a low surface 

energy21 or polyethylene glycol (PEG)-based chains that affect the structure of the water 

layer close to the surface22. Subsequent reactivation of the surface towards specific structures 

can be achieved by the introduction of reactive groups for covalent bond formation23,24, 

protein markers for biological recognition25,26 or nucleation seeds for supramolecular 

polymers27. By combining antifouling and reactivation approaches, specifically targeted 

nanostructures can be tethered to a surface28, immobilizing them while retaining a solution-

like environment and preserving their intrinsic dynamics. 

In this chapter, progress towards a universal immobilization approach for microscopic 

sample preparation is described, made in collaboration with dr. Chidambar Kulkarni. First, a 

coverslip functionalization protocol based on silane chemistry is developed to obtain 

antifouling properties29, using amphiphilic supramolecular polymers as a challenging model 

system. Subsequently, the application of mixed silane monolayers in the reactivation step is 

investigated, and the effects on aspecific binding assessed23,30. Finally, an outlook for the 

structural and functional characterization of these surfaces is provided, along with a 

perspective of the opportunities in microscopic studies of nanoscopic dynamics.  

6.2 Preparation of tethering surfaces 

6.2.1 Exploring silane chemistry for surface functionalization 

A method has been designed to immobilize nanostructures for microscopic imaging, while 

preserving a solution-like environment. As schematically depicted in Figure 6.1A, antifouling 

moieties and tethering compounds are combined to create a reactivated sample chamber, 

which is suitable for the investigation of a range of dynamic behaviours. In order to confine 

BTA-based supramolecular polymers, the fibers themselves need to be functionalized with 

reactive handles for amine-NHS conjugation. Hence, BTA nanofibers are created by co-

assembling 95% of backbone tris-hydroxyl BTA 1 and 5% of the aminated BTA 2, which 

also carries a fluorescent dye suitable for STORM imaging (Figure 6.1B). As a control 

system, non-reactive polymers are self-assembled using 95% of 1 and 5% of the inert 

monomer 3.  

In addition to tethering nanostructures through selective interactions, aspecific interactions 

with the surface need to be prevented. Sample chambers in microscopy experiments are 

usually constituted of silicate glass, supporting silane-based chemistries as a facile method to 

alter the interfacial properties31. Inspiration for antifouling moieties can be found in the 

extensive literature on prevention of bio-adhesion19, with the caveat that hydrophilic shell of 

most proteins may not necessarily fully correspond with the outer layer of a synthetic 
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supramolecular polymer. However, preliminary screening experiments32 yielded PEG-

functional trichlorosilane 4 as a potential antifouling compound, which can be combined with 

trialkoxysilane-PEG-NHS 5 as a tether (Figure 6.1C). Due to the difference in reactivities 

towards the surface between 4 and 5, a two-step protocol was adopted for the surface 

functionalization33. In the first step, glass coverslips are incubated in a dilute solution of 5, 

aiming at sparse functionalization, followed by incubation in a more concentrated solution of 

4 to reach full surface coverage. 

 

Figure 6.1: A) Schematic design of a reactivated imaging chamber. The glass surface (blue) has been 

functionalized with a mixture of antifouling (orange) and tether (purple) compounds, the latter capturing 

supramolecular polymers (red) from solution and the former preventing physisorption and hence preserving 

dynamics (inset). B) Molecular structures of backbone, aminated and inert BTA monomers. C) Surface 

functionalization procedure. Molecular structures of antifouling and tether compounds (upper row), and a two-

step protocol to achieve mixed monolayers with silanes of different reactivities (lower row). Glass microscope 

coverslips are sequentially incubated in a dilute THF solution of tether and a more concentrated THF solution of 

antifouling agent. A detailed procedure can be found in the Experimental Section. 



Native dynamics in non-covalent systems 

161 

 

 

Figure 6.2: A) Preparation of a single-component, purely antifouling surface. Silane concentration is 6 mM 

in THF, reaction time 60 min at 293 K. Incubation with inert BTA nanofibers (2.5 µM in MilliQ, 10 min at 293 

K) yields no observable aggregates in TIRF imaging conditions (2% laser power, 3.2 mW). B) Preparation of a 

reactivated surface according to the procedure described in Figure 6.1. Silane concentration in THF is 10 µM in 

the first step, 6 mM in the second step and reaction times are 10 and 60 min at 293 K, respectively. Incubation 

with inert BTA nanofibers (2.5 µM in MilliQ, 10 min at 293 K)  yields significant absorption, as shown in TIRF 

imaging (2% laser power, 3.2 mW). C) Preparation of a single-component surface using only the tether 

compound. Silane concentration is 40 µM in THF, reaction time 60 min at 293 K. TIRF images (2% laser 

power, 3.2 mW) show significant absorption of inert BTA nanofibers (2.5 µM in MilliQ, 10 min at 293 K). 

The antifouling properties of the reactivated slides prepared in a two-step protocol were 

tested using the inert 1-3 BTA. First, a negative control was performed using surfaces 

containing only antifouling compound 4. Incubation of  these surfaces with the 1-3 BTA 

indeed showed an absence of fluorescent signal in total internal reflection fluorescence 

(TIRF) microscopy (Figure 6.2A). Subsequently, the same incubation protocol for the 

reactivated slides resulted in the observation of unexpected fibrillar structures on the surface 

(Figure 6.2B). Since this particular BTA does not contain any amine groups, these structures 

must be physisorbed to the surface in spite of its antifouling moieties. Investigation of 



Chapter 6 

162 

 

surfaces fully functionalized with tether 5 yielded very similar TIRF images (Figure 6.3C), 

suggesting that the tether-molecules are not antifouling and dominate the surface properties in 

the two-step protocol. The most likely cause for this behaviour is a high 5:4 ratio due to the 

poor control over functionalization density in the first reaction step, prompting the 

development of an approach to quantify mixed surface layer composition. 

6.2.2 Assessing surface density of functional groups 

Due to its sensitivity, fluorescence microscopy is an ideal tool for the investigation of 

sparsely distributed functionalities on surfaces. The high spatial resolution of STORM in 

particular allows the accurate identification of particular functionalities on a surface, as also 

shown in Chapter 4. In order to probe the presence of tether molecules in a mixed silane 

surface layer, NHS-functional compound 5 was reacted to an aminated STORM dye Cy5 

yielding fluorescent tether molecule 6 (Figure 6.3A). This molecule can be directly observed 

in mixed monolayers on the surface, providing information about tether density and 

distribution.  

