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Abstract 

Peptide-based bioresponsive systems have gained significant attention in 

supramolecular chemistry and biomaterials. These systems have enabled the 

development of synthetic platforms within living cells, providing valuable insights into 

how structural formation influences cellular processes. This thesis investigates the 

design, synthesis, and characterization of different stimulus-responsive peptide 

systems for the in situ formation of intracellular nanostructures, and examines their 

consequent effects on cellular processes. 

 

In the first chapter, a platinum (II)-containing tripeptide was engineered to aggregate 

into intracellular fibrillar nanostructures, disrupting metabolic functions such as aerobic 

glycolysis and oxidative phosphorylation, consequently instigating apoptosis 

systematically. This system offers insights into novel building blocks for the 

construction of peptide-assembling platforms and elucidates the biological 

mechanisms of action and biochemical profiles associated with nanostructure 

formation, which implicates system-level effects, such as the regulation of energy and 

redox homeostasis. 

 

In the second chapter, the development of pH/oxidative stress-responsive isopeptide 

system was described, including the real-time tracking of the assembling processes 

and illustration of formed nanostructures, hollow spherical nanofibers, in epithelial cells 

(MDA-MB 231 cells). Phasor-fluorescence lifetime imaging (FLIM) was utilized to map 

the transformation form monomers to supramolecular assemblies and correlative light-

electron microscopy/tomography (CLEM) revealed formation of nanofibers and their 

fusion with endosomes to finally form hollow fiber clusters. Spatiotemporal splicing of 

the assembly events shows time-correlated metabolic dysfunction. This study paves 

the way to understand and visualize the supramolecular processes of nanostructure 

formation in biology to ultimately address aggregation-based dysfunction in diseases. 

 

Finally, the construction of two amphiphilic pro-assembling peptide sequences 

protected by a visible light-sensitive cage group was presents. The peptides underwent 

a cascade of visible light-induced molecular and supramolecular transformations to 

form nanofibers in living cells. The irradiation with light enable full control over the 

reaction cascade where the monomer generation and concentration in turn regulates 
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the assembly kinetics. Phasor-FLIM traced the formation of various assembly states in 

cells and revealed subsequent out-of-equilibrium dynamics associated with monomer 

activation and consumption. This study facilitates precise control over supramolecular 

events at discrete time points, and the new imaging technologies offer deeper insights 

into the dynamic assembly processes with native cells. 

 

In summary, this thesis introduces a range of methodologies for controlling and 

imaging intracellular peptide assembly processes and their associated cellular effects. 

These findings provide valuable insights into supramolecular assembly mechanisms 

within complex cellular environments and the role of aggregation-based dysfunction in 

disease.  
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Zusammenfassung 

Peptidbasierte bioresponsive Systeme haben in der supramolekularen Chemie und 

bei Biomaterialien große Aufmerksamkeit erlangt. Diese Systeme haben die 

Entwicklung von synthetischen Plattformen in lebenden Zellen ermöglicht und 

wertvolle Einblicke in die Art und Weise geliefert, wie die Strukturbildung zelluläre 

Prozesse beeinflusst. In dieser Arbeit werden das Design, die Synthese und die 

Charakterisierung verschiedener auf Stimuli reagierender Peptidsysteme für die in situ 

Bildung von intrazellulären Nanostrukturen untersucht und ihre Auswirkungen auf 

zelluläre Prozesse erforscht. 

 

Im ersten Kapitel wurde ein platin(II)-haltiges Tripeptid so konstruiert, dass es zu 

intrazellulären fibrillären Nanostrukturen assembliert und Stoffwechselfunktionen wie 

die aerobe Glykolyse und die oxidative Phosphorylierung stört, wodurch systematisch 

Apoptose ausgelöst wird. Dieses System bietet Einblicke in neuartige Bausteine für 

die Konstruktion von Peptid-Assemblierungsplattformen und klärt die biologischen 

Wirkmechanismen und biochemischen Profile im Zusammenhang mit der Bildung von 

Nanostrukturen auf, was Auswirkungen auf Systemebene, wie die Regulierung der 

Energie- und Redox-Homöostase, impliziert. 

 

Im zweiten Kapitel wurde die Entwicklung eines auf pH-Wert und oxidativen Stress 

reagierenden Isopeptidsystems beschrieben, einschließlich der Echtzeitverfolgung der 

Assemblierungsprozesse und der Darstellung der gebildeten Nanostrukturen, 

hohlkugelförmiger Nanofasern, in Epithelzellen (MDA-MB 231 Zellen). Phasor-

Fluoreszenz-Lebensdauer-Imaging (FLIM) wurde eingesetzt, um die Umwandlung von 

Monomeren in supramolekulare Assemblies abzubilden, und korrelative Licht-

Elektronen-Mikroskopie/Tomographie (CLEM) zeigte die Bildung von Nanofasern und 

ihre Fusion mit Endosomen, um schließlich hohle Fasercluster zu bilden. Die räumlich-

zeitliche Aufteilung der Assemblierungsereignisse zeigt eine zeitkorrelierte 

metabolische Dysfunktion. Diese Studie ebnet den Weg zum Verständnis und zur 

Visualisierung der supramolekularen Prozesse der Nanostrukturbildung in der Biologie, 

um letztlich die auf Aggregation beruhenden Funktionsstörungen bei Krankheiten 

anzugehen. 

 

Schließlich wurde die Konstruktion von zwei amphiphilen pro-assemblierenden 

Peptidsequenzen vorgestellt, die durch eine für sichtbares Licht empfindliche 
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Schutzgruppe geschützt sind. Die Peptide durchliefen eine Kaskade von durch 

sichtbares Licht ausgelösten molekularen und supramolekularen Umwandlungen, um 

in lebenden Zellen Nanofasern zu bilden. Die Bestrahlung mit Licht ermöglicht eine 

vollständige Kontrolle über die Reaktionskaskade, bei der die Monomererzeugung und 

-konzentration wiederum die Assemblierungskinetik steuert. Durch Phasor-FLIM 

wurde die Bildung verschiedener Assemblierungszustände in Zellen verfolgt und 

zeigte die anschließende Dynamik außerhalb des Gleichgewichts, die mit der 

Aktivierung und dem Verbrauch von Monomeren verbunden ist. Diese Studie 

ermöglicht eine präzise Kontrolle supramolekularer Ereignisse zu diskreten 

Zeitpunkten, und die neuen Bildgebungstechnologien bieten tiefere Einblicke in die 

dynamischen Assemblierungsprozesse in nativen Zellen. 

 

Zusammenfassend lässt sich sagen, dass in dieser Arbeit eine Reihe von Methoden 

zur Kontrolle und Darstellung intrazellulärer Peptid-Assemblierungsprozesse und der 

damit verbundenen zellulären Auswirkungen vorgestellt werden. Diese Erkenntnisse 

liefern wertvolle Einblicke in die Mechanismen der supramolekularen Assemblierung 

in komplexen zellulären Umgebungen und in die Rolle von aggregationsbedingten 

Funktionsstörungen bei Krankheiten.  
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1 Introduction 

1.1 Assembly of peptides  

1.1.1 Supramolecular assembly in Nature 

In nature, supramolecular assembly plays an indispensable role in cellular life, where 

it ubiquitously pervades all biological pathways1. From DNA replication/transcription, 

RNA translation to protein maturation/expression, non-covalent forces drive these bio-

molecular interactions and specific self-assembling nanostructure formation at a 

fundamental, molecular level (Figure 1.1)2. Among them, a particularly diverse class of 

self-assembling materials are formed from proteins3. From instance, cellular motility 

and traction to surfaces are largely controlled through the self-assembly of cytoskeletal 

proteins4. These proteins reversibly self-assemble to enable highly regulated extension 

and contraction of cells, thus allowing their movement. Moreover, networks of such 

protein assemblies generate force for a wide range of active processes, including cell 

migration, movement of endocytic vesicles and other membrane-bound organelles 

within cells, along with intercellular transport of certain bacterial and viral pathogens5-

7. As such, supramolecular assembly regulates various biological processes in cells 

(Figure 1.1). 

