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Abstract 

Regulation of the assembly and disassembly of peptide nanostructures is essential 

to create complex and dynamic systems that exhibit pathway selectivity. This thesis 

demonstrates the design of synthetically modified peptides that are responsive to 

stimuli such as light, pH, or redox, thereby controlling their assembly and disassembly 

behavior. In addition, the concept of stimulus-controlled assembly was investigated 

in complex environments. 

In order to achieve control over the disassembly of nanostructures two short 

anthracene-containing peptides were designed that also feature a pH sensitive lysine. 

They assembled into nanosheets or nanoribbons with a distinct secondary structure. 

These morphologies could further be modulated by pH, leading to different amount 

of charges on the peptide. Upon irradiation the light-responsive anthracene units 

performed a bimolecular [4+4] cycloaddition, which disrupted the π-π stacking by 

distortion of the previously flat aromatic groups and therefore lead to disassembly of 

the supramolecular architecture. In contrast to monomolecular reactions such as 

photocleavage, the preorganization of the anthracene units within the supramolecular 

architecture exerted a notable influence on the kinetics of the bimolecular 

photodimerization. This highlights the interplay between the supramolecular structure 

and the molecular chemistry and showcased the controlled disassembly of diverse 

nanostructures. 

The assembly process can also be precisely controlled using light-responsive 

systems. In conjunction with redox-responsive cysteine, a photolytic reaction cascade 

was engineered, yielding a disulfide that exhibited pathway selectivity during the 

assembly process. This was achieved by starting from a caged isopeptide, which 

released the linear peptide upon photocleavage and subsequently was oxidized by 

the side products of the cage to a disulfide. The modulation of this process was 

possible through the introduction of the reducing agent DTT, which affords control 

over the production and lifetime of the supramolecular monomers. The disulfide 

displayed short, twisted fibers when directly assembled, yet revealed short and thin 

fibers when assembled as part of the cascade. By cycling between the redox states, 

a third morphology of long and thin fibers emerged, whose secondary structure could 
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be tuned by the amount of DTT. This project demonstrated how a combination of light 

and redox responsiveness enables control over the assembly process with several 

distinct pathways giving rise to different nanostructures. 

A glutathione-responsive isopeptide was then used to control the assembly of 

nanostructures in a complex environment such as the cell. Elevated levels of 

glutathione within the cytosol compared to the extracellular matrix could selectively 

cleave the cage, initiate the reaction cascade and release the linear, assembling 

peptide. The formation of nanostructures and their effect on MDA-MB-231 breast 

cancer cells was observed through life-cell imaging and fluorescence spectroscopy, 

as well as the oxygen consumption of the cell. The supramolecular assembly led to 

a disruption of mitochondrial integrity and inhibited energy homeostasis. Notably, the 

observed effects were not confined to two-dimensional cell culture, they could also 

result in a reduction in tumor size in a three-dimensional tumor spheroid model. 

In summary, this thesis presented the modulation of assembly processes by 

controlling their reaction pathways. This was achieved by incorporating stimuli-

responsive groups and tuning of supramolecular interactions. Furthermore, the 

interplay between molecular chemistry and the supramolecular architecture and vice 

versa is highlighted. These results should facilitate the discovery of next-generation 

biomaterials with control over the formation of complex nanostructures.  
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Zusammenfassung 

Die Regulierung der Assemblierung und Disassemblierung von Peptid-

Nanostrukturen ist für die Schaffung komplexer und dynamischer Systeme, die eine 

Wegselektivität aufweisen, von entscheidender Bedeutung. Diese Arbeit zeigt das 

Design synthetisch modifizierter Peptide, die auf Stimuli wie Licht, pH-Wert oder 

Redox reagieren und so ihr Auf- und Abbauverhalten steuern. Darüber hinaus 

wurde das Konzept die durch Stimuli kontrollierte Assemblierung von Peptiden in 

komplexen Umgebungen untersucht. 

Zur Erlangung der Kontrolle über die Disassemblierung von Nanostrukturen wurden 

zwei kurze, anthracenhaltige Peptide entwickelt, die zudem ein pH-sensitives Lysin 

enthalten. Die daraus resultierenden Strukturen ordneten sich zu Nanoblättern oder 

Nanobändern mit einer unterschiedlicher Sekundärstruktur an. Die Morphologien 

konnten durch den pH-Wert moduliert werden, was zu unterschiedlichen Ladungen 

am Peptid führte. Bei Bestrahlung führten die lichtresponsiven Anthracen-Einheiten 

eine bimolekulare [4+4]-Cycloaddition durch, die die π-π-Wechselwirkungen durch 

Verzerrung der zuvor flachen aromatischen Gruppen störte und somit zur Auflösung 

der supramolekularen Architektur führte. Im Gegensatz zu monomolekularen 

Reaktionen, wie der Photospaltung, übte die Präorganisation der Anthracen-

Einheiten innerhalb der supramolekularen Architektur einen bemerkenswerten 

Einfluss auf die Kinetik der bimolekularen Photodimerisierung aus. Dies 

unterstreicht die Wechselwirkung zwischen der supramolekularen Struktur und der 

molekularen Chemie und demonstriert die kontrollierte Disassemblierung 

verschiedener Nanostrukturen. 

Der Assemblierungsprozess kann ebenfalls mithilfe lichtresponsiver Systeme 

präzise gesteuert werden. In Verbindung mit Redox-responsivem Cystein, wurde 

eine photolytische Reaktionskaskade entwickelt, die ein Disulfid freisetzte, dessen 

Assemblierungsprozess eine Reaktionswegselektivität aufwies. Dieser Effekt wurde 

durch den Einsatz eines blockierten Isopeptids erzielt, welches das lineare Peptid 

nach der Photospaltung freisetzte und anschließend durch die Nebenprodukte der 

Schutzgruppe zu einem Disulfid oxidiert wurde. Die Modulation dieses Prozesses 

wurde durch die Einführung des Reduktionsmittels DTT erreicht, wodurch eine 



 

vi 
 

Kontrolle über die Produktion und Lebensdauer der supramolekularen Monomere 

möglich wurde. Das Disulfid wies kurze, verdrehte Fasern auf, wenn es direkt 

assembliert wurde, zeigte jedoch kurze und dünne Fasern, wenn es als Teil der 

Kaskade assembliert wurde. Durch Schalten zwischen den Redoxzuständen 

entstand eine dritte Morphologie aus langen und dünnen Fasern, deren 

Sekundärstruktur durch die Menge an DTT angepasst werden konnte. Dieses 

Projekt demonstrierte, dass eine Kombination aus Licht und Redoxreaktion die 

Kontrolle über den Assemblierungsprozess mit mehreren unterschiedlichen Pfaden 

ermöglicht, die zu unterschiedlichen Nanostrukturen führen. 

In der Folge wurde ein Glutathion-reaktives Isopeptid genutzt, um den Aufbau von 

Nanostrukturen in einer komplexen Umgebung wie der Zelle zu steuern. Erhöhte 

Glutathionwerte im Zytosol im Vergleich zur extrazellulären Matrix konnten den 

Käfig selektiv spalten, die Reaktionskaskade einleiten und das lineare, 

assemblierende Peptid freisetzen. Die Bildung von Nanostrukturen und ihre 

Wirkung auf MDA-MB-231-Brustkrebszellen wurden durch die Methoden der 

Lebendzell-Bildgebung und Fluoreszenzspektroskopie sowie durch die Messung 

des Sauerstoffverbrauchs der Zelle beobachtet. Die supramolekulare Anordnung 

führte zu einer Störung der mitochondrialen Integrität und hemmte die 

Energiehomöostase. Bemerkenswerterweise waren die beobachteten Effekte nicht 

auf zweidimensionale Zellkulturen beschränkt, sondern konnten auch in einem 

dreidimensionalen Tumorsphäroidmodell zu einer Verringerung der Tumorgröße 

führen. 