Since a two-step protocol did not result in the expected control over functionality, an 

alternative single-step surface chemistry procedure was implemented. Mixed monolayer 

formation in multicomponent systems can only be reached if the components have 

comparable reactivities34. Since fluorescent tether 6 is a relatively stable trialkoxysilane, the 

most facile way to meet this criterion is to exchange the highly reactive Si-Cl bonds in 

antifouling compound 4 for Si-O bonds by incubation in EtOH. Mixtures of 4 and 6 in 

varying ratios (i.e. 6:4 = 10-4 – 10-7) were then used for a single solution-phase incubation 

step as schematically shown in Figure 6.3B. 

Mixed monolayer surfaces from the single-step protocol were evaluated using STORM. 

Figure 6.3C shows screenshots from the STORM acquisition and the final reconstructed 

super-resolution image for surface functionality ratios of 10-5 and 10-7. From the raw images, 

individual blinking dyes can be observed, with a far larger amount being present at higher 

tether concentration. This is supported by the reconstructions, which also show a higher 

density of localizations for the 10-5 mixing ratio. Figure 6.3D shows the localization counts 

for STORM images of samples fabricated using the full range of silane mixture compositions, 

revealing an increasing tether density on the surface with increasing tether concentration in 

the functionalization solution. This demonstrates that a measure of control over the surface 

composition can be obtained through judicious choice of the silane incubation conditions. 

The number of localizations is not linearly dependent on the tether concentration in solution, 

implying complex reaction kinetics, even though the number of samples is still too small to 

draw such conclusions reliably.  

Considering these results, a single-step functionalization procedure affords improved 

control compared to a sequential two-step process. Additionally, a 10-7 ratio of 6 and 4 yields 

surface functionalization densities that are appropriate for covalent attachment of BTA fibers, 

while hopefully providing a large enough excess of antifouling 4 to prevent physisorption.  
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Figure 6.3: A) Coupling reaction between tether molecule 5 containing an N-hydroxysuccinimide (NHS) 

activated ester and amine-containing cadaverine-Cy5, yielding 6. B) One-step coverslip functionalization 

procedure using multicomponent solutions containing fluorescent 6 (red) and antifouling 4 (orange). Total silane 

concentration is 6 mM in THF, reaction time 60 min at 293 K. For imaging, sample chambers are filled with 

STORM-buffer. C) Screenshots of surfaces prepared according to (B) imaged using high laser power (100% 

laser power, 160 mW) suitable for photoswitching in TIRF illumination mode (upper row, symbol in upper right 

corner indicates high laser power). Reconstructed STORM images of these acquisitions (lower row). Scale bars 

2 µm. D) Graph of the number of localizations in a STORM image, as a function of the mixing ratio of the 

constituent silanes in the functionalization solution. Images have a 20x20 µm region of interest, error bars 

indicate the S.E.M. for n = 2.  

Using the more controlled single-step protocol, sparsely reactivated surfaces were created 

using mixtures of 4 and 5 in a 1:10-7 ratio (Figure 6.4A). Incubation of these surfaces with 

reactive BTA fibers (i.e. 95:5 mixture of 1 and 2) does indeed show a low density of attached 

structures (Figure 6.4B), but a negative control with inert BTA fibers (i.e. 95:5 mixture of 

1:3) shows similar features (Figure 6.4C). Moreover, zoomed images show that these features 

represent bundles of fibers, that are physisorbed to the surface. As a peculiarity, some of 

these bundles can be observed to undergo restricted Brownian motion (Figure 6.4D), 
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providing an illustration of dynamically tethered fibers but lacking the control required for 

quantitative experiments. 

Overall, these results indicate that even a low amount of 5 on the surface adversely affects 

its antifouling characteristics, most probably due to a disturbance of the regular packing of 

compound 4 and an increase of the surface roughness, as observed before for mixed 

monolayers23. 

 

Figure 6.4: A) Single-step protocol for the formation of reactivated surfaces. A glass microscope coverslip 

is immersed in a solution containing silanes 4 (orange) and 5 (purple) in a 1:10-7 ratio. Total silane concentration 

is 6 mM in THF, reaction time 60 min at 293 K. B) Incubation of the surface as prepared in (A) with a reactive 

BTA-fiber (95:5 of 1:2, total BTA concentration 2.5 µM in MilliQ, 10 min incubation time at 293 K). TIRF 

image (2% laser power, 3.2 mW) reveals a low density of attached fluorescent fibers. C) Incubation of the 

surface as prepared in (A) with an inert BTA-fiber (95:5 of 1:3, total BTA concentration 2.5 µM in MilliQ, 10 

min incubation time at 293 K). TIRF image (2% laser power, 3.2 mW) again reveals a low density of attached 

fluorescent fibers. D) Zoomed images of a surface prepared according to the conditions in (C), containing a 

mobile fiber bundle displaying restricted Brownian dynamics. Images were acquired with 1 second intervals. 

6.2.3 Improving antifouling properties 

Considering the demanding antifouling conditions and the detrimental effect of the 

introduction of tether molecules on a mixed surface, the functional properties of PEG-silanes 

in general were thoroughly evaluated. Compound 7, a PEG-trialkoxysilane similar to the 

slightly shorter PEG-trichlorosilane 4, was used to prepare single-component surfaces for 

antifouling purposes (Figure 6.5A). Incubation of these surfaces with the reactive 1-2 BTA 

nanofibers resulted in empty slides as observed by low illumination intensity TIRF-imaging 
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(Figure 6.5B). No large aggregates are visible in these raw images. However, a more 

sensitive measurement to probe the presence of fluorescent molecules involves imaging at 

high laser power, inducing photoswitching in the Cy5 dyes. The resulting blinks can be 

sensitively detected, and provide evidence for the presence of BTA fibers. As is clearly 

visible from the high-intensity image in Figure 6.5C, a significant amount of fluorescent 

BTA-monomer is present on the surface. These results indicate that PEG-based surface 

chemistry succeeds in preventing the adsorption of large, well-defined fluorescent aggregates, 

most probably bundled structures consisting of multiple BTA fibers. However, smaller BTA 

aggregates still adhere to these functionalized surfaces, causing a high amount of background 

localizations in STORM imaging. The imperfect antifouling properties of PEG-based 

surfaces thus elicited a further exploration of functional groups displaying a low degree of 

interaction with amphiphilic structures such as the hydrophobic-hydrophilic BTA. 