 

 

Figure 1.1 Schematic illustration of the natural self-assembly behavior in living systems. 

Copyright © 2025The Royal Society 

 

Much progress has been made in understanding the fundamental principles that 

govern native-protein self-assembly processes by studying naturally occurring building 

blocks8-11. Mimicking these naturally assembled structures by integrating synthetic self-

assembled nanostructures in a biological context is an important milestone in 
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supramolecular chemistry, as these systems expand the boundaries of both 

nanomedicine and synthetic biology. Moreover, the bottom-up approach of developing 

non-natural assemblies in complex, dynamics intracellular environment could help 

elucidate molecular mechanisms of naturally occurring cellular processes and provide 

the foundation of unravel the origin of life. 

 

Even though nature commonly uses protein sequences of up to several hundred 

amino-acid residues as building blocks of functional materials, substantially shorter 

sequences can also exhibit highly sophisticated self-assembly behavior12, 13. As such, 

biomimetic peptide-based motifs, including peptide amphiphiles, lipopeptides and 

conjugates with other organic and inorganic molecules, exemplify how design and 

chemistry can be successfully employed to generate multifunctional molecules that 

assemble predictably and interact with specific biological ligands. The recent 

emergence of the field of peptide biomimetics, which combines principles from 

disciplines including biology, chemistry and engineering, allows the preparation of 

synthetic materials with functions similar to or surpassing those of natural products14-

16. Bio-inspired peptides, especially short peptide building blocks, are minimal 

recognition modules used to mediate and facilitate processes of molecular recognition 

and self-assembly17. The synthesis and chemical modification of these building blocks 

are facile and they can assemble with remarkable efficiency into biocompatible and 

controllably biodegradable materials. Because of these advantages, over the past 

three decades, this progress has generated substantial interest in developing peptide-

based nanostructures for novel materials application in biomedicine, drug delivery and 

tissue engineering18, 19. In particular, peptide-based biomaterials demonstrate 

significant promise for precision therapy and the discovery of macromolecular drugs20-

23. Further discussion on this topic is included in the subsequent chapters. 

 

1.1.2 Supramolecular interactions between peptides  

Peptide self-assembly refers to the formation of molecular aggregates with a specific 

arrangement, driven by various non-covalent interactions24, 25. These non-covalent 

forces primarily include hydrogen bonding, hydrophobic interactions, π–π interactions, 

electrostatic interactions, and enabling peptide assemblies to form unique and ordered 

nanostructures (Figure 1.2)5.  
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Hydrogen bonds is one of the important forces determining the peptide assembly 

structure of self-assembly process24, 26. Hydrogen bonds can be formed between the 

amino and carboxyl groups on the main and side chains of peptides. For example, 

amino acids which contain hydrophilic side chain functional groups like serine, 

threonine, glutamine and asparagine can interact with each other by forming hydrogen 

bonds. Meanwhile, hydrogen bonds can also be formed in the peptide backbone by 

C=O and N-H residues of amide bonds (Figure 1.2). In general, the β-sheet secondary 

structure is formed through hydrogen bonds perpendicular to adjacent peptide chains. 

Conversely, the α-helix structure arises from hydrogen bonds between amide-based 

amino acids within the same peptide chain. Moreover, hydrogen bonds are essential 

for the formation and stabilization of peptide secondary structures, facilitating the 

assembly of peptides into various nanostructures. 

 

Hydrophobic interactions are another significant driving force for peptide self-assembly, 

primarily resulting from the hydrophobic regions on the peptides. When amphiphilic 

molecules are introduced into water, their hydrophobic segments tend to aggregate in 

an effort to reduce their contact with water, consequently exposing the hydrophilic 

segments to the aqueous environment (Figure 1.2). In general, Hydrophobic 

interactions occur between amino acids with alkyl and aryl side chains, such as alanine 

(Ala, A), leucine (Leu, L), isoleucine (Ile, I), valine (Val, V), and methionine (Met, M). 

 

Another kind of weak non-covalent interaction for peptide assembly is π–π interactions, 

which are particularly important for peptides with aromatic groups. Generally, π–π 

stacking induces specific directional growth in the assemblies by providing driving 

force and directionality to the self-assembly processes of peptides. Peptides 

containing aromatic groups typically exhibit poor solubility, leading to the formation of 

more robust nanostructures in aqueous solutions.  
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Figure 1.2. Supramolecular interactions between peptides. 

 

In addition to the aforementioned forces, the self-assembly of peptides is also driven 

by electrostatic interactions between oppositely charged peptide molecules. These 

interactions influence the self-assembly process through the charged groups of amino 

acids, leading to either electrostatic attraction or repulsion.  

 

1.1.3 Peptide assembly inside living cells 

As discussed before, peptide and protein assembly play an important role in cellular 

life that can regulate a variety of biological processes. Inspired by these, the assembly 

of peptides into specific nanostructures within living cells has been extensively 

investigated as a platform for regulating cellular metabolism and modulating cell 

behavior, offering a novel approach to the development of synthetic biomaterials for 

cancer therapy and tissue engineering. However, the living cell is a non-equilibrium 

system characterized by compartmentalization and the energy-dependent 

maintenance of concentration gradients that are essential for proliferation and function. 

As cellular compartments fulfil different tasks within the cell, they often provide distinct 

(bio)chemical environments, such as a certain pH27-31, redox environment22, 32-35, level 

of molecular crowding or the presence of specific enzymes36-42. Ideally, the assembly 

process should be controlled by a specific trigger that can be selectively activated at 

the target site, ensuring the formation of peptide nanostructures at the desired 

location43. In this context, various examples of peptide assemblies responsive to 

different stimuli, such as pH, reactive oxygen species (ROS), enzyme, glutathione, light, 

are discussed below. 

 

The physiological pH in tissues and inside cellular organelles depends on a variety of 

factors and represents an important parameter for biological processes. Compared 

with healthy tissue and cells, the tumor microenvironment is characterized by a slightly 

acidic pH (6.7 - 7.1), which is a result from the enhanced glycolytic rate of cancer cells 

that leads to hypoxia and acidification of the immediate extracellular matrix44. At cellular 

level, the endocytic pathway is accompanied by a pH gradient ranging from 6.3 in the 

early endosomes to 5.5 in the late endosomes and 4.7 in the lysosome45. These 

changes in pH during the entry of endosomes can serve as an endogenous trigger for 

the self-assembly or the morphological transformation of a pH-responsive 
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nanomaterials28, 30, 31, 46. Based on this, Maruyama et al, reported a construction of pH-

induced self-assembly of a peptide amphiphile for selective cell death (Figure 1.3)47. 

They designed a palmitoylated hexapeptide sequence, C16-VVAEEE, containing a Glu-

Glu-Glu sequence that acts as a pH-responsive part due to the carboxyl groups of the 

side chains and the C-terminus. C16-VVAEEE formed a hydrogel below pH 7. The 

formation of the nanofibrous self-assembly was responsive to a small pH change 

around pH 7, which was correlated with the cytotoxicity. This study demonstrated the 

distinct microenvironment inside living cells can be used as a trigger for the intracellular 

self-assembly of a peptide amphiphile, which provide a new tool to drug discovery. 