In der vorliegenden Arbeit wurde die Modulation von Assemblierungsprozessen 

durch die Steuerung der Reaktionswege vorgestellt. Dies wurde durch die 

Einbindung von auf Stimulus-responsiven Gruppen und die Anpassung der 

supramolekularen Wechselwirkungen erreicht. Darüber hinaus wird das 

Zusammenspiel zwischen der molekularen Chemie und der supramolekularen 

Architektur und umgekehrt hervorgehoben. Die Ergebnisse der Forschung sollten 

die Grundlage für die Entwicklung neuer Biomaterialien der nächsten Generation 

bilden, mit denen die Bildung komplexer Nanostrukturen kontrolliert werden kann. 
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1 Introduction 

1.1 Supramolecular peptide assemblies in nature 

Supramolecular assembly is crucial to life because it is a core mechanism in which 

biomolecules regulate many of our body's functions. This starts with the dimerization 

of the DNA double helix, which stores the blueprint of every cell and goes to complex 

proteins that are only active when assembled and folded in the correct way. Proteins 

are particularly interesting because of the great diversity in structure and function that 

has evolved over the course of evolution.[1] Some researchers estimate that there 

may be up to several billion protein species that keep the human body functioning.[2] 

This complexity stems from the 20 canonical amino acids that function as the basic 

building blocks. These amino acids differ mainly by their side chain, which can be 

either basic, acidic, polar or unpolar. The combination of these properties as a primary 

structure combined with the hydrogen-bonds between the peptide backbone then 

gives rise to a three-dimensional tertiary structure.[1] These subunits then assemble 

into hierarchical quaternary structures, either homomeric, by repeating the same 

subunit or heteromeric, resulting in a structure composed of several different 

subunits.[3] 

The diversity of proteins is also reflected in their morphology. These range from 

simple structures such as fibrils (Figure 1a),[4] rings[5] or tubes[6] to very complex 

structures like mechanically-interlocked catenanes (Figure 1b),[7] knots[8] or even 

protein cages, that allow further compartmentalisation within the cell (Figure 1c).[9] 

 

Figure 1: a) High-resolution crystal structure of the (ProHypGly)4-(ProHypAla)- (ProHypGly)5 

collagen triple helix. Reprinted with permission from ref.[4] Copyright 2010 Annual Reviews, 

Inc. b) Surface diagram of SP-22 C168S exhibiting a catenane structure. Reprinted with 

permission from ref.[7] Copyright 2005 Elsevier. c) Structure of the unliganded (apo) GroEL 

with the different subunits colored in red, green and yellow. Reprinted with permission from 

ref.[9] Copyright 2013 Springer Nature. 



Introduction 

2 
 

The formation of these distinct structures is contingent on the interplay between non-

covalent interactions, which act over various length scales, each extending up to 

several angstroms, and exhibit varying strengths. The energy of these interactions is 

influenced not only by the nature of the interaction itself but also by the surrounding 

chemical environment, as these interactions can exhibit a high degree of 

cooperativity.[10] Hydrogen bonds are particularly notable in peptides due to amount 

of possible interactions between the amides in the peptide's backbone, in addition to 

the polar side chains. Furthermore, hydrogen bonds exhibit a high degree of 

directionality, which facilitates the formation of secondary structures, such as β-

sheets and α-helices.[11,12] The nature of electrostatic interactions is dictated by 

coulomb forces, which govern the attraction or repulsion between charges. The 

strength of these interactions is approximately ~500 kJ mol-1, which is comparable to 

covalent bonds.[12] The driving force of hydrophobic interactions is to minimize the 

contact with water. They are therefore governed by a favorable entropy instead of a 

favorable enthalpy. These interactions are contingent upon the polarity of the 

surrounding solvent, exhibiting no directionality and often lead to a formation of a 

micellar structure. A distinctive form of hydrophobic interactions is represented by π-

π interactions that display a strength of up to 50 kJ mol-1.[13] These interactions are 

found in aromatic and conjugated peptides and lead to directional growth by stacking 

of the π-systems. Depending on the solvent and the chemical environment, the π-π 

stacks can adopt different conformations, such as face-to-face or edge-to-face, which 

in turn can also lead to distinct photophysical properties of the aromatic groups 

compared to the single molecule.[14,15] Furthermore, aromatic groups can interact with 

charge side-chains of basic amino acids and form cation- π interactions.[16] 

These interactions can be dynamic, as can the structures they form. This is crucial 

because misfolded or misaggregated proteins can cause diseases such as 

Alzheimer's, Parkinson's and Huntington's.[17,18] Nature has therefore developed 

methods to either disassemble and degrade proteins or to refold them into their 

correct conformation. The ubiquitin-proteasome system (UPS) regulates proteolysis 

in the cell by tagging misfolded proteins with the protein ubiquitin in an enzymatic 

cascade, usually through an isopeptide bond with a lysine side chain. The tagged 

protein is then delivered to the proteasomes, which first unfold the peptide and then 

degrade it into individual amino acids or oligopeptides.[19,20] Another proteostasis 

mechanism involves chaperones. These macromolecular machines have a wide 



Introduction 

3 
 

range of substrates and assist in protein folding or disassemble proteins and prevent 

their aggregation. For example, the bacterial chaperonine GroEL (Figure 1c) can bind 

to proteins with exposed hydrophobic surfaces in its chamber, unfold them by exerting 

mechanical forces, and then allow them to refold in a hydrophilic chamber.[9] 

To drive the system out of equilibrium and make it dynamic, these processes require 

the addition of energy in form of ATP or GTP. Instead of performing a specific function 

when energy is added, it can also be used to generate transient assembled structures 

that fall apart when the energy is depleted. The cytoskeleton is made up of actin 

monomers and tubulin dimers, which form filaments and microtubules when they are 

driven out of equilibrium by energy dissipation.[21] Monomeric actin (G-actin) binds 

ATP and can then polymerize into filaments (F-actin). It is then hydrolyzed to ADP-

actin and depolymerized by the loss of phosphate. The filament has two biochemically 

distinct sites as growth occurs at the barbed end and disassembly occurs at the 

pointed end, creating a treadmill-like movement.[22] These ends display different 

conformations, as the barbed end adopts a flat F-actin conformation and the pointed 

end a twisted G-actin conformation. This leads to a structural asymmetry and polarity 

at the barbed end, which favors the addition of additional monomers.[23] Microtubules 

are assembled from α-/β-tubulin heterodimers by hydrolysis of the attached GTP to 

GDP. The structures have a plus and a minus end, with only the plus end propagating, 

although both sides are chemically identical. Microtubules therefore exhibit structural 

plasticity.[24,25] The observed kinetic disparities are attributed to variations in polarity 

and conformation at the respective interface, as tubulin heterodimers assemble in a 

head-to-tail configuration.[26] The assembly and disassembly at the same end of the 

microtubule can be explained by a stress-storage-crack propagation model and is a 

result of different preferred conformations of GTP- and GDP-bound subunits. GTP-

subunits add to open sheets at the plus-end, which are then straightened and closed 

to form the tubular structure. Upon hydrolysis to the GDP-subunit, an outwardly 

curved structure is preferred, which causes the accumulation of strain within the tube 

and results in cracks between the filaments. This sequence of events culminates in 

the disassembly of the filaments and the subsequent release of stored energy.[24] 
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1.2 Synthetic supramolecular assemblies. 

These biological assemblies were replicated, in parts, within synthetic cell models, 

often with short amphiphilic or cyclic peptides. One of the earliest examples of this 

was the synthesis of uniform hollow tubular structures by the assembly of cyclic 

peptides in 1993. In this study, the researchers used alternating L- and D-amino acids 

to create a flat ring-shaped conformation, which was then elongated by stacking in 

an antiparallel fashion through hydrogen bonds.[27] Synthetic peptide assemblies offer 

numerous advantages, including biocompatibility and biodegradability, as well as 

diverse structural motifs and dynamics resulting from non-covalent interactions.[14,28] 

The dynamic behavior of these systems can be tuned by the lifetimes of the 

supramolecular interactions, with too short lifetimes (τ < 1 µs) preventing assembly, 

while too long lifetimes (τ > 1 min) resulting in a static behavior.[29] In addition, the 

physical dimensions of the nanostructures can be modulated by controlling the 

assembly process.[30] 

Covalent polymerization is a process that is usually kinetically controlled due to the 

irreversibility of the covalent bond formation. In contrast, supramolecular 

polymerization is often characterized by its thermodynamic control. This means that 

reaction parameters, including conversion and the molecular weight of the resulting 

polymer, are directly dependent on concentration, temperature, and pressure. There 

are three main mechanisms that describe the growth of supramolecular polymers or 

assemblies. The isodesmic polymerization (Figure 2a) is distinguished by the 

reversible formation of a single non-covalent bond, where the association constant 

remains constant during the polymerization process. This independence from 

neighboring groups, the absence of cyclic intermediates, and the correlation between 

the degree of polymerization and the association constant are notable features. This 

mechanism is analogous to the step polymerization observed in conventional 

covalent polymers. The second mechanism is the ring-chain supramolecular 

polymerization (Figure 2b). This process entails the use of a ditopic monomer, which 

is characterized by a flexible tether linking the functional groups. The monomer 

exhibits a dynamic equilibrium between an open and linear form and a cyclic form, 

with the rate of intramolecular cyclization being contingent on the conformation of the 

linker.[31]  
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Figure 2: Schematic illustration of the three distinct mechanisms of supramolecular 

polymerization: a) isodesmic polymerization. b) ring-chain mediated polymerization. c)  

cooperative polymerization. Adapted with permission from ref.[31] Copyright 2009 American 

Chemical Society. 