 

Figure 6.5: A) Preparation of a single-component antifouling surface based on PEG-silane 7. Silane 

concentration is 2 mM in THF, reaction time 60 min at 293 K. The surface is incubated with reactive BTA 

nanofibers (2.5 µM in MilliQ) for 10 min at 293 K. B) TIRF-imaging at low illumination intensity (2% laser 

power, 3.2 mW) shows no observable aggregates. C) TIRF-imaging at high illumination intensity (100% laser 

power, 160 mW) shows the presence of photoswitchable dyes. 
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Figure 6.6: A) Preparation of a single-component antifouling surface based on post-functionalization of 

tether molecule 5. Silane concentration in THF is 40 µM in the first step, reaction time 60 min at 293 K. Post-

functionalization is performed using 10 mM of the amine in phosphate buffer at pH = 8. B) The surface is 

incubated with reactive BTA nanofibers (2.5 µM in MilliQ) for 10 min at 293 K, showing no observable 

aggregates at low illumination intensity (2% laser power, 3.2 mW) and the presence of photoswitchable dyes at 

high illumination intensity (100% laser power, 160 mW) for both compounds 8 and 9.  

In addition to the well-established PEG-based moieties, successful antifouling approaches 

often apply hydrophilic or ionic functionalities with a similar effect on the water structure 
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close to the surface35,36. A convenient method to incorporate such groups with existing 

techniques, while avoiding the increased surface roughness associated with mixed surface 

layers, is the creation of full monolayers of tether compound 5 followed by reaction with 

highly hydrophilic or ionic amines (Figure 6.6A). Commercially available compounds 8 and 

9, respectively, fit these categories and have been applied in the aforementioned procedure. 

The resulting coverslips have been incubated with 1-2 BTA nanofibers (Figure 6.6B). 

Preliminary imaging using low-intensity TIRF illumination demonstrated the absence of 

extended aggregates, and the use of intense laser light revealed comparable amounts of 

fluorescent blinks to PEG-based surfaces. More quantitative measurements in combination 

with more controlled functionalization is expected to improve the antifouling performance of 

these surfaces further. 

6.2.4 Outlook 

Initial experiments on the tethering of BTA-based supramolecular polymers illustrate the 

difficulty of achieving general antifouling properties at the molecular level, and the 

challenges involved in performing controlled surface chemistry on glass substrates in a 

broader sense. The relatively high surface energy of PEG-solubilized BTA in water results in 

marginal stability of the BTA-based aggregates described here, and these dispersions are 

easily disturbed by the introduction of a surface.  

The strength of the interactions between a surface and the dispersed structures is based on 

the chemical identity of the surface and the quality of the surface functionalization. As shown 

in this chapter, decreased order in a surface layer, introduced for example by multi-

component procedures, can lead to decreased stability of the BTA dispersion and hence to 

physisorption. Using simple, optimized silanization protocols (vide supra) and surface 

analysis techniques such as AFM and XPS will help mitigate these issues. With regards to 

chemical identity, PEG-based monolayers are known to possess antifouling properties due to 

water swelling of the constituent polymer chains. This solvent shell results in steric 

hindrance, preventing interactions with dispersed structures. Improvement in this respect can 

be achieved by applying more hydrophilic materials, leading to a stronger interaction with 

water and an enhanced hydration shell. Currently, the performance of strongly hydroxylated 

and cationic surfaces is being evaluated, with a good perspective for strongly repelling 

sample chambers if the functionalization chemistry can be optimized. 

Once a fully antifouling surface is established, reactivation of the surface towards specific 

interactions (i.e. amines) can be easily achieved thanks to the controlled reactivity of the NHS 

group. Key objective will then be to optimize the tether density to a specific application. For 

the real-time observation of intramolecular dynamics, a single attachment point per BTA 

fiber is sufficient. For STORM imaging, the attachment frequency should be comparable to 

the technique resolution, in order to obtain appropriately immobilized fibers. For 

measurement of fiber interactions with other nanostructures, even higher tether densities may 

be required. This type of sample preparation can then be applied to any amine-functional 
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nanostructure, but also easily be expanded to include other convenient reactive groups and 

thus provide a universal method for attachment to surfaces. 

6.3 Experimental section 

6.3.1 Materials and instrumentation 

The synthesis of BTA molecules 137, 238 and 339 is described in literature. PEG-silane 

compounds 4 and 7 were obtained from Gelest, NHS-functional PEG-silane 5 was obtained 

from Nanocs and cadaverine-Cy5 was obtained from Thermo Fisher. All common reagents 

and chemicals were obtained from commercial sources at the highest purity available and 

used without further purification unless stated otherwise. All solvents were of AR quality and 

purchased from Biosolve. Water was purified on an EMD Milipore Milli-Q Integral Water 

Purification System. 

STORM images were acquired using a Nikon N-STORM system configured for total 

internal reflection fluorescence (TIRF) imaging. Excitation inclination was tuned to 

maximize the signal-to-noise ratio of the glass-absorbed fibers. Cy5 labelled samples were 

illuminated by the 647nm laser lines built into the microscope. No activation UV light was 

employed. Fluorescence was collected by means of a Nikon 100x, 1.4NA oil immersion 

objective and passed through a quad-band pass dichroic filter (97335 Nikon). All time lapses 

were recorded onto a 128x128 pixel region (pixel size 0.17µm) of a EMCCD camera (ixon3, 

Andor). For STORM images 20,000 frames were acquired. STORM movies were analysed 

with the STORM module of the NIS Elements Nikon software or ImageJ.  

6.3.2 Synthetic procedures 

Silanization of reaction vials: Reactions on silane compounds were performed in 

passivated 8 mL sample vials. Glass sample vials were filled with silanization solution (200 

µL dimethyloctylchlorosilane in 25 mL THF) and incubated for 30 min. After two THF 

washes, the vials were annealed in an oven at 120 °C for 1 h.  

Synthesis of fluorescent tether 6 (by dr. Chidambar Kulkarni): A silanized vial was 

charged with dry DCM (~2 mL) and NHS-PEG-silane 5 (8 mg, 5.1 µmol) under Ar 

atmosphere. A solution of cadaverine-Cy5 (3.2 mg, 4.8 µmol, 0.95 eq) in dry DCM was 

added, and the total volume adjusted to 4 mL. After adding a drop of dry Et3N, the mixture 

was stirred under Ar overnight. After evaporation of the solvent, the resulting blue waxy solid 

was used without further purification (10 mg, 4.8 µmol). MALDI-TOF analysis showed only 

the m/z of the product, around 2113 with 44-unit intervals for the disperse PEG. 