 

 

Figure 1.3 (a) Molecular structure of N-palmitoyl-Val-Val-Ala-Glu-Glu-Glu (C16-

VVAEEE). (b) Gelation tests of PBS after 24 h at various pH. The concentration of C16-

VVAEEE was 0.15 wt %. (c,d) TEM images of the freeze-dried hydrogel and PBS 

solution of 0.15 wt % C16-VVAEEE. (c) pH 6.8 and (d) pH 7.4. Copyright © 2021 

American Chemical Society 

 

Reactive oxygen species (ROS), including hydrogen peroxide (H2O2), peroxynitrite 

(ONOO-), and the hydroxyl radical (OH·), play a critical role as secondary messengers 

in cellular processes such as cell growth, apoptosis, and migration48-50. ROS are 

generated during mitochondrial oxidative metabolism, as well as in response to 

xenobiotics, cytokines, and bacterial invasion. The controlled production of ROS within 

cells serves essential biological functions, including the regulation of signal 

transduction pathways involved in processes such as angiogenesis and insulin 
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metabolism. However, excessive ROS production leads to oxidative stress, which is 

associated with several pathological conditions, in particular abnormal cell growth that 

can drive cancer initiation and progression. Therefore, ROS have often been targeted 

to induce self-assembly, facilitating the formation of supramolecular architectures 

within cells. For example, our group developed a H2O2-responsive assembly system 

that underwent a molecular and supramolecular transformation cascade that leading 

to the formation of nanofibers inside living cells (Figure 1.4)22. Endogenous H2O2 

facilitates the cleavage of the boronic acid masking group and the intracellular pH- 

controlled O, N-acyl rearrangement to generate the self-assembling peptide sequence. 

Nanostructure-driven apoptosis that is characterized by Annexin V binding, 

demonstrates that programmed cell death can be promoted by the peptide assembly. 

By combining the supramolecular chemistry and biological results, we demonstrate 

that the in situ construction of architectures within cells will broaden the community’s 

perspective on how structure formation can impact biological systems. 

 

 

Figure 1.4 Intracellular coassembly of peptides. a, Depsipeptides (kinked arrows) are 

uptaken by cells due to dynamic covalently bound salicylhydroxamate-TAT (SHA-TAT, 

red coil, step A). After hydrolysis of the complex in an acidic environment (step B), the 

boronic acid headgroup of the depsipeptides is cleaved by intracellular hydrogen 
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peroxide (step C). Subsequent O, N-acyl shift forms the linear coassembling peptides 

(step D). Linear peptides (straight arrows) form fibrillar networks inside A549 cells (step 

E), which are visible by transmission electron microscopy (TEM, scale bar 500 nm). b, 

Chemical reactions that lead to cellular uptake, peptide linearization, and peptide 

coassembly of Fmoc (green) and coumarin 343 (blue) functionalized ISA. Copyright © 

2020 American Chemical Society. 

 

Enzymes are essential to cellular metabolism, owing to their remarkable specificity and 

catalytic efficiency. They play an integral role in facilitating almost all biochemical 

reactions within cells. In cancer cells, specific enzymes are frequently overexpressed 

or demonstrate altered activities compared to those in normal cells. Based on this, 

enzyme-specific recognition motifs have been extensively utilized in the chemical 

design of synthetic precursors to generate corresponding assembly monomers, which, 

subsequently facilitate the formation of nanostructures within cells. For example, 

various types of enzymes, including alkaline phosphatases (ALPs), furin and esterases, 

have been used to activate the structure formation processes in living cells. Xu et al, 

reported a concept of inserting phosphorylated tyrosine (pY) into amphiphilic peptide 

motifs and showed that the polarity shift upon dephosphorylation by ALP produces 

nanofibers on the surface of cancer cells (Saos2)51. The formed assemblies can enter 

the cells via endocytosis and the TPP group on the molecule facilitates the transport 

to the mitochondria, therefore resulting in cell death (Figure 1.5a). Bulte et al, also 

designed an intracellular self-assembly platform through furin-triggered cleavage and 

GSH-induced activation to form olsalazine nanoparticles for enhanced magnetic 

resonance imaging and tumor therapy (Figure 1.6a, b)52. Liu et al, described an 

intracellular polymerization strategy via the cathepsin B and GSH-triggered cleavage 

that can simultaneously promote the accumulation and retention of the AIEgen in the 

tumor for prolonged imaging and enhanced tumor growth inhibition (Figure 1.6c)53. In 

addition, Sun et al, presented a novel strategy to program supramolecular self-

assembly specifically in mitochondria by leveraging on a unique enzyme SIRT5 (Figure 

1.5b, c, d)54. The SIRT5-induced cleavage activated the precursors and facilitated the 

subsequent self-assembly process, thereby inducing cellular apoptosis.  
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Figure 1.5 a, Schematic representation of intracellular nanofiber formation on the 

surface of cancer cells and subsequent localization on mitochondria, inducing cell 

death. (b-d) Mitochondria-restricted self-assembly of peptide nanofibers catalyzed by 

SIRT5. b, Molecular structures of precursors and fiber-forming building blocks. Peptide 

precursors 1 and 2 can be desuccinylated by SIRT5 to produce fiber-forming building 

blocks 3 and 4, respectively. c, Schematic representation of the self-assembly process 

triggered by SIRT5 in vitro. d, Schematic representation of intracellular fiber formation 

in mitochondria via specific interaction of internalized peptide precursors with SIRT5 

enzyme. Copyright © 2020 American Chemical Society. Copyright © 2016 American 

Chemical Society. 
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Figure 1.6 Schematic illustration of a furin-mediated and cathepsin B-mediated 

intracellular self-assembly platform to form olsalazine nanoparticles for enhanced 

magnetic resonance imaging and tumor therapy. a, Chemical design and b, schematic 

illustration of furin-mediated self-assembly platform. c, Schematic illustration for the 

formation of AIEgen-based nanostructures by enzyme-mediated intracellular reduction 

and condensation of D2P1 and 3CBT, resulting in enhanced fluorescence signal and 

tumor treatment efficacy. Copyright © 2021 Wiley-VCH GmbH. 

 

Glutathione (GSH), composed of three amino acids: glutamate, cysteine and glycine, 

is the most prevalent non-protein thiol in mammalian cells and the most abundant low 

molecular-weight peptide present in eukaryotic cells55, 56. Acting as a reducing agent, 

a nucleophile and a cell-protective antioxidant, GSH plays an important role in 

maintaining redox homeostasis57. Compared to healthy cells, many cancer cells exhibit 

elevated levels of intracellular GSH that correlates with higher cellular proliferation and 

metastatic activity, as well as multidrug resistance caused by an increased efflux of 

glutathionylated chemotherapeutics58, 59. Therefore, due to its ubiquity, GSH has been 

frequently exploited as endogenous stimulus for controlled intracellular self-assembly32, 

35, 60, 61. For instance, Yu et al. designed a GSH-responsive self-sorting system that 

promotes the formation of isolated nanofibrils through the cleavage of disulfide-linked 

hydrophilic domains or the reduction of selenoxide groups (Figure 1.7)62. Incorporation 

of thiol and ER-targeting moieties into these self-sorted assemblies enables 

simultaneous targeting of both the endoplasmic reticulum and the Golgi apparatus, 

resulting in combinatorial organelle dysfunction and subsequent cell death. These 
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findings demonstrate the in situ formation of self-sorting peptide assemblies within 

living cells, offering a novel platform for targeted drug delivery and presenting an 

alternative strategy for modulating biological processes. 

 

 

Figure 1.7 Schematic illustration of the concept of self-sorting peptide assembly 

system. Top: Chemical structures of peptides E3C16E6 and ER-EVMSeO and their 

corresponding GSH-reduced counterparts assembling into twisted nanofibrils and flat 

nanoribbons, respectively. Bottom: In situ self-sorting of the internalized peptides 

E3C16E6 and ER-EVMSeO induced by GSH reduction for the formation of peptide 

assemblies simultaneously targeting the ER and Golgi apparatus to promote organelle 

dysfunction and subsequent cell death. Copyright © 2022 American Chemical Society 

 

In addition to the aforementioned endogenous stimuli, light, as an exogenous stimulus, 

provides energy to initiate photoreactions without significantly interacting with most 

cellular biomolecules, allowing precise spatiotemporal control over self-assembly 

processes within living cells. Wang et al. reported a light-triggered molecule that 

enabled spatiotemporal control of self-assembly morphology within living cells (Figure 

1.8)63. The platform consisted of a light-controlled unit, 3-methylene-2- (quinolin-8-yl) 

isoindolin-1-one, which could alter the hydrophilic/lipophilic balance by regulating 

molecular conformation from nanoparticles to nanofibers, and a peptide capable of 

rapid reassembly through internal hydrogen bonding interactions. Nanoparticles 

containing this light-responsive unit underwent morphological transformation on the 

cell surface and within lysosomes upon irradiation. The transformation disrupted the 
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lysosomal membrane, induced cell apoptosis, thereby enhanced cisplatin sensitization. 