The third category is the cooperative supramolecular polymerization (Figure 2c), 

which is a prevalent method for the assembly of peptides and proteins, including the 

peptide hormone islet amyloid polypeptide.[32] This mechanism comprises two stages, 

which result in either cooperative or anticooperative growth. In the initial stage, a 

polymer is formed by isodesmic polymerization with a specific association constant, 

Kn, until a nucleus with a certain degree of polymerization is formed. In the 

subsequent phase, monomers are introduced to this nucleus, with an association 

constant of Ke being higher compared to the initial value of Kn, resulting from 

cooperative effects, which will be explained further in this chapter. In the case of 

anticooperative polymerizations, the association constants are reversed, resulting in 

Kn being larger than Ke. This leads to low polydispersity.  
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In general, cooperative supramolecular polymerizations are distinct from isodesmic 

polymerizations in several aspects. Firstly, a time-dependent lag phase is observed 

during polymerization, as the formation of the nucleus is a prerequisite. This lag 

phase is attributed to the fact that the nucleus, being the least prevalent species in 

solution, functions as a bottleneck. This challenge, and consequently the lag phase, 

can be circumvented by incorporating a preformed nucleus as a seed. Additionally, a 

critical concentration must be attained to shift the equilibrium between monomers and 

polymer towards the latter. Within the cooperative mechanism, there are two subsets: 

nucleated and downhill supramolecular polymerization. The distinction between 

these two processes arises from the variation in Gibbs free energy during the initial 

step. In instances where the Gibbs free energy increases and attains its maximum at 

the formation of the nucleus, the process is classified as nucleated polymerization. 

Conversely, in the case of downhill polymerization, the monomer possesses the 

maximum free energy, and the nucleation step is merely slower than the elongation 

step.[33] However, this differentiation is concentration dependent, as the nucleated 

polymerization can become downhill upon increasing the monomer concentration.[34] 

The degree of cooperativity, denoted by σ, can be quantified using the ratio Ke/Kn. In 

the context of polymerization, σ values less than unity are indicative of a cooperative 

process, values greater than unity correspond to an anti-cooperative process, and 

values equal to unity correspond to an isodesmic process. The mole fractions of 

assembled molecules, denoted by Φ, plotted against the dimensionless concentration 

KCt (Figure 3a) demonstrate a constant increase in polymer for the isodesmic process 

(σ = 1), while in the cooperative process, there is negligible polymerization for 

concentrations below the critical concentration. Above this concentration, high 

molecular weight polymers are produced within a narrow concentration range. It can 

thus be concluded that an increase in the degree of polymerization can be achieved 

by increasing the concentration or decreasing the σ (Figure 3b). Isodesmic 

polymerization exhibits simultaneous growth of equilibrium monomer and polymer 

concentration upon increasing the overall concentration. Conversely, in a cooperative 

polymerization, the monomer concentration rises until it reaches a critical assembly 

concentration, at which point polymer formation commences, while the monomer 

concentration reaches a plateau (Figure 3c). A key feature that differentiates these 

mechanisms is the mass distribution pattern. Isodesmic polymerization is 

characterized by a broad monomodal distribution, whereas cooperative 
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polymerization is typified by a bimodal distribution comprising monomers or polymers 

with high polymerization degrees (Figure 3d).[31] 

 

Figure 3: Concentration-dependent properties of isodesmic and cooperative supramolecular 

polymerizations with different values of σ. a) Fraction of polymerized material, Φ, as a 

function of the dimensionless concentration KCt. a) Weight-averaged degree of 

polymerization (DPW) as a function of KCt. c) Dimensionless equilibrium concentration of 

monomer and polymer as a function of KCt. d) Molecular weight distribution as a function of 

the degree of polymerization for isodesmic and supramolecular polymerizations.[31] Reprinted 

with permission from ref.[31] Copyright 2009 American Chemical Society. 

In addition to the critical concentration, cooperative assemblies demonstrate a 

temperature dependence. This phenomenon is evident in the floor temperature for 

entropy-driven systems, where polymerization is absent below it. Conversely, 

enthalpy-driven polymerizations are constrained by the ceiling temperature. Once this 

threshold is surpassed, the supramolecular polymer disassembles.[35] While synthetic 

systems are usually dominated by the enthalpic component, most biological systems 

such as collagen fibrils or the bovine brain tubulin instead exhibit a floor temperature 

and are therefore entropy driven.[36,37] Despite its seemingly counterintuitive 

appearance, the entropy of the system is increased upon assembly when the water 

shell around the single molecule is taken into account. The water molecules form a 
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cage-like structure around the hydrophobic patches, thereby minimizing the 

disruption of the hydrogen bond network. Within this cage, the mobility of the water 

molecules is restricted and therefore their entropy is low. Conversely, aggregation of 

the hydrophobic surfaces results in the release of these water molecules, thereby 

achieving an entropy gain.[38,39] However, the aggregation requires the attainment of 

a specific volume-to-surface area ratio.[40] 

The cooperativity of these polymerizations is attributed to a combination of electronic, 

structural, and hydrophobic effects. Electronic effects play a predominant role in linear 

polymers that assemble via hydrogen bonds, where the addition of a monomer to an 

existing polymer is entropically favored in comparison to the formation of a dimer by 

two monomers. For instance, the formation of formamide chains is governed by 

pairwise long-range dipole-dipole electrostatic interactions, short-range non-pairwise 

polarization and resonance-assisted hydrogen bonding. However, these effects are 

only present when the hydrogen bonding end groups are not divided by a flexible 

spacer.[31,41] 

 

Figure 4: Schematic illustration of the cooperativity of helical or tubular in a) single-stranded 

or b) multi-stranded supramolecular polymers. Red arrows denote the secondary interactions 

that facilitate cooperative growth. Adapted with permission from ref.[31] Copyright 2009 

American Chemical Society. 

 Structural cooperative effects are dependent on the morphology of the assembly as 

they are predominantly present in helical or tubular structures. Upon completion of 
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the initial turn of a helix or tube, a new monomer engages not only with the preceding 

molecule but also with the molecule situated on the opposing side of the helix (Figure 

4a). This effect is particularly pronounced in multi-stranded assemblies or tubes, 

which exhibit enhanced interstrand interactions (Figure 4b).[31] This phenomenon is 

particularly pronounced in biological systems, such as actin or tubulin, where such 

structures are prevalent.[42,43] Furthermore, additional cooperativity emerges due to 

allosteric effects, which refer to the conformational changes of monomers and 

polymers into a state favorable for polymerization.[44]  

 

1.2.1 Assembly of short aromatic peptide amphiphiles 

In order to gain a deeper understanding of the supramolecular interactions and design 

principles presented in the previous section, minimalistic peptide sequences were 

developed, that offer a similar array of structures and functions compared to their 

larger counterparts. These short peptides, however, are easier to synthesize and 

modify and therefore enable the systematic programming of interactions.[45–47] As 

these peptides contain a limited number of amino acids to enable sufficient number 

of hydrogen bonds to promote assembly, synthetic hydrophobic groups are often 

incorporated, either as aliphatic chains or aromatic groups, to supplement 

hydrophobic interactions.[48,49] While the aliphatic version, with its structure similar to 

synthetic covalent block-copolymers, typically forms spherical and cylindrical 

micelles,[50,51] aromatic systems exhibit directionality caused by the π-π stacking of 

the planar aromatic moieties, leading to geometric restrictions, that in turn lead to an 

increased order within the nanostructure (Figure 5a).[45,52]  

The Fmoc-group is a particularly notable aromatic moiety due to its prevalent usage 

as a protecting group in peptide synthesis.[53,54] The first example of this was Fmoc-

LD, which formed a thermoresponsive gel and was reported in 1995.[55] Comparison 

between a series of dipeptides with Fmoc and Boc groups at the N-terminus, 

respectively, showed that the Fmoc peptides formed gels in more cases, highlighting 

the importance of the π-π stacking.[56] Besides the Fmoc group, there are several 

other aromatic groups used such as naphthalene,[57] naphthalene diimides,[58] 

azobenzene[59] or pyrene.[60] However, there is no conclusive correlation between the 

relative hydrophobicity together with a certain peptide sequence and the assembly 

behavior.[45] Apart from changing the N-terminal substituent, it is also possible to 
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modify it on the aromatic ring. For instance, using a peptide capped with 

pentafluorophenyl leads to hydrogels, while the non-fluorinated analogues did not.[61] 

The linker, which connects the aromatic group with the peptide, plays a pivotal role 

in assembly, determining the relative orientation between the two groups and thereby 

dictating the extent of intermolecular interactions in each segment. A study employing 

multiple naphthalene amphiphiles, each with a distinct linker, revealed that a single 

variant exhibited gelation, characterized by a particularly linear geometry (Figure 

5b).[57] It is noteworthy that the presence of hydrogen bond donors or acceptors within 

the linker system can concomitantly promote assembly. In general, a rigid linker 

system with a linear conformation provides the optimal scaffold for the formation of 

nanostructures; nevertheless, it offers options for modification of the whole system in 

a complex way, for instance by using different numbers of methylene units, which 

causes alterations to the handedness of the supramolecular chirality.[62] 

 

Figure 5: a) Schematic illustration of the different components of a short amphiphilic peptide. 

b) Potential stacking arrangements. c) The influence of the linker and its geometry on the 

gelation properties of a naphthalene-containing peptide. d) Supramolecular nanostructures 

assembled from a short aromatic peptide amphiphile. Adapted with permission from ref.[45] 