Silane exchange reaction (by dr. Chidambar Kulkarni): A silanized vial was charged with 

dry DCM (2 mL) and PEG-trichlorosilane 4 (200 µL, 226 mg, 439 µmol) under Ar 

atmosphere and stirred for 10 min at 293 K. In a separate vial, 200 µL of dry EtOH, 200 µL 

of dry Et3N and 500 µL of dry DCM were combined. This mixture was added to the silane 

solution dropwise at 273 K, resulting in increasing turbidity of the solution. The reaction 
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mixture was stirred at 293 K for 15 h. Subsequently, the vial was diluted with DCM and the 

mixture extracted three times with water. The organic layer was dried over Na2SO4. 

Evaporation of the solvent yielded a pale yellow liquid that was used without further 

purification (177 mg). MALDI-TOF analysis showed only the m/z of the product (Na-

adduct), around 567 with 44-unit intervals for the disperse PEG. 

Creation of functional coverslips: All coverslips were cleaned before starting chemical 

functionalization. Glass microscope coverslips (No. 1.0, 26*22 mm, thickness 0.15 mm) were 

consecutively immersed in acetone, isopropanol and MilliQ-water and sonicated 10 minutes 

in every solvent before being dried in a stream of N2. Next, a fresh solution of Piranha etch 

was prepared (3:1 v/v concentrated H2SO4:H2O2 (aq, 30%)) in which the slides were 

incubated for 15 min. Finally, the slides were washed thoroughly with Milli-Q and acetone 

before drying under N2-flow.  

Subsequently, silane chemistry was performed as follows: 

One-component surfaces: Slides were immersed in THF solutions of the relevant 

silanes (6 mM for 4, 2 mM for 7 and 40 µM for 5) for 60 minutes. Subsequently, the 

slides were flushed with THF and annealed for 2 h at 120 °C in a vacuum oven (<10 

mbar). 

Two-component surfaces, two-step protocol: Slides were immersed in a 40 µM THF 

solution of silane 5 for 10 minutes. Subsequently, the slides were flushed with THF 

and immersed in a 6 mM solution of silane 4 for 60 min. Finally, the slides were 

flushed and annealed for 2 h at 120 °C in a vacuum oven (<10 mbar). 

Two-component surfaces, one-step protocol: Slides were immersed in THF solutions 

of the relevant mixture of silanes (total silane concentration 6 mM, ratio depending on 

experiment) for 60 minutes. Subsequently, the slides were flushed with THF and 

annealed for 2 h at 120 °C in a vacuum oven (<10 mbar). 

Post-functionalization of NHS-functional slides: Slides functionalized with NHS-PEG-

silane 5 were incubated in a 10 mM solution of functional amine (either Tris – 

tris(hydroxymethyl)aminomethane or Ammonium salt – (2-aminoethyl)trimethylammonium 

chloride hydrochloride) in 100 mM phosphate buffer at pH = 8 for 1 h. Subsequently, the 

slides were flushed with MilliQ and dried.  

6.3.3 Sample preparation 

BTA self-assembly: Using DMSO stock solutions of ~1 mM, backbone BTA 1 (31 µg, 

0.95 eq) was mixed with fluorescent BTA 2 (2.2 µg, 0.05 eq) or fluorescent BTA 3 (2.2 µg, 

0.05 eq). The solvent was evaporated by N2-cooled rotary evaporation at 60 °C for 4 h, 

followed by drying on active vacuum (~1 mbar) for 1 h at 60 °C. The resulting film was 

dissolved in 1 mL MilliQ to yield a total BTA concentration of 25 µM, heated to 80 °C and 

incubated for 15 min. After 10 s of vortex-treatment, the sample was cooled to r.t. overnight 

and used after at least 1 week. 
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BTA incubation: Sample chambers were assembled using functionalized coverslips. The 

solution of assembled BTA was diluted tenfold to 2.5 µM in MilliQ, and incubated in the 

sample chamber for 10 min. Subsequently, the chamber was flushed with 3x MilliQ, 2x 

STORM-buffer and sealed with nail polish before imaging. STORM buffer contains 50 mM 

Tris pH 7, an oxygen scavenging system (0.5 mg/mL glucose oxidase, 40 µg/mL catalase), 

10% (w/v) glucose and 10 mM 2-aminoethanethiol. 
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The aim of this thesis, as outlined in Chapter 1, is to increase the understanding of 

dynamic processes in the self-assembly of supramolecular building blocks. Due to the 

reversible nature of non-covalent bonds, supramolecular systems are inherently dynamic and 

hence responsive to changes in physical conditions. Additionally, the reversibility of the 

connective interactions yields a vastly improved space for complex assembly pathways, that 

may hinder facile analysis of aggregation products but provides opportunities for systems-

level engineering of self-assembly. Therefore, achieving spatiotemporal control over 

aggregation processes is crucial for the design of a new generation of nanostructured 

functional materials1.  

Multiple aggregation pathways 

Improved control over placement of molecular building blocks can only be achieved if the 

mechanisms of their assembly are understood. To this end, appropriate methods to elucidate 

molecular interactions at the nanoscale are invaluable. As an example of such an approach, 

spectroscopy has been combined with numerical modelling to investigate the self-assembly 

of bipyridine-extended BTA as described in Chapter 2. In spectroscopic experiments, the 

readout is an ensemble optical signal that is averaged over many molecules, and the 

contributions of subpopulations in particular states can be identified by the application of an 

appropriate model.  

In some situations, substantial external considerations exist for the choice of a specific 

model. In others, multiple hypotheses are available and are usually evaluated in an explicit 

comparison. Either way, testing model validity is a crucial step2. As the experiments with the 

bipyridine-BTA system in Chapter 2 clearly demonstrate, models and experiments in 

thermodynamic equilibrium are generally unable to distinguish different mechanisms. 

Equilibrium constants describe only the final distribution of molecules over different states 

and do not consider any transitions or their rates. Hence, these approaches contain no 

information about mechanistic details and should not be used to judge model suitability. 

Rather, kinetic experiments measure the rate at which particular species interconvert, and 

more generally how rapidly the system returns to equilibrium. As such, comparison of these 

data with kinetic models will yield information about the appropriate mechanism. Of course, 

the quality of individual kinetic model may still vary. It is important to incorporate data over 

a wide range of physical conditions and to check the independence and sensitivity of model 

parameters, in order to create a detailed model that is broadly applicable to interpret self-

assembly data.  