 

 

Figure 1.8 Schematic illustration diagram of light-triggered self-assembly and 

transformation by molecular conformation changes and H-bond interactions. (a) 

Illustration diagram for single-bond rotation in molecules and morphology 

transformation from nanoparticles to nanofibers induced by light. (b) Molecular 

structure of MQIO-P and its self-assembly and transformation process formed by light 

on the cell surface and inside lysosome. Reproduced with permission. Copyright 2022, 

American Chemical Society. 

 

In summary, peptide-based molecules have demonstrated immense potential in the 

design of controlled supramolecular platforms for intracellular nanostructure formation. 

However, several critical challenges and knowledge gaps remain to be addressed. For 

instance, achieving more precise control over assembly behavior and regulating the 

diverse assembly species is essential for gaining a deeper understanding of the 

relationship between assembly behavior and their biological effects. Besides, 

regulating more complex dynamic assembly processes, such as controlling 

nanostructure formation with varying morphologies or enabling reversible, rather than 

unidirectional assembly processes, is important for understanding the dynamic 
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processes in Nature, such as the assembly and disassembly of proteins and DNA. 

Furthermore, the development of assembly systems targeting different subcellular 

compartments will enhance our understanding of assembly-driven biological functions. 

1.2 Photoactivatable systems 

1.2.1 Photoactivatable groups 

Photoactivatable protecting groups (PPGs), also referred to as photoremovable, 

photoreleasable, or photocleavable groups, are widely employed to enable precise, 

non-invasive spatiotemporal control over the release of various target molecules, 

including biologically active compounds, synthetic precursors, fluorescent probes, 

polymerization initiators, fragrances, and gasotransmitters64, 65. As such, they 

represent a significant and widely utilized application of photochemistry across various 

fields of research. The first reported PPGs were introduced in the early works of 

Barltrop66, Barton67, 68, Woodward69, and Sheehan70, and their first biological 

applications were presented by Engels and Schlaeger71 and Kaplan72 and co-workers. 

Since then, a myriad of photoactivatable molecules and systems in the fields of 

chemistry, biology, medicine and their related disciplines have been developed. Among 

them, many PPGs including o-nitrobenzyl, arylmethyl, coumarin, pyrenylene, xanthene, 

BODIPY and their derivatives, have been designed and developed as phototriggers 

with chemical reactivity and photosensitivity (Figure 1.9).  

 

The key criteria for the design and application of PPGs, are often tailored to specific 

use cases. However, in general, a PPG must meet the following requirements: (a) it 

should exhibit sufficient absorption of the irradiated light, ensuring that no other 

molecules in the system absorb the light or cause undesired photochemical reactions; 

(b) it should release the protected species within a time-frame suitable for the intended 

application; (c) it should not generate reactive or toxic by-products upon irradiation; (d) 

it must be soluble and stable in the target medium or environment, such as aqueous 

solutions typically used in biological or medical contexts; and (e) it should be detectable 

in the medium, for instance, through light emission73. 

 

In this section, several typical PPGs, including nitroaryl groups, coumarin groups, 

arylmethyl groups, xanthene groups, BODIPY groups, as well as their photolysis 
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mechanisms, will be described, respectively. 

 

 

Figure 1.9 Chemical structures of representative organic photoactivatable compounds. 

LG: leaving groups. 

1.2.1.1 Nitroaryl groups 

The nitroaryl group has demonstrated its versatility as a valuable scaffold in the design 

of photoremovable protecting groups (PPGs), giving rise to multiple structural families 

such as o-nitrobenzyl, o-nitro-2-phenethyl, and o-nitroanilide derivatives. To improve 

its efficiency, biocompatibility, and practical applications of this molecule in various 

fields such as photopharmacology, biological imaging, and material science, many 

efforts have been focused to bathochromically shift the absorption spectra of o-

nitrobenzyl and o-nitro-2-phenethyl PPGs toward the visible part of the spectrum74-76. 

The absorption spectra of some representative nitroaryl PPGs (Figure 1.10)73. 
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Figure 1.10 Absorption spectra of selected nitroaryl PPGs. Copyright © 2012 American 

Chemical Society. 

 

The o-Nitrobenzyl derivative (oNB) make up a library of general-purpose PPGs that 

have been developed since the 1960s and are still widely utilized currently69, 77. Their 

photolysis mechanism has been studied extensively (Figure 1.11)78-83. In general, the 

excitation of the ground state of an oNB derivative (1) is followed by intramolecular 

hydrogen abstraction by the nitro group to form an aci-nitro intermediate (2). The decay 

rate constant of the aci-nitro intermediate depends on the substitution of the oNB group, 

the solvent, and the pH. An irreversible cyclization of the aci-nitro intermediate the 

result in the formation of a 1,3-dihydrobenz[c]isoxazol-1-ol (3). The subsequent ring-

opening leads to a hemiacetal intermediate that hydrolyzes to release the leaving 

group (LG) and form an o-nitrosobenzaldehyde byproduct (4). It has proven that the 

photorelease of many functional groups including carboxylic acids, phosphates, thiols, 

alcohols, and amines are feasible, even though alcohols and amines are typically 

attached as a carbonic acid derivative71, 76, 84, 85. 
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Figure 1.11 Proposed photoreaction mechanism of o-Nitrobenzyl PPGs. 

 

In addition to the o-Nitrobenzyl (oNB) groups, nitroaryl PPGs have another separate 

typical class, including the 1-(2-nitrophenyl) ethyloxycarbonyl (NPEOC) group86 and its 

α-methyl analog (NPPOC; the “OC” stands for the −OC(=O) group, which is typically a 

part of the LG)87. Even though this class is similar to oNB in chemical structure, the 

proposed photolysis mechanism of o-nitro-2-phenethyl derivatives is significantly 

different, referring to a photoinduced elimination step (Figure 1.12)86. 

 

Compared to the oNB analogues, this class possess much higher quantum yields, 

which makes it a good candidate in automated light-mediated oligonucleotide 

synthesis (DNA-chips)88, 89, the preparation of peptide and RNA microarrays90-94, the 

synthesis of aptamers and carbohydrates, and gene assembly95-97. 

 

 

 

Figure 1.12 Photolysis mechanism of o-Nitro-2-phenethyl PPGs and representative 

modified o-Nitro-2-phenethyl PPGs. 
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1.2.1.2 The (coumarin-4-yl) methyl groups 

Coumarin (2H-chromen-2-on) is a secondary metabolite found in many plants that was 

first isolated form the Tonka bean, known in French as coumarou, in 182098-100. The 

development of coumarins as a new class of photoresponsive protecting groups start 

with the discovery of Givens and Matuszewski that the (coumarin-4-yl) methyl group 

presents photoreactivity, enabling the controllable release of phosphate esters (Figure 

1.13)101. 

 

 

Figure 1.13 Release of phosphate from 7-Methoxycoumarin 

 

The mechanism of photolysis from (coumarin-4-yl) methyl derivatives has been 

comprehensively explored102-105. In general, the cleavage of a heterolytic C–X bond 

happens from the lowest 1π, π* singlet excited state, while competing processes such 

as non-radiative decay and fluorescence emission reduce its efficiency (Figure 1.14). 