Copyright 2014, Royal Society of Chemistry.
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Other than the terminal modifications and linker design, the peptide sequence can 

also be customized to tune the non-covalent interactions and the morphology of the 

assembly. Glycine, a  achiral amino acid, contributes to the system's flexibility, hereas 

proline, with its atypical secondary amide bond, imparts rigidity.[63] The peptide 

sequence is instrumental in balancing the hydrophobic aromatic part with hydrophilic 

segments, thereby preventing precipitation.[45] A common approach to facilitate the 

formation of β-sheets involves the incorporation of alternating polar and non-polar 

amino acids in the sequence. This approach is believed to result in a balanced 

interior/exterior geometry of the side-chain residues, thereby shielding the 

hydrophobic parts from the water.[64] The C-terminus has the capacity to provide 

additional hydrophilicity, though this property is contingent upon factors such as pH 

and modification. The potential charge associated with the carboxylic acid can serve 

as a pH trigger within the system, leading to either assembly upon lowering or 

disassembly upon increasing the pH.[65] Methylation of the C-terminus has been 

observed to induce solubility challenges, underscoring the necessity for incorporating 

additional hydrophilic amino acids to address these concerns. [66] 

As previously outlined, the assembly of these short aromatic peptides is governed by 

the amphiphilicity of the system.[67] However, these subunits can stack in different 

conformations, thereby resulting in different structures. Parallel stacking of the 

aromatic groups is commonly seen in side-chain halogenated Fmoc-F and Fmoc-Y 

derivatives. In this parallel stacking conformation, the fibrils associate, thus ensuring 

the burial of the hydrophobic Fmoc-group in the peptide's core, while the hydrophilic 

C-terminal group is oriented towards the solvent.[68] This phenomenon bears 

resemblance to the assemblies observed in aliphatic amphiphilic peptide systems.[51] 

Conversely, antiparallel stacking is observed in peptides with aromatic side chains. 

This enables the complementary stacking of the aromatic end group and aromatic 

side chains (Figure 5c).[69] In the absence of aromatic side chains, the peptide can 

also adopt an antiparallel conformation by interlocking with adjacent assemblies, 

thereby forming larger 2D-structures, such as sheets.[45,70] In instances where the 

hydrophilic or hydrophobic part exerts a dominant influence, this imbalance frequently 

gives rise to the formation of worm-like or micellar structures, which exhibit a reduced 

degree of order in comparison to their stacked counterparts (Figure 5d).[62] 
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1.3 Noncovalent synthesis 

Despite the widespread utilization of the term "self-assembly" within the community, 

it suggests that the structural outcome is predetermined by the inherent properties of 

the monomers, and the alteration of this process is only possible through modification 

of the monomer. However, the assembly of nanostructures is a multi-step process 

that is contingent on the kinetic and thermodynamic landscape, offering multiple 

reaction pathways within a single set of monomers.[71,72] This is analogous to the 

manner in which covalent synthesis is typically not a one-step process, but rather a 

series of steps that can be orchestrated to yield the desired product (Figure 6).  

 

 

Figure 6: Covalent synthesis compared to non-covalent synthesis. Early covalent synthesis 

were single-step reactions, while currently the formation of complex molecules through 

multistep reactions is possible. Similarly, non-covalent synthesis must develop from single-

step assembly towards multistep to create complex structures.[72] Figure created with 

Biorender.com. 

In order to accentuate the intricacies inherent in this subject matter, Vantomme and 

Meijer reintroduced the term 'noncovalent synthesis' in 2019 with regard to the 

assembly of complex structures.[72] Although this concept had been utilized by 

Whitesides and Reinhoudt in the 1990s, it had not been the focus of significant 

attention.[73,74] This is primarily due to the fact that balancing entropic energy with non-
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covalent interactions to achieve novel structures is a challenging task. Orthogonal 

assembly methods, compartmentalization, and selective catalysts can be used to 

direct the assembly towards different pathways.[72] Furthermore, it is also possible to 

combine covalent and non-covalent polymerization techniques to achieve structures 

that are unachievable by either of the two components alone.[75] 

In general, three distinct thermodynamic regimes have been identified for 

supramolecular systems: equilibrium assemblies, kinetically trapped assemblies, and 

far-from-equilibrium assemblies. Equilibrium assemblies are at the thermodynamic 

minimum according to their respective Boltzmann distribution and are therefore stable 

over time. Kinetically trapped assemblies, on the other hand, are trapped in a local 

minimum and would convert to their thermodynamic minimum by the addition of an 

activation energy. Consequently, their stability is only transient. Finally, far-from-

equilibrium systems require the constant addition of energy; otherwise, they would 

revert to their thermodynamic minimum or a kinetic trap. These systems are the most 

complex, but also offer the possibility of developing completely new functions (Figure 

7).[76] 

 

Figure 7: Energy diagrams of different assemblies. a) Thermodynamic equilibrium 

assemblies: Final state is determined by the Boltzmann distribution. b) Kinetically trapped 

assemblies: Final state is determined by the synthetic pathway. c) Far-from-equilibrium 

assemblies: Final state is determined by the balance between continuous synthesis and 

degradation pathway as well as the dissipation of energy. Reprinted with permission from 

ref.[76] Copyright 2015 Springer Nature. 

Structures in their thermodynamic equilibrium adopt the properties of their constituent 

parts. Through the judicious tuning of the chemical design of the monomers and their 

interactions, a variety of architectures can be synthesized. The employment of 

templates during the assembly process facilitates the creation of mechanically 

interlocked structures under thermodynamic control.[77] The discovery of new systems 

is enabled through dynamic combinatorial chemistry, wherein building blocks 
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employing the same dynamic non-covalent interaction are mixed and then the relative 

abundance of products is analyzed. This process exemplifies the Boltzmann 

distribution within the library.[78] This approach has been employed in the context of 

discovering the most stable host-guest interactions.[79] It should be noted, however, 

that once these systems attain their thermodynamic minimum, any alteration to them 

is only possible by creating a new thermodynamic minimum. This can be achieved, 

for instance, by modulating the pH, thereby facilitating the protonation/deprotonation 

of groups within the assembly.[76,80] 

While these systems possess only one thermodynamic minimum and consequently 

manifest a single structure, numerous kinetically trapped assemblies can be 

observed within a single system. Each assembly of this kind possesses a distinct set 

of properties and functions, deviating from the equilibrium state. It is therefore crucial 

to select the pathway with the appropriate conditions in order to achieve the desired 

kinetic state.[76] Once trapped, transitions become possible only downhill to a state 

with lesser thermodynamic energy, provided there is no external input of energy.[81,82] 

This property can be leveraged to regulate the emergence and longevity of 

metastable states during the assembly process.[83–86] This phenomenon was 

exemplified by a supramolecular polymer that assembles into helical fibers. 

Depending on the experimental conditions, two distinct helicities were observed, with 

the right-handed representing the kinetically trapped pathway and the left-handed 

representing the thermodynamic pathway (Figure 8a).[71]  

Catalysts have been shown to facilitate access to kinetically trapped systems through 

autocatalysis or the addition of external catalysts. Subtilisin, for instance, catalyzes 

the cleavage of ester bonds and has been employed to modulate the strength of 

supramolecular hydrogels through different extent of kinetically trapped structures. In 

this instance, Fmoc-dipeptides were modified with a methylester on the C-terminus, 

a modification that prevented assembly. Once the ester is cleaved by subtilisin, fibers 

composed of the dipeptide began to grow from the enzyme. By altering the amount 

of enzyme, it was possible to obtain structurally different gels of variable strengths 

while maintaining complete conversion of the precursor and therefore a constant 

concentration of gelator (Figure 8b).[87] Autocatalytic systems have proven to be 

instrumental in the study of the origins of life, particularly in the context of the 

emergence of homochirality from a small initial enantiomeric excess.[88] Furthermore, 
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kinetically driven dynamic combinatorial libraries have been employed to analyze the 

autocatalysis of supramolecular structures through an elongation and breakage 

mechanism. In this regard, thiol-functionalized peptides have been shown to form 

diverse ring structures through disulfide formation via air oxidation. Initially, the 

formation of trimers and tetramers predominates; however, over time, hexameric 

cycles become the predominant structural motif. This transition is attributed to the 

formation of hexameric fibers through a nucleation-growth mechanism. The 

application of mechanical force to the system results in the fragmentation of fibers, 

with the resulting fragments autocatalytically forming additional fibers (Figure 8c).[89,90]  

 

Figure 8: a) Supramolecular polymer consisting of the S-chiral oligo(p-phenylenevinylene) 

(SOPV) with two distinct helicities depending on the pathway. The right-handed helix is only 

metastable and is transformed to the left-handed over time.[71] b) Kinetically trapped assembly 

by enzymatic catalysis, where a methyl ester is converted to the gelating carboxylic acid. By 

adjusting the enzyme concentration, the gel strength is modified.[87] c) Dynamic combinatorial 
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library of a thiol-functionalized peptide building block show the emergence of autocatalytic 

behavior through a fibril elongation and breakage mechanism.[76] d) Reaction scheme of the 

dissipative assembly of a dicarboxylate precursor. The carboxylates are methylated with 

methyl iodide resulting in the formation of a gel. Once the fuel is consumed the gel 

disassembles again.[91] Reprinted with permission from ref.[76] Copyright 2015 Springer 

Nature. 