In Chapter 2, kinetic analysis is applied to confirm the presence of two separate aggregate 

states in a self-assembly process, an example of pathway complexity3. The relative stabilities 

of these aggregates are strongly temperature-dependent, rendering them susceptible to 

investigation using temperature-jump spectroscopy and kinetic modelling. Notably, the two-

pathway mechanism has considerable consequences for the formation of the final self-

assembly product. First, competition for the monomer leads to precipitous transitions under 
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equilibrium conditions, even in the absence of cooperativity. This means rigorous regulation 

of environmental conditions is crucial to control the self-assembly process. A second, and 

even more important factor, is the sequestration of monomer under kinetic conditions. At 

high concentrations, monomer may occupy off-pathway states, retarding the formation of the 

intended aggregate state or even preventing it altogether. Pathway complexity can be 

exploited for the formation of on- or off-pathway products by adjusting system parameters 

such as concentration, auxiliaries3 or co-solvents4, or even by adjusting the molecular design 

of the building block to induce specific states5,6.  

It is important to keep in mind that next to kinetic methods, equilibrium models have 

specific uses as well. Once the suitability of a model is established through kinetic means, 

equilibrium considerations can be used to predict the molecular distribution over various 

states, and its dependence on physical conditions (e.g. temperature, solvent quality and 

concentration). Such comprehensive analysis, combining equilibrium results with kinetic 

investigations of (meta)stable states and the equilibration rate, is prerequisite for 

understanding self-assembly in the bipyridine-BTA polymer and optimizing processing 

conditions for supramolecular systems in general. 

Exchange dynamics 

An alternative method to access molecular interactions is direct observation of aggregation 

processes through super-resolution microscopy. In this thesis, STORM microscopy has been 

applied in the analysis of supramolecular polymerization mechanisms, combining the high 

spatial resolution of single-molecule localization approaches with the chemical specificity of 

fluorescence microscopy. In particular, the residual dynamics in fully polymerized aggregates 

are investigated, being an important determinant in the structural properties and interactions 

of supramolecular materials. Residual dynamics can be probed by an exchange experiment, in 

which two identical samples, labelled with different fluorescent dyes, are separately self-

assembled. Combination of these volumes results in a sample that is immediately equilibrated 

from a structural point of view. However, aggregates are still uniquely labelled, and insertion 

of oppositely labelled monomers due to steady-state dynamics can be visualized over time. In 

this way, a kinetic experiment is performed to elucidate the exchange mechanism of a 

supramolecular system.  

The STORM images acquired during an exchange experiment contain information about 

the spatial distribution of labelled monomers, and this distribution is an important cue for its 

exchange mechanism. However, the photoswitching induced in STORM imaging results in 

overcounting artefacts due to multiple localizations of a single dye7. On casual inspection, the 

apparent clustering caused by this blinking behaviour cannot be distinguished from structural 

clustering due to the underlying molecular distribution. In order to obtain an accurate 

mechanistic view of exchange, a quantitative method has been developed to circumvent 

overcounting errors. By calculating the spatial autocorrelation of the localizations in an 

image, the specific signature of clustering due to overcounting can be isolated. Interpretation 
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of any correlations outside of this overcounting fingerprint yields evidence of clustering due 

to molecular distributions. 

In Chapter 3, an amphiphilic BTA-derivative is imaged using STORM and its exchange 

behaviour in water is investigated. Visual inspection of STORM images immediately reveals 

that exchange does take place in this supramolecular polymer, and that none of the 

mechanisms hypothesized in literature is applicable. Rather than exchange by fragmentation 

and recombination or monomer transfer at fiber ends, exchange in this system takes place 

over the entire length of the polymer backbone. Moreover, quantitative analysis of the 

localization distribution reveals that no molecular clustering is observed outside of the 

overcounting regime, indicating that monomer transfer occurs by random insertion and 

expulsion of individual molecules or small clusters. This observation is difficult to reconcile 

with the typical interpretation of a supramolecular polymer as an extended, perfectly ordered 

array of connected building blocks. Rather, the presence of small, dynamic defect regions, 

with a structure more akin to that of worm-like micelles, is supported by these findings. 

A major advantage of the microscopic approach described here, is its capability to analyse 

samples at the single-aggregate level. Therefore, variability within a sample can be assessed, 

in addition to the average trends. Identifying variability in exchange processes can also yield 

useful mechanistic information, as illustrated by studies of peptide amphiphile (PA) 

supramolecular fibers in Chapter 5. In this system, the absence of a well-defined structural 

contribution to the autocorrelation traces seems to indicate homogeneous exchange similar to 

the BTA, but the deteriorating fit quality of the random insertion model over long exchange 

times urges a cautious interpretation. On closer investigation, the poor fit is explained by 

local variations in the mobility. Dynamic, randomly exchanging regions coexist with 

extended static domains, even within single fibers. By connecting these exchange patterns to 

mobility data acquired using other methods, the trapped regions could be explained by the 

presence of a strongly hydrogen-bonded β-sheet structure. 

An evaluation of the relation between molecular structure and exchange mechanism is 

prompted by the differences observed between BTA and PA systems. Additionally, Chapter 5 

also details the irreversible self-assembly of a silk-mimic triblock polypeptide. These 

monomers are connected by a multitude of hydrogen bonds in a β-roll conformation, and 

aggregates show no exchange. In combination, these systems suggest an important role of 

molecular order in the exchange behaviour of supramolecular polymers. Next to the average 

magnitude of the binding energy, the degree of order determines the mobility of monomers 

inside an aggregate. Systems based on highly directional interactions (e.g. hydrogen bonding, 

metal-ligand interactions) show relatively few defects in the supramolecular lattice, while 

more disordered bonds (e.g. hydrophobic and ionic interactions) have more variability in the 

bonding pattern. Hence, the latter case allows for higher exchange rates, even for similar 

average bonding energies.  

In the correlative analysis of molecular distributions described here, overcounting is 

mainly considered a confounding factor at short ranges. However, the high number of 
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localizations per dye also results in a capacious photon budget, allowing improved imaging 

quality if stochastic effects can be accommodated. To this end, the photoswitching behaviour 

and localization procedure of STORM dyes are modelled. Using this model, absolute dye 

densities can be estimated on the scale of the STORM resolution, as demonstrated for 

functional nanoparticles. If this procedure can be expanded to dynamic systems, and 

combined with the in vivo imaging shown in Chapter 4, the effect of molecular distributions 

and dynamics on cellular interactions will be elucidated in unprecedented detail.  

Dynamics in native conditions 

A drawback of current microscopic approaches is their invasive sample preparation. 

Adsorption of supramolecular polymers to a surface mediated by strong aspecific interactions 

affects their dynamic behaviour. Realization of an immobilization method that allows real-

time observation of a range of dynamic processes in synthetic supramolecular polymers will 

help solve important fundamental questions regarding the design of self-assembling systems. 