A tight ion pair (TIP) was proposed to be the key intermediate in this process; the 

(coumarin-4-yl) methyl cation in this pair could react directly with potential nucleophiles 

or solvents to result in the formation of a new stable (coumarin-4-yl) methyl product. 

Recombination of the TIP to regenerate the ground-state caged derivative would be a 

competing non-radiative pathway in this mechanism.  
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Figure 1.14 Photocleavage mechanism of (coumarin-4-yl) methyl-caged photocages 

 

Compared to other PPGs, in general, coumarin-based PPGs provide various 

advantages: (1) high molar absorption coefficients at wavelengths above 350 nm, (2) 

high photolysis efficiencies, (3) comparable stabilities in the dark, (4) adjustable 

photolysis kinetics, and (5) practically useful 2-photon excitation cross-sections. 

Furthermore, from the perspective of the molecular structure, the coumarin scaffold 

could be easily modified by varying the substituents on the coumarin ring and therefore, 

their spectroscopic, photochemical, and other relevant properties (e.g., solubility and 

conjugation) can easily be tuned (Figure 1.16). For example, the modifications of the 

substituents at C6 and C7 in the coumaryl group can address low water solubility, 

typical of the first generation 7-alkoxycoumaryl PPG, and also help to extend the 

absorption maximum of the group into the biologically benign range (≥350 nm) (Figure 

1.15). Therefore, the introduction an additional alkoxy group at C6 in the structure of 

parent of the parent 7-alkoxycoumarinylmethanol leads to a shift of the absorption 

maximum by 30 nm. For the second generation, the introduction of 7-amino 

substituents further improved the spectroscopic and photochemical properties of the 

compounds, pushing the absorption maxima to 350-400 nm and presenting the highest 
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quantum yields among these analogues. Moreover, the water solubility can be further 

improved by installing polar groups such as carboxylates to the aniline moiety. 

Polyaromatic analogues were also synthesized to improve fluorescent properties of 

the cage for use both as fluorescent tags and as PPGs. 

 

 

Figure 1.15 Modification strategies for improve the water solubility and spectroscopic 

properties of coumarin-based PPGs.  

 

 

Figure 1.16 Absorption spectra of selected (coumarin-4-yl) methyl PPGs. LG: leaving 

group. Copyright © 2012 American Chemical Society. 

 

1.2.1.3 Arylmethyl groups 

Polyaromatic cores provide chemical platforms for engineering extended arylmethyl 

PPGs. This family of photo-responsive protecting groups is based on the 

photochemically induced hydrolysis (or less commonly alcoholysis) of benzyl or 
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heterobenzyl esters or ethers (Figure 1.17).  

 

 

Figure 1.17 Photochemical cleavage mechanism of benzyl protection. 

 

From the perspective of the photolysis reaction mechanism, this process can proceed 

via initial light-induced homolysis of the C-O bond, followed by rapid electron transfer 

to produce an ion pair (Figure 1.18). The ion pair is then trapped by the solvent to yield 

the final products. The mechanism above is the predominant pathway in the photolysis 

reaction of simple benzyl derivatives106. However, photolysis of benzyl esters is often 

accompanied by the formation of radical products107-109. 

 

 

Figure 1.18 Photochemistry of arylmethyl ethers. 

 

For example, the (scridin-9-yl) methyl group (1) was introduced by Zhang and co-

workers as a UV- activatable PPG for alcohols110 and was later used with carboxylic 

acids (Figure 1.19)111-113. The photolysis mechanism was proposed to proceed through 

an ion-pair intermediate. Singh et al. also developed a similar system, the π-extended 

[benzo(a)acridin-12-yl] methyl derivative (2), which exhibits a bathochromic shift of 

∼20 nm (λmax ≈ 374 nm, εmax ≈ 5 × 104 M−1 cm−1) and extended absorption up to ∼425 

nm114. 
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Figure 1.19 Photochemistry of (Acridin-9-yl) methyl PPGs. 

 

 

Figure 1.20 Photochemistry of 1- (Hydroxyacetyl) pyrene PPG 

 

Furthermore, 1-(hydroxyacetyl) - pyrene was introduced by Singh and co-workers as 

a variant of the well-established (pyren-1-yl) methyl PPG. In contrast to (pyren1-yl) 

methyl, which absorbs only in the UV region, the addition of a hydroxyacetyl group in 

(1) (Figure 1.20) caused a bathochromic shift of λabs (∼355 nm), resulting in sufficient 

absorption above 400 nm (ε410 = 2.7−3.9 × 103 M−1 cm−1) to enable visible light-induced 

photolysis115. The photorelease (λirr ≥ 410 nm) of carboxylic acids115, 116 and alcohols117 

(as carbonates) in a 1:1 acetonitrile/H2O solution proceeded with near-quantitative 

chemical yields (>94%) and high quantum efficiencies (Φr = 0.30−0.41 and 0.17−0.20, 

respectively) (Figure 1.20). These results can be compared to those achieved with a 

(pyren-1- yl) methyl group, which released carboxylic acids and alcohols with (solvent 

dependent) Φr = 0.0029−0.139 upon excitation at 350 nm118-120. 

 

Another arylmethyl- type PPG studied by Singh group, which was absorbs in the visible 

range (λabs = 438 nm, εmax = 2.4−3.5 × 104) and presents characteristic fluorescence 

(λmax = 445 nm, ΦF = 0.9), is the (perylen-3-yl) methyl group (1) (Figure 1.21)121. In an 

acetonitrile /H2O (3:1) solution, carboxylic acids and alcohols (attached as carbonates) 

can be successfully photoreleased from (1) with high chemical yields (>89%) and 

moderate quantum efficiencies (Φr = 7.7−9.3 × 10-2). 
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Figure 1.21 Photochemistry of the (Perylen-3-yl) methyl PPG 

 

1.2.1.4 Xanthene and pyronin groups  

Xanthene is the basic skeleton of a large class of fluorescent substances, dyes, 

synthetic drugs122. Wirz and co-workers have demonstrated that acetate and diethyl 

phosphate can be released from a 1:1 (molar ratio) complex of (1) with 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone (DDQ) upon irradiation with visible light (over 500 nm) 

(Figure 1.22)123. The potential photolysis mechanism showed that the primary 

photoproduct in aqueous solutions, a meso-methylhydroxy derivative formed from the 

corresponding cationic intermediate, is further oxidized by DDQ to release 6-hydroxy-

3- oxo-3H-xanthene-9-carboxylic acid (3) as the major photoproduct. Hückel's 

Molecular Orbital (HMO) calculations of the xanthene frontier molecular orbitals 

presented that the HOMO and LUMO are disjoint at the meso-position, leading to an 

increase in its negative charge upon HOMO-LUMO excitation. The phenomena were 

linked to specific photoreactivity such as the extrusion of the leaving groups124. 

 

Another novel class of pyronin analogue (1) (Figure 1.23), placing a 1, 3-dithian-2-yl 

substituent at the meso-position of pyronin, gave a stable photoproduct that absorbed 

at 382 nm and emitted at 448 nm125. It has been proved that the transformation of (1) 

is a multi-photon, multi-step process. Specific intermediates in this process were 

identified and their structural relationships were defined using steady-state and time-

resolved optical spectroscopy, mass spectrometry, and NMR spectroscopy. The 

simplified mechanism for this complex reaction demonstrated that the process involves 

at least three light-initiated steps (Figure 1.23)126, 127. 
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Figure 1.22 Photochemistry of Xanthene PPG and Schematic Representation of the 

HOMO and LUMO of its π-system. Copyright © 2012 American Chemical Society. 
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Figure 1.23 Proposed photochemistry mechanism of Pyronin 1. 

 

1.2.1.5 BODIPY groups 

4, 4-Difluoro-4-bora-3a, 4a-diaza-s-indacene (BODIPY) and its derivatives are highly 

fluorescent dyes and are widely used in chemistry128-132 and chemical biology133-137. 