 

Another example of pathway selectivity that results in distinct structures is the 

assembly of peptide amphiphiles in 20% HFIP in water. Despite maintaining 

equivalent solvent composition and peptide concentration, molecular organization 

and aggregate size are contingent on the sequence of additions of the peptide stock 

and HFIP. Adding the peptide stock first leads to an assembly of larger β-sheets, 

compared to smaller random coils for the addition of HFIP first. This outcome is 

attributed to variations in nucleation speed within the solvent compositions.[92] 

Far-from-equilibrium systems require the continuous dissipation of energy to 

preserve their structural integrity. This dissipation enables transitions between 

various thermodynamic states, a phenomenon that is absent in systems constrained 

within kinetic traps or in thermodynamic equilibrium. However, analyzing these 

structures necessitates a steady state and, consequently, a constant flow of matter if 

a chemically fueled system is employed.[76] To circumvent this necessity, the 

utilization of light as a source of energy has emerged as a prominent approach, 

exemplified by the employment of azobenzene-switches. These azobenzenes, when 

attached to nanoparticles, undergo a Z- to E-isomerization. This process generates 

a dipole moment in the azobenzenes, leading to their aggregation. Conversely, in the 

absence of continuous irradiation, the assembly reverts to its original molecular 

state.[93] Despite the increased complexity inherent in the setup, the utilization of 

chemical fuels for far-from-equilibrium assemblies is indeed feasible. This 

phenomenon was exemplified through the utilization of methyl iodide as the fuel 

source, which facilitated the alkylation of the carboxylic acid end groups of a diacid. 

Consequently, the electrostatic repulsion that had previously hindered assembly was 

neutralized, resulting in the formation of a gel. However, upon the depletion of the 

fuel, the system undergoes disassembly due to the continuous hydrolysis of the ester. 

Notably, the reintroduction of fuel into the system results in the formation of a new 

gel, once again exhibiting far-from-equilibrium behavior (Figure 8d).[91] 
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1.3.1 Controlling the assembly of nanostructures 

The formation of complex structures often necessitates the ability to regulate both the 

assembly and disassembly processes. This can be achieved by incorporating 

responsive groups that modify the morphology of the system in response to a 

stimulus.[94] Nature has demonstrated numerous instances of this phenomenon, 

including the allosteric shift between two conformations of hemoglobin with different 

affinities for oxygen, depending on the presence of small molecules such as protons, 

carbon dioxide, or 2,3-bisphosphoglycerate.[95] The assembly of supramolecular 

structures can be influenced by various stimuli, including light, pH and redox 

reactions. These stimuli can either modulate the noncovalent interactions between 

the subunits or the chemical structure of the monomers.[94]  

The utilization of light as a stimulus offers numerous advantages, including low 

biological toxicity, spatiotemporal resolution, non-invasiveness, and the absence of 

waste products. The employment of different wavelengths enables the execution of 

orthogonal reactions. However, this process necessitates the synthetic modification 

of targeted peptides with light-responsive groups, which can be categorized into three 

main types: Photocleavable, photoswitchable, and photodimerizable units, each of 

which exhibits a distinct mode of action and, consequently, a unique effect on the 

assembly (Figure 9).[94,96] 

 

Figure 9: Three classes of photoresponsive used for the controlled assembly of peptides. 

Photocleavable units are designed to undergo an irreversible reaction upon exposure 

to light, with their integration occurring within the peptide backbone, at the terminal 
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end of the peptide, or via attachment to a side-chain. Notable examples include 

ortho-nitrobenzyl derivatives, which were first utilized in 1978 to cage ATP.[97] These 

units are cleaved when irradiated between 300-365 nm, a range that can be tuned by 

the addition of methoxy groups to the aromatic ring. The cleavage process is 

characterized by a Norrish-type II mechanism, which involves an intramolecular 

rearrangement.[98–100] This process initially involves the transfer of a benzylic proton 

to the oxygen of the nitro group. Subsequent to reprotonation, the formation of a cyclic 

intermediate is postulated, which subsequently dissociates into a nitroso-compound 

and the now uncaged species (Figure 10).[101–103] The decay of the aci-nitro anion has 

been identified as the rate-determining step in this mechanism, exhibiting a pH 

dependency.[104] 

 

Figure 10: Mechanism of the cleavage of the light-responsive ortho-Nitrobenzylgroup.[99] 

The ortho-nitrobenzyl can be attached to an unnatural amino acid, thereby functioning 

as a linker between two fragments. By employing a polycationic fragment on one side 

of the linker and an assembling peptide sequence on the other, control over assembly 

is achieved. The polycationic side initially impedes the assembly process through 

electrostatic repulsion; however, following irradiation, this hydrophilic portion is 

cleaved, leading to the formation of supramolecular peptide fibers after an incubation 

period of several hours.[105] Alternatively, the nitrobenzyl group can be attached as a 

side-chain, resulting in its self-elimination and alteration of the system's 

hydrophobic/hydrophilic balance. This approach has been utilized to modulate the 

morphology of a peptide amphiphile, transitioning from quadruple helical fibers with 

high aspect ratios to non-helical single fibers after a 5-minute irradiation at 350 nm 

(Figure 11a).[106] It is important to note that the photocleavage has the potential to 
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initiate a cascade reaction. The photoresponsive group was installed on the N-

terminus of an isopeptide, which is connected by an ester bond rather than an amide. 

Irradiation of the system leads to the release of a free amine, which can undergo an 

O-N acyl shift and thereby create the linear peptide. In contrast to the kinked 

isopeptide, the linear peptide is able to assemble.[107] 

Photoswitches are dependent on the reversible isomerization between cis and trans 

or open and closed forms, respectively, which exhibit different polarities. 

Azobenzenes are the most common cis/trans photoswitch due to their accessible 

synthesis and modification.[108,109] They can function not only as a switch but also as 

a guest molecule for certain macrocyclic hosts, such as cyclodextrins.[110,111] The 

reverse transformation/isomerization of azobenzenes is possible upon irradiation with 

visible light as well as thermally.[96,108] The azobenzene-switch has been utilized as a 

linker in the peptide backbone of amyloid-β42, where it has been observed that the 

trans state results in fibrous assemblies, while the cis state leads to amorphous 

aggregates. This morphological switch has been shown to translate into differential 

toxicity, with the trans version exhibiting similar toxicity to the wild-type amyloid, while 

the cis state demonstrates no toxicity.[112] 

Spiropyranes transition from an uncharged state to the zwitterionic merocyanine form 

upon irradiation with 365 nm light, thereby exerting a substantial structural influence 

on the system. The observed structures are contingent upon the configuration of the 

system and the prevailing experimental conditions, with structures either forming in 

the spiropyran or the merocyanine form.[113,114] For instance, the chaperone GroEL 

has been observed to assemble into nanotubes when modified with merocyanine, a 

process facilitated by the coordination of Mg2+. However, these nanotubes undergo 

dissociation upon exposure to visible light, as the photoswitch undergoes an 

isomerization back to the uncharged spiropyran.[115] Conversely, the short amphiphilic 

peptide Fmoc-KKSPKF-NH2, featuring spiropyran (SP) sidechain modification, 

undergoes β-sheet fiber formation under the influence of visible light. However, 

removal of the light source results in disassembly due to the thermally induced 

isomerization of the switch to its more stable zwitterionic merocyanine form, which 

exhibits augmented charge repulsion.[116]  

A third class of photoswitches comprises diarylethene derivatives, which undergo a 

transition between an open form characterized by a flexible, twisted conformation and 
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a closed form distinguished by a rigid, planar structure. In contrast to the other 

switches, the polarity of the system is minimally altered, rather, the capacity to stack 

the planar, hydrophobic rings is enhanced. Moreover, the reverse reaction is 

thermally inaccessible.[94,117,118] The incorporation of diarylethene within an 

amphiphilic molecule has been demonstrated to facilitate a reversible transition 

between nanofibers and spheres.[94] 

 

Figure 11: a) Cleaving of the ortho-Nitrobenzyl group off a peptide amphiphile leads to a 

morphology change from quadruple helical fibers to single fibers as shown in the TEM 

images. Adapted with permission from ref.[106] Copyright 2008, American Chemical Society. 

b) Light- and pH-responsive amphiphilic peptide requires higher pH values to achieve a 

preorganization of the peptides that facilitate the [2+2] photocycloaddition. In an acidic 

environment as well as in solution there is no photoreaction. Reprinted with permission from 

ref.[119] Copyright 2023, American Chemical Society. 