For the more uniform and ordered class of peptide-based biological supramolecular polymers 

(e.g. microtubules, actin), such observations have had invaluable contributions. Studies of 

growing microtubules have demonstrated that their function is not only a consequence of 

monomer structure, but also of the mechanistic rules behind their self-assembly. Dynamic 

studies that aid in the elucidation of such rules for synthetic systems are crucial in the design 

of functional molecular systems.  

The smallest functional scale of a supramolecular polymer is the single fiber level. The 

morphology of individual fibers determines mechanical properties like bending modulus and 

deformation reversibility, as well as electronic properties such as conductance and 

luminescence. In microtubules, immobilization approaches have been used to prove that the 

fiber morphology and order are dependent on the rate of assembly, and the resultant defects 

have been imaged directly8. Based on these measurements, protocols for the self-repair of 

microtubules were developed. In synthetic conjugated systems, the kinetics of aggregation 

have also been shown to be a major determinant of self-assembled structure3. Hence, imaging 

studies in this context may reveal dynamics relevant for optimization of fiber morphologies. 

The dissipative nature of cytoskeletal biopolymers is another critical property for their 

function. Facilitating responsivity and adaptation far beyond equilibrium self-assembled 

systems or even switchable molecules, the constant turnover of fuel provides interesting 

avenues for synthetic materials. The discovery of microtubule treadmilling and the GTP-

dependent turnover of tubulin were scientific breakthroughs, explaining the effectiveness of 

microtubules as the cell’s internal infrastructure9,10. Light-driven artificial materials have 

been developed in the last decade, and recently the first synthetic dissipative hydrogel has 

been demonstrated11. Such applications provide fundamentally novel properties, highly 

promising for integration in a biomedical context and capable of introducing an additional 

level of complexity in supramolecular materials. 
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The rapidly growing field of systems biology has shown that the performance of 

functional systems at the organelle or cellular level is determined by the interactions between 

their components, even more so than for single fibers. As a structural example, the 

cytoskeleton carrying out its aforementioned tasks in intracellular transport is critically 

dependent on the various molecular motors that arrange the microtubule network and guide 

cargo along these tracks. Microscopic studies on immobilized microtubules have revealed the 

relation between the dynamics of these motor proteins and the function of the cytoskeleton as 

a whole12,13. Similarly, the careful regulation of actin self-assembly by a variety of interacting 

cofactors was visualized, determining the extent of aggregation and the type of architecture 

formed14. Functional systems of such complexity are hard to reproduce in vitro, but synthetic 

biology has increasingly succeeded in mimicking the basic cellular reaction networks using 

biochemical components15–18.  

 

Design of fully synthetic interacting systems is still in its infancy, but absolutely critical 

for the eventual construction of hierarchically ordered materials19. Valuable properties will 

only arise if the self-assembly dynamics of different building blocks at multiple time- and 

length scales can be appropriately tuned. Therefore, the development of methods to assess 

and control the dynamic behaviour of non-covalent interactions will aid in the realization of 

the next generation of functional molecular materials. 
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Dynamic processes in supramolecular systems 

In supramolecular systems, molecular building blocks are connected through non-covalent 

interactions. The inherent reversibility of these interactions under ambient conditions results 

in highly dynamic behaviour, providing supramolecular materials with unique properties. 

Nature employs these dynamics to achieve hierarchical self-assembly, resulting in the 

sophisticated biochemical machinery that allows cells to maintain metabolic activity, respond 

to their surroundings and proliferate. In order to emulate such functionality in synthetic 

supramolecular polymers, a high degree of spatiotemporal control over aggregation processes 

is required. This control can only be exerted if the mechanisms of molecular self-assembly 

are thoroughly understood. 

 

This thesis aims to develop new approaches to quantify self-assembly processes and probe 

the mechanistic details of supramolecular polymerization. Information about such 

mechanisms at the nanoscale can be obtained either by a model-based interpretation of 

macroscopic ensemble data, or by direct observation using single-molecule techniques, and 

both methods are demonstrated here. While steady-state measurements can yield useful 

insight into material properties, kinetic experiments in out-of-equilibrium systems are most 

powerful for elucidating self-assembly pathways. As such, several time-resolved approaches 

are presented that can connect microscopic dynamics to macroscopic properties, and thus 

provide opportunities for engineering supramolecular interactions in for example organic 

electronics and dynamic biomaterials. 

 

Chapter 1 introduces the concept of supramolecular polymers, the variety of non-covalent 

interactions that can be applied in their design and the dynamic systems that can be 

constructed using these components. Existing approaches for studying and modelling 

supramolecular polymerization mechanisms under equilibrium and out-of-equilibrium 

conditions are reviewed, and the utility of kinetic methods is demonstrated. Additionally, the 

effect of multiple aggregate states during supramolecular polymerization is treated, before 

considering the residual dynamics present after completion of a self-assembly process. 

 

In Chapter 2, a kinetic method is outlined to investigate the consequences of pathway 

complexity, i.e. the occurrence of multiple aggregate states, on the formation process of a 

self-assembled structure. A discotic, bipyridine-extended benzene-1,3,5-tricarboxamide 

(BTA) derivative self-assembles into two different columnar aggregates in n-butanol, as 

indicated by UV-vis absorption, circular dichroism and fluorescence spectroscopy. Numerical 

modelling is used to interpret the spectroscopic data, and connect the ensemble optical 

measurement to a nanoscopic self-assembly mechanism. 

Using steady-state spectroscopy and mass-balance based equilibrium models, the 

monomer distribution over the different aggregate states is evaluated, showing that the 

relative stability of the states depends strongly on physical conditions such as concentration 
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and temperature. However, it is also shown that equilibrium approaches cannot distinguish a 

single pathway with extended nucleus from a two-pathway self-assembly mechanism. Hence, 

a kinetic approach for mechanistic analysis is described, involving temperature-jump 

spectroscopy and time-resolved modelling. Using this methodology, a two-pathway 

mechanism in which different aggregate states compete for the same monomer is established 

as the most reasonable explanation for the experimental data. More generally, guidelines are 

provided for a comprehensive kinetic analysis of supramolecular polymerizations, suitable 

for the elucidation of self-assembly mechanisms in a wide range of chemical and biological 

systems. 

 

Chapter 3 presents a quantitative analysis of exchange dynamics in supramolecular 

polymers, based on super-resolution fluorescence microscopy. The residual dynamics present 

in equilibrated supramolecular polymers, manifesting for example as exchange of monomers 

between individual aggregates, are highly relevant for their application. This monomer 

exchange can be investigated directly at the single aggregate level using stochastic optical 

reconstruction microscopy (STORM).  