This molecule provides advantages of strong absorption, high photostability, low 

phototoxicity, tunability, and versatility in biological systems, making it an attractive 

option for controlled release applications in both chemical and biological research. 

Their favorable spectroscopic properties are mainly due to their rigid and planar 

chemical structures, which make the potential energy surfaces of their S0 and S1 states 

quite similar. Consequently, narrow Gaussian-shaped absorption and emission bands 

are typically observed for their lowest energy transition138, 139. These families have high 

ΦHF values (typically >0.5) because of inefficient non-radiative decay and intersystem 

crossing (ISC)139-141. Simple BODIPY chromophores typically possess two narrow 

bands in the visible range (λmax ≈ 490−540 nm, ε ≈ 3−9 × 104 M−1 cm−1) and an intense 

0-0 band due to S0-S1 the transition, and a shoulder attributed to the 0-1 vibrational 

transition142-146. These favorable properties make this chromophore an effective 

photoactivatable group. 

 

In general, the BODIPY chromophore can be used as a photorelease system with 

different strategies by introducing LGs at different positions (Figure 1.24). Among them, 

meso-methyl BODIPY derivatives are most widely used due to its facile synthesis and 

tunable spectral properties147, 148, therefore, this chapter will primarily focus on the 

discussion of meso-methyl BODIPY as a PPG. 

 

 

Figure 1.24 Structures of BODIPY PPGs with LGs at different positions. 

 

The release of leaving groups from meso-methyl BODIPY derivatives upon 
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photoexcitation with green light has been well studied by the groups of Winter and 

Weinstain148 (a general structure is shown in Figure 1.25). The basis for this 

photoreactivity can be traced to the properties of the chromophore’s meso position. 

Heterolytic photodissociation to give a meso-methyl carbocation is favored when 

electronic excitation to the lowest singlet-excited state involves a substantial transfer 

of electron density to the sp2 carbon atom of a chromophore bearing a LG in the α-

position such that the antibonding σ* orbital is mixed with the chromophore’s LUMO124. 

In such cases, the promotion of an electron from the HOMO to the LUMO weakens the 

C−LG bond, facilitating heterolytic dissociation of the leaving group. This mechanism 

is responsible for, among other things, Zimmerman’s meta-effect in the photosolvolysis 

of methoxybenzyl acetates149 and the photochemical reactivity of coumarinyl-4-methyl 

PPGs. HMO calculations revealed that BODIPY also reacts in this way because its 

HOMO and LUMO are disjoint at the meso position, and the negative charge at this 

position increases upon excitation139 (Figure 1.25), as also predicted for xanthene 

chromophores. The meso-Methyl carbocations were reported to have a low-lying 

excited state, suggesting a near degenerate diradical configuration147. Such low-

energy diradicals can have a close-lying conical intersection between the closed-shell 

singlet and singlet diradical forms150. The photoheterolysis of C−LG bonds to generate 

ion pairs was shown to be favored when the ion pair has access to a nearby productive 

conical intersection that provides an efficient channel for the excited state of the 

precursor to decay to the ground-state ion pair150, 151. 

 

 

 

 

Figure 1.25 Photorelease of LG from meso-Methyl BODIPY Derivatives, and 

Schematic Representation of the HOMO and LUMO of the BODIPY π-System (BF2 Is 

Omitted). Copyright © 2012 American Chemical Society. 
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The meso-Methyl BODIPY PPGs are a large family with absorption bands from 490-

700 nm. For example, (1) (2) (3) typically have absorption bands with λmax at 490−545 

nm, while π-extended meso-Methyl BODIPYs with λmax at 586−693 nm have been also 

reported (4) (Figure 1.26)152, 153. The absorption spectra of representative meso-methyl 

BODIPY PPGs discussed in this section are shown in Figure 1.27154-156.  

 

 

Figure 1.26 Chemical structures of meso-methyl BODIPY PPGs. 
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Figure 1.27 Absorption spectra of selected meso-methyl BODIPY PPGs. Black line, 

1,3,5,7-tetramethyl derivative (LG = acetate); blue line, a 2,6-diethyl-1,3,5,7-

tetramethyl derivative (LG = (4 - nitrophenyl) carbamate); red line, a 2,6-diiodo-B-

dimethyl derivative (LG = acetate); green line, a bis (p - methoxystyryl) derivative (LG 

= benzoate); cyan line, a bis (p - dimethylaminostyryl) derivative (LG = benzoate). 

Copyright © 2012 American Chemical Society. 

 

 

In conclusion, this section highlights several widely used photocages with broad 

absorption ranges, including nitroaryl groups, (coumarin-4-yl) methyl groups, 

arylmethyl groups, xanthene groups, and BODIPY-based photoactivatable protecting 

groups (PPGs). Their chemical structures, photophysical properties as well as 

photolysis mechanisms have been introduced. 

 

1.2.2 Application of photoactivatable systems in biological systems 

Light-control systems in living cells offer a valuable method for precisely regulating 

photolysis reactions within complex cellular environments. By using light as a trigger, 

researchers can manipulate specific proteins, genes, or cellular functions with high 

spatial and temporal precision157-159. This innovative technology has been extensively 

explored for applications such as controlling gene expression, regulating cell behavior, 

facilitating targeted drug release, and guiding the formation of nanostructures within 

living cells160-162. The following section will include discussions on these applications. 

 

Optogenetic techniques have been developed to allow control over the activity of 

selected cells within a highly heterogeneous tissue, using a combination of genetic 

engineering and light163-167. Research in the field mainly focus on the regulation of gene 

expression and cell behavior. For example, Deiters et al, described a light-activated 

T7RNAp gene expression system in mammalian cells engineered with additional 

protein biosynthetic machinery for genetically encoded protein modification with a 

caged lysine amino acid (PCK) (Figure 1.28)168. The photocaging led to full inactivation 

of RNA polymerization. Light irradiation at 365 nm removed the caging group and 

enabled the expression of transcripts that were placed under the control of the T7 

promoter, which was successfully demonstrated for two reporter genes, luciferase and 

EGFP.  
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Figure 1.28 Light-activated T7RNAp is expressed in mammalian cells through site-

specific incorporation of a photocaged lysine (PCK) into its active site in response to 

an amber stop codon (TAG) via an engineered tRNA synthetase (PCKRS) that 

misacylates an amber-suppressor tRNA (PylT) with PCK. The caged T7RNAp is 

completely inactive until irradiation with 365 nm UV light induces decaging and 

activation of T7-driven transcription. Depending on the function of the transcribed RNA, 

light-induced protein expression from mRNA or light-induced gene silencing via RNA 

interference from shRNA is achieved. Copyright © 2013 American Chemical Society. 

 

Zanin et al. reported a photocaging strategy to reversibly arrest the cell cycle at 

metaphase or induce apoptosis using blue-light irradiation (Figure 1.29)169. Upon 

irradiation, reversible cell-cycle arrest in the metaphase is clearly proven in Hela cells. 

The light-control system enabled precise spatiotemporal control of the cell cycle with 

high modulation. Moreover, the regulation of proteasome activity using light was 

studied, revealing that the uncaging processes enabled precise control over 

proteasome inhibition, thus inducing apoptosis. These findings underscore the value 

of this light-responsive tool for biological and medical applications that require high-

precision targeting of the proteasome, as well as the regulation of the cell cycle and 

apoptosis. 
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Figure 1.29 Transformation of the versatile covalent proteasome inhibitor MG132 into 

a blue-light-controlled biomolecular tool MG132-Cage (1) enabling spatio-temporal 

control of various fundamental biological phenomena. Upon blue-light irradiation the 

aldehyde function is restored and covalent proteasome binding and inhibition is 

triggered. Copyright © 2020 Wiley-VCH GmbH. 