A particular instance of photoresponsiveness is photodimerization, which requires an 

intermolecular reaction, in contrast to the previously demonstrated examples. There 

are multiple aromatic or unsaturated groups that are compatible with this category of 

reactions, each requiring distinct wavelengths.[96] These reactions are not thermally 

allowed according to the Woodward-Hoffmann rules and therefore require light for 

the excitation of an electron and subsequently to achieve an orbital overlap between 

the two reaction partners. Therefore, these intermolecular reactions frequently 

necessitate a specific spatial orientation to achieve the suprafacial conformation and 

elevated concentrations to efficiently dimerize.[120–122] Consequently, they can exhibit 

selectivity through preorganization within an assembled structure. This phenomenon 

was exemplified in the [2+2] photocycloaddition of a styrylpyrene unit that was 
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modified with a pH-responsive peptide. In acidic conditions, this monomer assembles 

into 1D fibers, but only exhibits minor dimerization. However, upon increasing the pH 

to 10, the pH-responsive glutamic acids induce electrostatic repulsion, thereby 

altering the morphology of the structure to micellar clusters, where a high degree of 

dimerization efficiency is achieved. It is noteworthy that dimerization did not occur in 

an unassembled state in DMF, even at higher concentrations (Figure 11b).[119] 

Anthracene can undergo a reversible [4+4] cycloaddition upon irradiation with 365-

nm light, and it possesses a large aromatic π-system, capable of exhibiting π-π 

stacking. This property renders anthracene a promising candidate for substituting the 

Fmoc-group in short amphiphilic peptides, while concurrently facilitating efficient 

photodimerization. Upon exposure to light, the dianthracene adopts a bent 

conformation, which can result in a change in morphology. This phenomenon was 

observed in the context of nanotubes, where the dimerization of anthracene resulted 

in a bending of the structure.[123] A further example is the reversible transition between 

nanofibers and nanoparticles in a peptide with a sidechain anthracene 

modification.[124] 

pH-responsive systems depend on ionizable groups in their structure, such as 

carboxylic acids or amines. Alternatively, the incorporation of pH-cleavable groups, 

such as hydrazones or imines, can be employed.[94] Given the prevalence of basic or 

acidic groups in the primary structure of peptides, the incorporation of a pH trigger 

often obviates the necessity for additional functional synthetic groups. Peptide 

amphiphiles, for instance, comprising multiple glutamic acid residues, exhibit a pH-

dependent transition between fibers and micelles, as well as single molecules, as a 

function of peptide concentration. The relationship between these variables can be 

mapped out in a phase diagram through a combination of circular dichroism and the 

determination of the critical assembly concentration (Figure 12a).[125] Furthermore, it 

was found that by isomerizing the peptide sequence, the pH required for initiation of 

the supramolecular polymerization could be tuned..[126] In this particular instance, the 

formation of fibers is initiated by the acidification of the system, which in turn leads to 

the protonation of the carboxylic acid side chains. Conversely, the utilization of basic 

side chains has been observed to induce assembly when the pH is elevated above 

7.[127] Due to the importance of pH gradients in cells, the employment of pH-cleavable 

groups has been a recurring theme in the domain of drug delivery applications. An 
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acid labile aconityl linkage is incorporated between a polyethyleneglycol chain and a 

peptide, which form drug-loaded micelles. Upon acidification, the micelle undergoes 

degradation, resulting in the release of the encapsulated drug.[128] 

 

Figure 12:  a) TEM images of a pH-responsive peptide amphiphile showing either nanofibers 

or spherical micelles. By a combination of CAC determination and CD spectroscopy a phase 

diagram of the peptide assembly is measured. Reprinted with permission from ref.[125] 

Copyright 2012. American Chemical Society. b) Reaction cascade of a redox- and pH-

responsive system that generates peptide fibers inside cancer cells due to elevated 

concentrations of reactive oxygen species. Adapted from ref.[129] Copyright 2020 American 

Chemical Society, licensed under CC-BY. 

Redox reactions are also employed to regulate the assembly process, with the 

capacity to target either redox-active proteinogenic amino acids, such as cysteine, 

selenocysteine, methionine, or synthetic functional groups such as boronic acids or 

phenothiazines.[130–132] An oxidative environment is frequently induced by H2O2 or 

other reactive oxygen species (ROS), while mono- and dithiols, such as GSH or DTT, 

are utilized for reductive conditions.[133–136] The integration of pH and redox-triggered 

systems has been demonstrated to result in an enhanced selectivity with respect to 

the location of fiber assembly. The dynamic covalent bond between 

salicylhydroxamate and phenylboronic acid is disrupted upon acidification, thereby 

releasing the phenylboronic acid. Subsequent oxidation of the phenylboronic acid by 

H2O2 occurs in a self-immolative process to release the amine of an isopeptide where 
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it rapidly undergoes an O-N acyl shift to form the linear peptide. The linear amphiphilic 

peptide then proceed to self-assemble into nanofibers (Figure 12b).[129] Peptide fibers 

can also be obtained in a reductive environment through the employment of a 

disulfide linker, which functions as a connector, joining a hydrophilic polyethylenglycol 

(PEG) chain to a hydrophobic peptide sequence. With the flexible PEG attached, the 

polymer-peptide conjugate form micelles in solution. Cleavage of the disulfide bond 

of the linker by GSH leads to the release of the peptide and subsequent assembly 

into fibers.[137] Similar design strategies and operating mechanisms using 

enzymes,[138–141] ionic strength,[142] temperature,[143,144] or dilution[145,146], have since 

been used to gain control over the assembly of nanostructures. 

 

1.3.2 Controlling the disassembly of nanostructures 

The capacity to regulate the disassembly of nanostructures is imperative in both 

naturally occurring processes, such as the recycling of misfolded proteins, and in 

synthetic peptide materials research. These structures can be utilized to study the 

disassembly of complex proteins in a more simplified and controlled environment, 

thereby facilitating the acquisition of insights into the treatment of Alzheimer's 

disease, a condition that arises from the aggregation of misfolded proteins.[147] 

Furthermore, the utilization of peptide assemblies as a drug delivery mechanism 

necessitates the precise modulation of disassembly and release at designated 

locations.[148] This approach would also minimize adverse effects when if a 

therapeutically active peptide structure could be disassembled into less active 

monomers at off-target sites and therefore enhance the biocompatibility.[149] 

The disassembly process is predominantly initiated by modifications of the non-

covalent intermolecular interactions. This can result in alterations to the balance 

between hydrophobic and hydrophilic components or the increase in geometric 

frustration within the system. This can be conceptualized as a defect arising from the 

incompatibility of local interactions with global geometric constraints. In the event that 

this exceeds the attractive interactions of the system, disassembly occurs.[150–152] 

The merits of light as a stimulus have previously been documented, thereby 

establishing its suitability for triggering disassembly. The photocleavable ortho-

Nitrobenzyl derivative Nvoc functions as a cage for the sidechain amine of lysine, 
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thereby converting it into a hydrophobic state. Consequently, it can substitute for 

phenylalanine in the amyloid-β derived sequence KLVFFAE without altering its 

propensity to assemble into fibers. Upon irradiation, the charged lysine is released, 

perturbing the amphiphilic balance of the assembly as well as the β-sheet formation, 

and consequently causing the structure to irreversibly disassemble. Notably, this 

process remains feasible even when utilizing 40% of the unmodified peptide.[147] 

 In addition to its utilization as a sidechain modification, the photocage has also been 

employed in the backbone of an assembling peptide. The sequence CKFK-nvoc-FQF 

has been observed to assemble into amyloid-like fibrils; however, the fragments on 

each side of the photocleavable linker have been found to lack sufficient 

supramolecular interactions to assemble independently, resulting in their 

disassembly upon irradiation. The employment of a photomask on a surface coated 

with preformed fibrils has been demonstrated to facilitate the generation of patterns 

of nanostructures. These nanostructures have been utilized to define areas of cell 

adhesion, as they adhere exclusively to the non-irradiated regions containing fibrils 

(Figure 13a).[153] 

The disassembly due to geometric frustration was demonstrated for a supramolecular 

nanotube that is assembled by aromatic interactions and contains two azobenzene 

photoswitches per monomer. Irradiation of the nanotube leads to the transformation 

of the azobenzene photoswitches into the cis-configuration, thereby inducing strain 

within the system. Once a threshold is attained, the strain is relieved through the 

disassembly of the tube. While the switches may thermally isomerize back to their 

trans-state, the supramolecular structure remains irreversible, as a persistent 

increase in the trans-version fails to generate the same cooperative effects as if all 

monomers are uniformly present in their trans-isomer (Figure 13b).[154] 
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Figure 13: a) Light-responsive cleavage of the ortho-Nitrobenzylgroup incorporated in a 

peptide backbone causes disassembly and thereby enables the patterning of fibrils and 

cells through a photomask. Adapted from ref.[153] Licensed under CC-BY 4.0 b) 

Disassembly of a synthetic supramolecular tube is achieved by the build up of strain due to 

light-triggered switching of azobenzene units within the tube. Reprinted with permission 

from ref.[154] Copyright 2017, National Academy of Sciences. c) Reversible disassembly of 

peptide nanofibers by enzymatic phosphorylation. Reprinted with permission from ref.[155] 

Copyright 2012 Royal Society of Chemistry. 