Here, STORM is used to visualize a water-soluble BTA-derivative labelled with 

photoswitchable dyes, revealing the occurrence of exchange between different 

supramolecular fibers in solution. The distribution of exchanging monomers is quantitatively 

analysed using correlative methods, and the influence of the photophysical behaviour of the 

dyes on this analysis is assessed using a stochastic simulator. This approach reveals an 

unexpected homogeneous exchange probability caused by random expulsion and insertion of 

monomers, reminiscent of the exchange mechanism proposed for micellar structures. Thus, 

super-resolution microscopy provides a means to directly probe dynamics on the nanoscale.  

 

In Chapter 4, the quantification of molecular distributions in super-resolution images is 

explored more thoroughly. Modified spherical nanoparticles are presented as a well-

controlled model system, relevant for biomedical applications and suitable for the 

microscopic investigation. Imaging of these nanoparticles using STORM yields high-

resolution visualization in various conditions, but stochastic phenomena present in the 

STORM localization process confound the assessment of the functional group density and 

distribution.   

In order to estimate the actual location of a fluorescent functional group based on a cluster 

of localizations, the photophysical behaviour of the Alexa647 fluorophore is first 

characterized. By imaging nanoparticles with only a single dye molecule attached, 

localization accuracy and blinking behaviour can be measured. Using these properties, the 

STORM imaging process is simulated and multifunctional nanoparticles are investigated. 

Finally, the most likely arrangement of dyes on a nanoparticle is derived from STORM 

images using a mathematical expectation-maximization routine. This approach allows the 
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analysis of functional group distribution on existing nanoparticles, but also provides a 

perspective for exploiting multivalency in more dynamic, supramolecular delivery systems. 

 

Chapter 5 returns to STORM-mediated analysis of molecular distributions in 

supramolecular polymers. In particular, the relation between the molecular structure of the 

monomer and the resulting exchange mechanism is investigated. Exchange experiments using 

peptide amphiphile nanofibers again disclose transfer of monomeric species, but also reveal 

pronounced heterogeneity within and among fibers. Ordered β-sheet structures create local 

stable domains, which coexist with more dynamic, freely exchanging regions. Moreover, 

studies of a synthetic triblock polypeptide report irreversible self-assembly, in which no 

exchange is observed whatsoever. This absence of exchange is attributed to the strongly 

hydrogen-bonded β-barrel formed by the central silk-mimic block, and can be exploited to 

achieve living supramolecular polymerization. Collectively, the analyses of exchange 

mechanisms in different nanofibers establish molecular order as an important determinant of 

residual dynamics. 

 

Finally, Chapter 6 describes progress towards a universal sample preparation method that 

allows imaging of dynamic nanostructures in a native, solution-like state. Traditional fixation 

methods for microscopy samples are invasive, the strong immobilizing interactions affecting 

molecular dynamics and obscuring native behaviour. By using silane-based surface 

chemistry, microscope coverslips are imbued with antifouling or tethering properties. 

Optimization and combination of these properties should lead to immobilized nanostructures 

(e.g. BTA nanofibers) that display fiber growth, monomer exchange, restricted Brownian 

motion and a range of other dynamic phenomena.  

 

The properties of supramolecular materials are determined in part by the static bond 

topology designed into the constituent monomers, but the dynamic behaviour of the building 

blocks is an equally crucial factor. These dynamics influence formation rates, product 

morphology and interactions with other structures. Therefore, the kinetic laws underlying 

aggregation processes, monomer exchange and hierarchical self-assembly need to be studied 

and understood. Translating this knowledge to spatiotemporal control over systems of 

interacting components is the final step towards realizing the potential of a new generation of 

synthetic supramolecular materials. 
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Dynamische processen in supramoleculaire systemen 

De plastics die in de moderne samenleving alomtegenwoordig zijn, bestaan uit lange, 

ketenvormige moleculen. Deze zogeheten polymeerketens zijn opgebouwd uit individuele 

schakels genaamd monomeren, die in traditionele plastics verbonden zijn door sterke, 

covalente bindingen. De moleculaire structuur van polymeren leidt tot bijzondere 

eigenschappen, maar hindert ook gemakkelijke bewerking en aanpassing van deze 

materialen. De sterke en statische covalente bindingen kunnen vervangen worden door meer 

dynamische supramoleculaire bindingen, met als resultaat polymere materialen die 

gemakkelijker te bewerken zijn en reageren op invloeden uit hun omgeving. 

De natuur vormt een bron van inspiratie voor dynamische bindingen, aangezien levende 

cellen supramoleculaire polymeren gebruiken om complexe functionaliteiten te realiseren. 

Voorbeelden hiervan zijn het reageren op signaalstoffen, het repareren van beschadigingen of 

het uitvoeren van celdeling. Voor veel van deze functies is het essentieel dat individuele 

monomeer-moleculen makkelijk kunnen opstapelen tot polymeer (zelfassemblage) en vice 

versa: het dynamische karakter van de bindingen is cruciaal. Door strikte controle over de 

opbouw en afbraak van supramoleculaire aggregaten, slagen cellen erin hun structuur uiterst 

effectief te reguleren. De exacte mechanismen achter deze zelfassemblageprocessen worden 

nog niet volledig begrepen, en zijn dus ook lastig te vertalen naar synthetische materialen. 

Om deze reden is de controle over materiaaleigenschappen in synthetische supramoleculaire 

polymeren nog beperkt, wat hun toepassing in de gebieden van biomedische en 

materiaalwetenschappen hindert.  

 

In dit proefschrift wordt een aantal methoden gepresenteerd om supramoleculaire 

bindingen te bestuderen, en meer specifiek de mechanismen achter de (de)polymerizatie van 

supramoleculaire bouwstenen. De monomeer-schakels in deze polymeren zijn enkele 

nanometers groot (een nanometer is een miljardste van een meter), en het onderzoeken van 

mechanismen op deze schaal vereist specialistische technieken. In grote lijnen zijn er twee 

methoden om interacties van individuele moleculen op de nanoschaal te bestuderen. De 

eerste optie is het meten van het gemiddelde gedrag van een grote populatie moleculen door 

hun interactie met licht (ensemble spectroscopie). Door vervolgens met een computermodel 

de bijdragen van individuele moleculen te beschrijven, kunnen conclusies worden getrokken 

over het zelfassemblageproces. Een alternatieve werkwijze is het gebruik van fluorescente 

labels om specifieke moleculen te kunnen volgen. Met behulp van een gevoelige microscoop 

kan op die manier zelfassemblage direct geobserveerd worden (single molecule microscopie). 