 

Beside, light-control systems have also been used to enable precise control of drug 

release to improve drug accumulation and therapeutic efficiency. Wang et al. presented 

a visible light-responsive drug delivery system, self-assembled from photocleavable 

trigonal small molecules, designed to achieve light-triggered intraocular drug 

accumulation (Figure 1.30)170. In vivo results demonstrated the system's efficacy in 

controlling drug release and accumulation, effectively suppressing retinoblastoma 

growth. 
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Figure 1.30 Schematic illustration of photo-triggered chemotherapy of retinoblastoma. 

A, Self-assembly, photo-induced disassembly, and drug release of the DOX-loaded 

(DEAdcCM) 3-TAEA (DTAEA) nanocarrier; B, Proposed mechanism of photo-

enhanced drug accumulation in the eye. 

 

Moreover, this technique also shows great potential for regulating nanostructure 

formation within cells. Wang et al. designed a light-triggered platform that enables 

spatiotemporal control of self-assembly from nanoparticles into nanofibers in living 

cells through subtle molecular conformational changes and internal H-bonding 

interactions (Figure 1.8)63. The conformational changes from nanoparticles into 

nanofibers disrupted the hydrophilic/lipophilic balance and subsequently facilitated the 

formation of nanofibers, thereby inducing cell apoptosis. This study demonstrated that 

light-triggered assembly can be applied for regulating cellular behaviors in living 

systems. 

 

In conclusion, the results presented here demonstrate that light-controlled systems 

within living cells have emerged as powerful tools for regulating cellular behavior, drug 

release, and gene expression, among other applications. Inspired by this knowledge, 

it is envisioned that the light-controlled system can be utilized to accurately control the 

generation and concentration of assembly monomers within living cells, which in turn 

regulates the kinetics of supramolecular assembly. As such, the generation of various 
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assembling species, the supramolecular assembly pathway and corresponding 

biological functions can be precisely characterized, which can be a significant 

advancement in understanding the assembly-driven therapeutic applications. 

 

 

Figure 1.31 Chemical structure and Fluorescence lifetime imaging microscopy (FLIM) 

images of (a) the pristine BPIB1 gel, (b) the BPIB1 gel with the addition of trifluoroacetic 

acid (TFA, 1 μL), (c) complete formation of the BPIB1 sol, and (d) the BPIB1 gel after 

the addition of triethylamine (TEA, 1 μL) to the acidified sol; inset: corresponding 

fluorescence lifetime histograms demonstrating the reversible gel–sol–gel 

transformation; the average lifetime of the gel (∼6 ns), the sol (∼2 ns), and the mixture 

of the sol–gel is indicated. (e) Morphological transformation during the sol-to-gel 

transformation upon adding 1 μL of TEA in an acidified sol of BPIB1 elucidated through 

real-time FLIM images. The green and blue colors in the images refer to fluorescence 

lifetime distribution; scale = 10 μm. 

 

Although light-control technology provides the availability to precisely control the 

supramolecular assembly process inside living cells, however, another obstacle lies in 

the difficulty in tracking the assembly processes and their dynamics within complex 

cellular environment. Recently, Patra et. al unraveled the real-time, early stage 
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environment-sensitive dynamic molecular self-assembly processes and stimuli-

induced reversible morphological transformation between supramolecular fibers and 

spherical nanoaggregates of alkyl chain-substituted phenanthroimidazole-based 

luminogen (BPIB1) through fluorescence lifetime imaging microscopy (FLIM) (Figure 

1.31)171. Inspired by this result, we propose that the formation processes of peptide-

based nanostructures can be tracked using FLIM. This approach has the potential to 

enhance our understanding of the relationship between supramolecular chemistry and 

biological function. 
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1.3 Fluorescence lifetime 

1.3.1 Fluorescence lifetime 

Fluorescence lifetime is the average time that a molecule spends in its excited state 

before returning to the ground state, typically with the emission of a photon172-174. The 

fluorescence lifetime can vary from picoseconds to hundreds of nanoseconds, and 

even up to microseconds or milliseconds, depending on the fluorophore (Figure 

1.32)172. During the excited state lifetime, a fluorophore can undergo conformational 

changes, interact with other molecules, and rotate and diffuse through the local 

environment.  

 

When a sample containing a fluorophore is excited using a pulse of light, an initial 

population (n0) of fluorophores in the excited state is created. This population decays 

with time due to fluorescence emission and non-radiative processes, a process 

described by the differential equation: 

 

𝑑𝑛(𝑡)

𝑑𝑡
=  − (𝑘𝑟 + 𝑘𝑛𝑟)𝑛(𝑡) [1] 

 

where n(t) is the number of molecules in the excited state at time t following the 

excitation. kr and knr are the radiative and non-radiative rate constants respectively. 

This results in an exponential decay of the excited state, given by 

 

𝑛(𝑡) =  𝑛0exp (−𝑡/𝜏)  [2] 

 

τ is the fluorescence lifetime of the molecule and is expressed as the reciprocal of 

the total decay rate, 

τ =  𝑘𝑟 +  𝑘𝑛𝑟
−1 [3] 

 

Fluorescence lifetime is an intrinsic property of a fluorophore and therefore does not 

depend on the method of measurement174. Fluorescence lifetime can be considered 

as a state function because it also does not depend on initial perturbation conditions, 

such as excitation wavelength, duration of light exposure, single- or multi-photon 

excitation, and is not affected by photobleaching. In addition, fluorescence lifetime is a 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pulse-rate
https://www.sciencedirect.com/topics/engineering/fluorophore
https://www.sciencedirect.com/topics/chemistry/fluorescence-emission
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parameter that is largely independent of the fluorescence intensity and fluorophore 

concentration175-181. Since this process is affiliated with an energetically unstable state, 

fluorescence lifetime can be sensitive to a great variety of internal factors defined by 

the fluorophore structure and external factors that include temperature, polarity, and 

the presence of fluorescence quenchers. The combination of environmental sensitivity 

and parametric independence mentioned above renders fluorescence lifetime a 

separate yet complementary method to traditional fluorescence intensity 

measurements. 

 

 

Figure 1.32 Schematic of fluorescence decay upon pulsed excitation. Fluorophores 

are excited using a short pulse of light. The emitted fluorescence is measured in a 

time-resolved manner, forming the basis for time-domain lifetime measurement. 

 

1.3.2 Fluorescence lifetime imaging 

Typical FLIM applications are not primarily aiming at separating signals of different 

fluorophores. Instead, FLIM is used to distinguish different fractions of the same 

fluorophore in different states of interaction with its environment. This is due to the 

basic property of the fluorescence lifetime: the fluorescence lifetime of a fluorophore 

depends on its molecular environment but, within reasonable limits, not on its 

concentration. In general, the fluorescence lifetime of a fluorophore can be influenced 

by many factors, such as fluorescence quencher, pH, viscosity, FRET process, 

conformation of a fluorophore and so on (Figure 1.33). 
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A variety of fluorescence quenchers, including certain ions, especially Ca²⁺ and Cl⁻, 

Cu+, can significantly quench fluorescence or phosphorescence. Additionally, oxygen 

acts as an efficient quencher for many fluorophores. Strong quenching by oxygen has 

been demonstrated in the phosphorescence of organic complexes involving ruthenium, 

europium, platinum, and palladium. Upon quenching, the decay dynamics are 

markedly altered, resulting in significant changes in the fluorescence lifetime. For 

example, Vilar et al. reported a novel fluorescent probe with specific binding affinity for 

copper(I), resulting in marked changes in fluorescence lifetime182. This approach 

demonstrated the feasibility of visualizing copper(I) pools in the lysosomes of living 

cells using fluorescence lifetime imaging (Figure 1.33a).  