The combination of two stimuli frequently results in an accelerated disassembly. For 

instance, the pH-responsive peptide F20H can assemble into long nanofibrils at pH 

9.5 due to the incorporation of a histidine residue. Conversely, decreasing the pH to 

5 initiates a disassembly process by protonation of the basic amino acid. However, 

this process requires a duration of 5 days. The ultrasonication of the sample following 

acidification has been shown to accelerate this process, resulting in disassembly 

within a span of six hours.[156] 

The incorporation of methionine can serve as a disassembly trigger within a 

nanostructure due to its redox sensitivity. The cross-β-sheet forming sequence 

KIKISQINM displays methionine on the side of the fibril; however, it can be oxidized 

to the corresponding sulfoxide by hydrogen peroxide. This reaction renders the amino 
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acid hydrophilic, thereby disrupting the hydrophobic interactions and inducing the 

disassembly of the fiber.[157]  

The employment of enzyme-responsive groups for disassembly confers certain 

advantages, including the ability to operate under mild conditions and achieve 

selectivity depending on enzyme expression levels. The Stupp group has generated 

nanofibers from a peptide amphiphile containing the sequence RRXSO, where X can 

be any residue and O is a hydrophobic residue. The use of the enzyme protein kinase 

A facilitated the disassembly of this structure due to the phosphorylation of the serine 

residue, rendering the subunits too hydrophilic to remain assembled. Notably, the 

serine, which was situated within the central part of the structure, remained 

accessible to the enzymes. However, when the serine was shifted by one amino acid 

(RRSAV), no phosphorylation occurred, thereby demonstrating a high selectivity of 

this process (Figure 13c).[155] 

 

1.4 Application of supramolecular peptide biomaterials 

Peptide nanostructures have demonstrated considerable potential as responsive 

materials within the domain of biomedicine, exhibiting applications in various fields 

including drug delivery, imaging, tissue engineering, and therapeutics. In comparison 

to small molecules, these biomaterials possess several advantageous properties, 

including reduced side effects, enhanced biocompatibility and biodegradability, 

prolonged circulation time as a carrier, and reduced propensity for drug resistance. 

Furthermore, these materials possess the capacity to respond to specific intracellular 

stimuli, such as an increase in GSH concentration in the cytosol or a decrease in pH 

in endosomes. This property enables them to exhibit a targeting effect.[133,158–161]  

In general, the assemblies can be divided into ex situ and in situ constructed 

structures, depending on whether they are formed before or after reaching their target 

site. The latter category is contingent upon a previously described stimuli 

responsiveness to trigger the assembly.[161] Ex situ materials offer high stability, and 

their tumor uptake can be facilitated by the enhanced penetration and retention effect 

(EPR).[161] These assemblies find application in medical imaging due to their capacity 

to incorporate multiple imaging and targeting units within a single nanostructure. This 

functionality has been demonstrated with a peptide containing a Gd-complex that 
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functions as an MRI contrast agent. These nanostructures assemble into nanofibers, 

resulting in an increase in the T1 relaxation time compared to conventional contrast 

agents.[162] Peptide nanostructures have also demonstrated suitability as therapeutic 

agents themselves, exhibiting a wide range of functions and defined morphologies 

while being amenable to synthesis. Hydrogels composed of a 20-amino acid 

sequence, predominantly valine and lysine, exhibited a broad spectrum of 

antibacterial properties due to the disruption of bacterial membranes at the surface 

of these nanostructures. Notably, this effect was selective against bacteria, as 

mammalian cells could still proliferate on the surface.[163]  

Peptides have garnered significant attention as therapeutic agents as well as 

adjuvants for retroviral gene delivery. One such example involves the assembly of an 

amphiphilic block-like peptide into positively charged core-shell fibrils, which are 

located on the cell membrane and facilitate virus adhesion to the cell. These fibrils 

also exhibit good biodegradability through enzymatic cleavage.[164] 

Regenerative materials represent an emerging field within the biomedical context, 

and peptide nanomaterials have the potential to serve as a scaffold for tissue growth 

due to their broad range of biocompatible structures. This property was exemplified 

by three fiber-forming peptides identified through a screening approach, which have 

the capacity to provide a bioactive scaffold for the regeneration of the peripheral 

nervous system. These active peptides are distinguished by their propensity to form 

fibers with a substantial cross-sectional diameter and a high intermolecular β-sheet 

content, a property attributable to the alternating pattern of hydrophobic and 

hydrophilic positively charged amino acids.[165] 

In situ assembled supramolecular nanostructures have been employed in cancer 

therapy due to their capacity to induce cell death by disrupting cellular structures 

through mechanical stress. The intrinsic propensity of monomers to assemble is 

enhanced by the crowding of the cellular environment by soluble proteins or phase-

separated components. The judicious selection of appropriate stimuli in conjunction 

with targeting units can ensure subcellular selectivity.[133,166,167] One of the earliest 

reported instances of stimuli-responsive peptide nanostructures was in 2007, where 

the assembly was initiated by esterase enzymes that cleaved the hydrophilic part, 

leading to intracellular assembly and subsequent cell death.[139] 
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Figure 14: Schematic representation of the intracellular H2O2-induced formation of linear 

platinum(II)-containing peptides that assemble  into nanofibers and disrupt the cellular 

metabolism. Reprinted from ref.[168] Licensed under CC-BY 4.0. 

This pioneering concept of utilizing a pro-assembling precursor was further advanced 

and integrated with an imaging component to visualize the process. Using the 

isopeptide strategy, a platinum (II) containing tripeptide was caged with a boronic acid 

linker. The linker is then further functionalized with the trans-activator of transcription 

(TAT), which is responsible for cellular uptake and endosomal release.  It is 

subsequently cleaved by an acid-sensitive trigger that utilizes the lowered pH in 

endosomes. Following this, the boronic acid is removed by endogenous H2O2, and 

the NIR-emitting tripeptide is linearized and assembles into nanofibers. The resulting 

nanofibers exert an inhibitory effect on cellular metabolism, culminating in the 

termination of ATP production and, consequently, cell death. This strategy has been 

shown to circumvent the resistance of cancer cells to small-molecule inhibitors (Figure 

14).[168] 
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2 Motivation 

Evolution has led to the development of a sophisticated system for the precise 

regulation of assembly and disassembly processes, both within and outside of cells, 

even though the cellular environment is packed with a multitude of potential reaction 

partners. This regulatory system possesses multiple layers with different complexity 

starting from the tuning of interactions with responsive groups, such as redox-

responsive cysteines or pH-responsive glutamic acids up to the employment of 

chaperones and enzymes to regulate the assembly and disassembly of these 

structures.  

The assembly of structures such as the cytoskeleton forming proteins actin and 

microtubule is not thermodynamically controlled and therefore the morphology of 

these systems is not inherited by the chemical structure of their components. Instead, 

the assembly is reliant on the assembly pathway that can generate different 

conformations and morphologies without altering the chemical structure. This is 

achieved by kinetically controlled or far-from-equilibrium assemblies, which require 

the constant dissipation of energy to maintain the transient structures. Chemists are 

striving to replicate the control over assembly with stimuli-responsive systems and in 

contrast to natural systems, synthetic modulation of the chemical structure of amino 

acids and peptides allows for a wide range of potential triggers and morphologies. 

However, it remains challenging to achieve complex synthetic systems with control 

over the selected pathway as well as completely understanding their design 

principles. 

This thesis aims to address this challenge by expanding our toolbox for modulating 

precise nanostructures with control over pathway selectivity. This control can be 

achieved by carefully designing stimulus-responsive peptides that facilitates the 

interplay between molecular and supramolecular chemistry.  

While there are many options for stimuli-responsive groups in a chemical or biological 

context, light offers many advantages such as spatiotemporal resolution, minimal 

waste products or the possibility to perform orthogonal reactions with different 

wavelengths. The irreversible photocleavage of 2-nitrobenzyl units by UV-irradiation, 

for instance, can initiate cascade reactions, while concurrently releasing nitroso 

compounds that act as an oxidation agent.[99,169] This can create different assembly 
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pathways when employing redox-responsive amino acids, such as cysteine. To gain 

a deeper understanding of the controlled assembly, these concepts can also be 

applied to a more complex environment such as cells, while also increasing the 

toolbox of suitable stimuli-responsive groups. Disulfide, for instance, offer a 

responsivity towards characteristics of the cellular environment, such as increased 

levels of GSH, making the assembly selective towards the cytosol. 

Although nature usually shows precise control over the assembly process, there are 

still structures that misfold and can subsequently induce harm. Therefore, there are 

additional mechanisms that can either assist in refolding the structures or 

disassembling and degrading them. For instance, the ubiquitin-proteasome system 

can tag misfolded proteins and degrade them enzymatically by proteasomes. 

However, this is not successful for all misfolded structures such as the cross-β-sheet 

amyloid networks, which can lead to the formation of neurodegenerative amyloid 

plaques and subsequently cause Alzheimer's disease. Hence, it is necessary to 

improve our knowledge of the disassembly process to develop solutions in the long-

term for the treatment of aggregation related diseases and further establish an end-

of-lifetime trigger for the disassembly of synthetic nanostructures used as 

therapeutics. This requires precise control over the disassembly process. 

This thesis aims to address that challenge by using photodimerization as a new 

trigger for disassembly. In contrast to monomolecular isomerizations or cleavage 

reactions, the bimolecular photodimerization renders its kinetics dependent on the 

chemical environment, thus allowing for modulation through preorganization within a 

nanostructure. 