Beide methoden worden in deze thesis gebruikt om onderzoek te doen naar mechanismen van 

zelfassemblage in synthetische supramoleculaire systemen. 

 

In Hoofdstuk 1 worden supramoleculaire bindingen geïntroduceerd, en wordt de bestaande 

literatuur over de vorming van supramoleculaire polymeren uit de corresponderende 

monomeren samengevat. Verschillende technieken voor het analyseren van 
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assemblagemechanismen worden behandeld, en de daarmee verworven inzichten met 

betrekking tot de dynamica in supramoleculaire systemen worden besproken.  

 

In Hoofdstuk 2 wordt de zelfassemblage van een schijfvormig molecuul, bipyridine-

verlengd 1,3,5-benzeentricarboxamide (BTA), in het oplosmiddel butanol onderzocht. Door 

het gebruik van een combinatie van verschillende typen spectroscopie wordt aangetoond dat 

dit molecuul twee verschillende polymeerstructuren vormt, afhankelijk van de fysische 

condities. Verder laten numerieke modellen zien dat zolang het systeem in evenwicht is 

(m.a.w. de hoeveelheden van verschillende aggregaten blijven constant in de tijd), er geen 

conclusies kunnen worden getrokken over het assemblagemechanisme. Als er daarentegen 

zogenaamde kinetische experimenten worden uitgevoerd, waarin een verandering in de 

toestand van het systeem wordt gevolgd door snelle metingen, is het systeem niet in 

evenwicht en kunnen er aan de hand van modellen wel degelijk uitspraken worden gedaan 

over mechanismen. In het geval van de bipyridine-disk blijken de twee polymeerstructuren 

elkaar te beconcurreren voor de bouwsteen, en op die manier het assemblageproces te 

vertragen. 

 

In Hoofdstuk 3 worden de dynamica van een verwant schijfvormig BTA-molecuul 

bestudeerd. Uit eerdere experimenten is bekend dat deze moleculen supramoleculaire 

polymeren vormen in water, en dat er na voltooiing van het assemblageproces nog steeds 

uitwisseling van bouwstenen tussen de verschillende polymeerketens plaatsvindt. Met behulp 

van de super-resolutie microscopie-techniek STORM worden nu deze uitwisselende 

moleculen gevolgd. Door de ruimtelijke verdeling van de uitwisselende eenheden in een 

kinetisch experiment te bestuderen met correlatie-analyse, kan het uitwisselingsmechanisme 

opgehelderd worden. In het geval van deze BTA blijkt uitwisseling niet zoals verwacht aan 

het uiteinde van polymeerketens plaats te vinden, maar over de gehele lengte van de 

structuren. Dit mechanisme is een aanwijzing voor een zekere mate van lokale wanorde in de 

structuur van de supramoleculaire polymeer, enigszins vergelijkbaar met de structuur van 

micellen en vesikels. 

 

In Hoofdstuk 4 wordt de quantificering van moleculaire verdelingen in STORM-

fluorescentiemicroscopie in meer detail bekeken. Deze verdeling bepaalt de interactie tussen 

functionele materialen en cellen, en is dus van groot belang voor de biomedische toepassing 

van nanodeeltjes en supramoleculaire polymeren. De visualizatie van functionele 

nanodeeltjes door middel van STORM wordt gedemonstreerd in een verscheidenheid aan 

omgevingen, onder andere in cellen. Echter, door de stochastische (d.w.z. bepaald door 

toeval) effecten in het beeldvormingsproces is de daadwerkelijke verdeling van functionele 

groepen nog moeilijk in te schatten. Om die reden wordt een photofysisch model ontwikkeld 

voor het gedrag van de fluorescente labels. Dit model helpt met de interpretatie van STORM-
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afbeeldingen, waardoor de verdeling van moleculen op het oppervlak van een nanodeeltje 

nauwkeuriger geanalyseerd kan worden.  

 

Hoofdstuk 5 vervolgt de analyse van moleculaire verdelingen in uitwisselingsprocessen 

van verschillende supramoleculaire polymeren. In het bijzonder wordt de relatie tussen de 

moleculaire structuur van deze polymeren en het mechanisme van hun uitwisseling 

bestudeerd. In zogenaamde peptide amfifiele (PA) structuren worden tijdens de uitwisseling 

stabiele en mobiele domeinen zichtbaar binnen één polymeer, veroorzaakt door verschillen in 

de supramoleculaire waterstofbrug-bindingen. In een silk-mimic polypeptide (SMP) zijn de 

supramoleculaire bindingen zo sterk, dat er helemaal geen uitwisseling meer plaatsvindt.  Op 

basis van uitwisseling in de verschillende supramoleculaire structuren, kan worden 

geconcludeerd dat orde op moleculaire schaal een belangrijke factor is in de dynamica van 

supramoleculaire materialen. 

 

Tenslotte beschrijft Hoofdstuk 6 verbeteringen van de preparaatbereiding voor STORM-

microscopie in dynamische systemen. Om microscopische metingen uit te voeren, is het 

nodig structuren te fixeren op een substraat. Huidige fixatiemethoden beïnvloeden daarbij 

vaak de inherente dynamica van aggregaten en bemoeilijken zo mechanistisch onderzoek. 

Om deze invloed te verkleinen wordt de oppervlaktechemie van de substraten onder de loep 

genomen, en door chemische behandeling met silaanverbindingen ontstaan gecontroleerde 

bindingen tussen oppervlak en supramoleculaire polymeren. Het doel is om door 

optimalisatie van deze interacties onderzoek mogelijk te maken naar een breed scala aan 

dynamische processen in supramoleculaire polymeren. 

 

Dit proefschrift benadrukt de belangrijke rol van dynamica in het gedrag van 

supramoleculaire polymeren. De eigenschappen van de gevormde materialen worden zowel 

tijdens als na voltooiing van het zelfassemblageproces beïnvloed door de constante vorming 

en afbraak van supramoleculaire bindingen. De ontwikkeling van betere methoden om de 

mechanismen te analyseren die aan dit gedrag ten grondslag liggen, is cruciaal om de 

controle over zelfassemblage in synthetische materialen te vergroten. Beheersing van zowel 

de ruimtelijke structuur als de levensduur van verschillende typen supramoleculaire 

interacties is noodzakelijk om polymere materialen een nieuw niveau van functionaliteit te 

laten bereiken.  
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