In Chapter 3, the [4+4] photodimerization of anthracene is utilized to regulate the 

disassembly of two supramolecular structures that form either a 2D-sheet or twisted 

ribbons. The two peptides demonstrate analogous structural motifs, comprising a pH-

responsive lysine group, but showing different effects upon increasing the pH. The 

preorganization within the supramolecular structure is capable of leading to either 

accelerated or decelerated reaction kinetics, as well as influencing the conversion of 

the anthracene moiety. Therefore, it is possible to modulate the molecular chemistry 

required for disassembly by the supramolecular architecture. 
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In Chapter 4, a pro-assembling iso-peptide is demonstrated, that exhibits pathway 

selectivity. This is achieved by combining the light-cleavable caging group Nvoc with 

a redox-responsive cysteine in the peptide sequence. UV-irradiation initiates a 

reaction cascade that linearizes the peptide and releases a nitroso moiety from the 

caging group, which, in turn, is capable of oxidizing the thiol group of cysteine to a 

disulfide. This reaction cascade leads to different morphology of the disulfide 

assembly compared to the assembly by dissolution of the disulfide. Furthermore, the 

oxidiation reaction can be modulated by the introduction of dithiothreitol (DTT) as 

reducing agent, thereby cycling between the redox states and creating a third 

morphology of one supramolecular monomer. Moreover, modifying the DTT 

concentration allows for control over the transience and interconversion of the peptide 

in the respective oxidation state within the cascade. 

In Chapter 5, a glutathione-responsive iso-peptide is utilized as a precursor for the 

intracellular formation of nanostructures. This peptide is equipped with a cell-

penetrating peptide and assembles selectively in cells due to the elevated levels of 

GSH in comparison to the extracellular environment. This process is observed in real-

time by live-cell and fluorescent lifetime imaging and therefore providing insight in the 

assembly of nanostructures in the complex environment of the cytosol. Furthermore, 

the resulting nanostructures induce metabolic disruption and mitochondrial 

degradation in drug-resistant MDA-MB-231 triple negative breast cancer cells, 

culminating in cell death both in two-dimensional (2D) cell culture and three-

dimensional (3D) tumor spheroid models. 
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6 Conclusion and Outlook 

 

This thesis demonstrated the modulation of assembly and disassembly processes, 

while also introducing pathway selectivity to a system. Furthermore the controlled 

assembly of nanostructures was also investigated in the complex environment of the 

cell.  

In chapter 3, the light-responsive peptides Anthracene-GISVK and Anthracene-

GISVKAE were introduced that perform a [4+4] cycloaddition upon irradiation with 

UV-light. These peptides assembled into two distinct morphologies, 2D-sheets or 

twisted ribbons and exhibited disparate secondary structure interactions between the 

anthracene moieties. Moreover, despite employing analogous structural motifs, only 

Ant-GISVK exhibited a divergent structure upon increasing the pH, going from sheets 

to unordered aggregates. UV-irradiation with subsequent photodimerization led to a 

distortion of the previously flat aromatic groups, thereby impeding the process of π-

π stacking. This alteration in intramolecular interactions, in conjunction with the 

introduction of strain within the system, resulted in either disassembly or the formation 

of unordered aggregates from ordered nanostructures. Furthermore, kinetic 

differences were observed in the conversion of the anthracene moiety when 

comparing the assembled state to the reaction in solution. This discrepancy was 

attributed to preorganization within the nanostructure, which was enhancing or 

impeding the conversion depending on the morphology of the assembly. This 

demonstrated the influence of supramolecular morphology on the chemistry that 

governs disassembly behavior. However, the assembly process is subject to 

thermodynamic control, and the irradiation process generates a new thermodynamic 

minimum that induces disassembly. To achieve complex, multi-step assembly 

systems, it is necessary to move the system out of equilibrium and introduce pathway 

selectivity, where for example one pathway leads to disassembly and another 

pathway results in a change in morphology. Moreover, the reversibility of the [4+4] 

cycloaddition of anthracene has not been examined in this study, as it is reported to 

be initiated by lower wavelength UV light, which could potentially enable the recovery 

of the nanostructure and, by cycling between the states, the emergence of a new 

structure. 
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Chapter 4 described the introduction of a photolytic reaction cascade that 

demonstrated pathway selectivity of the assembled nanostructures. For this purpose, 

a pro-assembling iso-peptide was caged with the light-responsive Nvoc-group. Upon 

UV-irradiation, the Nvoc group was cleaved and subsequently, the linear Fmoc-ICA 

was released, which was able to form thin nanofibers. However, within the cascade, 

the nitroso moiety of the cleaved Nvoc-group oxidizes the Fmoc-ICA, resulting in the 

formation of disulfide DiFmocICA. This disulfide assembles into short fibers, 

exhibiting a distinct morphology from the structure achieved by dissolution of the 

dimer, thus exhibiting pathway selectivity. In this cascade, the transience, 

interconversion, and production rates of the peptide in the respective oxidation state 

were modulated with dithiothreitol (DTT) as a reducing agent. Depending on the 

equivalents of DTT, the cascade was either halted at the thiol level or the disulfide 

formation was delayed through redox cycling until the reducing agent was depleted. 

It is noteworthy that this modulation was only observed in the presence of DTT, as 

benzyl mercaptan completely impeded the oxidation of Fmoc-ICA. Moreover, the 

cycling between the redox states caused the emergence of new secondary structures 

and chirality as well as the elongation of the fibrillar assembly. The precise 

mechanisms underlying the three distinct morphologies of DiFmoc-ICA remain to be 

elucidated. The discrepancy between the straight fibers from the cascade assembly 

and the twisted fibers from the direct assembly by dissolution may be attributed to a 

templating effect by Fmoc-ICA. The dimer could assemble on nuclei formed by Fmoc-

ICA, thereby acquiring a similar morphology. However, given the structural deviation 

between the monomer and the dimer, the extension of the fibers could lead to 

increased geometric frustration, thereby limiting the fiber length. Furthermore, 

oxidation could occur in an already formed straight, thin fiber of the monomer, 

resulting in its fragmentation due to geometric frustration. By cycling between these 

states, a more suitable conformation could be achieved, enabling the assembly into 

longer fibers. Another potential factor influencing this process is the coexistence of 

monomer and dimer in conjunction with the byproducts of the Nvoc group, which 

modifies the assembly process. The formation of twisted fibers could be attributed to 

the presence of high local concentrations of dimer upon dissolution, leading to a 

kinetic trap within the system. To address these inquiries, further experimental 

research, in conjunction with computational simulations, is required. 
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In Chapter 5, the iso-peptide strategy was employed to develop a pro-assembling 

peptide caged with a bifunctional glutathione-responsive linker. Upon cellular uptake, 

facilitated by the cell-penetrating TAT peptide, the increased glutathione levels in the 

cytosol of cancer cells cleaved the linker and initiated a cascade reaction that 

released the linear peptide. This process led to the assembly of nanofibers, which 

disrupted the mitochondrial integrity and inhibited the energy homeostasis of 

multidrug-resistant MDA-MB-231 triple negative breast cancer cells. This process 

was observed in real-time by live-cell and fluorescent lifetime imaging, as well as by 

measuring the oxygen consumption rate. Subsequently, the metabolic impact of the 

nanostructures resulted in cell death. This phenomenon was examined in both two-

dimensional cell cultures and three-dimensional tumor spheroid models, where 

peptide nanostructures were observed to induce a reduction in tumor size. 

In summary, this thesis presented several methods for modulating precise 

nanostructures with different morphologies by controlling their assembly and 

disassembly. This was achieved by introducing stimuli-responsive groups that 

respond to light, redox, or pH changes.  

Several challenges remain in this field that must be addressed in future research. For 

instance, the development of systems exhibiting complex pathway selectivity or far-

from-equilibrium thermodynamics remains a formidable challenge. Achieving this 

objective necessitates a more profound comprehension of the underlying dynamics 

and interactions within these systems, as well as an exploration of the underlying 

mechanisms that govern pathway selectivity. The integration of multiple, orthogonal 

stimulus-responsive groups into a peptide system has the potential to facilitate a 

multi-step noncovalent synthesis of supramolecular nanostructures. Moreover, the 

simultaneous assembly and disassembly of synthetic nanostructures at opposite 

ends, analogous to the treadmilling of actin filaments, poses significant scientific 

challenges. The development of complex systems capable of responding to minor 

alterations in the cellular environment could potentially pave the way for the creation 

of smart biomaterials. This integration would facilitate the incorporation of responsive 

nanostructures into functional biomaterials. Achieving this objective necessitates a 

more profound comprehension of the impact of the chemical milieu on the 

nanostructure. This enhanced understanding can possibly be attained by initially 

assembling the architecture in a specified crowded medium with increasing levels of 
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complexity and subsequently analyzing the consequent alterations. Furthermore, the 

implementation of a disassembly trigger would facilitate the regulation of the 

biomaterial's lifespan, thereby enabling a more targeted application. 
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