 

The pH is another critical factor that can influence fluorescence lifetime, as many 

fluorescent molecules exist in both protonated and deprotonated forms. When these 

two forms exhibit different fluorescence lifetimes, the apparent lifetime can serve as an 

indicator of the local pH. For example, Ruedas-Rama et al. investigated that the 

photoluminescence (PL) lifetime of mercaptopropionic acid-capped QDs (MPA-QDs) 

collected from FLIM images can be used to determine intracellular pH183. They 

performed the successful detection of changes in the intracellular pH of different cell 

types by examining the PL decay time of QDs (Figure 1.33b).  

 

For fluorophores with a high degree of internal flexibility, the surrounding viscosity can 

significantly influence their internal rotation, leading to variations in non-radiative decay 

rates. Consequently, changes in viscosity can modulate the fluorophore's lifetime. For 

example, Yan et al. developed a fluorescent probe, incorporating an aldehyde group 

(CHO), enabling dual mode fluorescence imaging, including ratiometry imaging and 

fluorescence lifetime imaging, of intracellular viscosity (Figure 1.33c)184. The rotation 

of the CHO group gave rise to internal conversion by a non-radiative process. The 

viscosity changes inside cells, showing some regional differences, which can be clearly 

observed by both ratiometry imaging and fluorescence lifetime imaging (FLIM). These 

findings highlight the enhanced reliability and accuracy that FLIM provides for 

measuring intracellular viscosity, offering capabilities previously unavailable with 

conventional techniques. 

 

The fluorescence lifetime can be influenced by Förster resonance energy transfer 
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(FRET). FRET is a process in which energy is transferred from one molecule, the donor, 

to another molecule, the acceptor. This technique is widely used to study protein 

interactions and conformational changes in proteins. Among its applications, FRET 

measurement is the most common use of fluorescence lifetime imaging microscopy 

(FLIM). For example, Lamond et al. presented the detection of protein-protein 

interactions in vivo based on the measurement of FRET using the multiphoton 

fluorescence lifetime imaging microscopy (FLIM)185. This FLIM-FRET approach allows 

the precise spatial mapping and quantification of these interactions within living cells 

(Figure 1.33d). 

 

The fluorescence lifetime of a fluorophore can vary upon binding to a biological target. 

This change may result from an alteration in the fluorophore's conformation, which 

subsequently affects the rate of non-radiative decay. Kuimova et al. developed a novel 

thiazole orange derivative, TOR-G4, that exhibits a unique fluorescence lifetime (3.0 

ns) when bound to G4s compared to other structures, allowing G4 binding to be 

sensitively distinguished from non-G4 binding186. The probe also colocalizes with RNA 

in the cytoplasm and nucleoli of cells, making it the first lifetime-based probe validated 

for exploring the emerging role of RNA G4s in cellulo (Figure 1.33e). 

 

Based on the aforementioned results, FLIM proves to be a versatile tool for measuring 

various parameters within living cells. 
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Figure 1.33 Various Applications of FLIM. a, chemical structure and FLIM imaging 

recorded before and after incubation with 5 μM Cu-CTSM for 20 min; b, FLIM images 

of MPA-QDs in the cytoplasm of CHO-k1 cells after incubation with nigericin in 

extracellular buffers (EBs) at different pH values: 5.70 (i), 6.50 (ii), 6.73 (iii), and 8.19; 

c, chemical structure and FLIM image of probe in MCF-7 cells; d, schematic illustration 

of FLIM-FRET method and corresponding FLIM images; e, chemical structure and 

FLIM images of TOR-G4 in cells following treatment with nucleases. 
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1.3.3 Phasor-Fluorescence lifetime imaging (Phasor-FLIM) 

As described above, fluorescence lifetime imaging microscopy (FLIM) is used in 

diverse disciplines, including biology, chemistry and biophysics187-193, but its use has 

been limited by the complexity of the data analysis. The phasor approach to FLIM has 

the potential to markedly reduce this complexity and at the same time provide a 

powerful visualization of the data content194, 195. Phasor plots for fluorescence lifetime 

analysis were originally developed as a graphical representation of excited-state 

fluorescence lifetimes for in vitro systems. The method's simple mathematics and 

specific rules avoid errors and confusion common in the study of complex and 

heterogeneous fluorescence194. In the case of FLIM, the phasor approach has become 

a powerful method for simple and fit-free analyses of the information contained in the 

many thousands of pixels constituting an image188, 196. 

 

The phasor approach to FLIM transforms the decay data from each pixel of an image 

into the phasor plot (Figure 1.34)194, 197, 198. The transformation is based on the 

mathematics originally described by Weber195 to resolve heterogeneous systems, and 

the graphical representation as a phasor plot was introduced by Jameson at al199. The 

phasor transformation can use data collected in either the time or the frequency 

domain (FD)199-202. In the time-correlated single-photon counting (TCSPC) technique, 

the histogram of the photon arrival times at each pixel of the image is transformed into 

Fourier space, and the phasor coordinates are calculated using the following relations: 

 

𝑔𝑖,𝑗(𝜔) =  ∫ 𝐼 (𝑡) · cos(𝑛𝜔𝑡)  𝑑𝑡/ ∫ 𝐼 (𝑡)𝑑𝑡

𝑇

𝑂

𝑇

0

  [4] 

 

𝑠𝑖,𝑗(𝜔) =  ∫ 𝐼 (𝑡) · sin(𝑛𝜔𝑡)  𝑑𝑡/ ∫ 𝐼 (𝑡)𝑑𝑡

𝑇

𝑂

𝑇

0

  [5] 

 

in which gi,j(ω) and si,j(ω) are the x and y coordinates of the phasor plot, n and ω are 

the harmonic frequency and the angular frequency of excitation, respectively, and T is 

the repeat frequency of the acquisition. Frequency domain data acquisition from each 

pixel can be converted to phasor points using the following transformations: 
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𝑔𝑖,𝑗(𝜔) =  𝑚𝑖,𝑗 · cos(𝛷𝑖,𝑗) [6] 

 

𝑠𝑖,𝑗(𝜔) =  𝑚𝑖,𝑗 · sin(𝛷𝑖,𝑗) [7] 

 

in which mi,j and ϕi,j are the modulation and phase shift, respectively, of the frequency 

domain measurement at pixel i,j. The decay from each pixel can therefore be 

translated to a point in the phasor plot. By taking these transformations and solving the 

integrals, the following relationships between the phasor and the lifetime can be 

derived: 

𝑔 =  ∑
𝑓𝑖

1 + 𝜔2𝜏𝑖
2  𝑎𝑛𝑑 𝑠 =  ∑

𝑓𝑖𝜔𝜏𝑖

1 + 𝜔2𝜏𝑖
2      (8)  

𝑁

𝑖=1

 

𝑁

𝑖=1

 

N is the number of the fluorescent species, and fi is the fractional contribution of the ith 

species of the fluorescence lifetime Ti to the total intensity. 

 

 

Figure 1.34 Mapping FD and TCSPC FLIM data to the phasor plot. 

 

For a single-lifetime species (N = 1), the Eq. [8] is reduced to Eq. [9] and the lifetime 

can be directly determined by the coordinate vales of a phasor. It is further derived that 

the two coordinates of a phasor representing a single-lifetime species must have the 
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relationship given by Eq. [10]. The relationship is drawn as a semicircle curve centered 

at (G = 0.5, S = 0) with a radius of 0.5 in the phasor plot, and this semicircle curve is 

often called the universal semicircle or the universal trajectory (Figure 1.34)195, 203. The 

universal semicircle defined by Eq. [10] becomes an explicit lifetime ruler for single-

lifetime species in the phasor plot. In the semicircle, the hypothetical zero lifetime lies 

in (1, 0) and the infinite lifetime lies in (0, 0) (Figure 1.34). 

 

g =  
1

1 + 𝜔2𝜏2
   𝑠 =  

𝜔𝜏

1 + 𝜔2𝜏2
  𝜏 =

1

𝜔
(

𝑠

𝑔
)   [9] 

 

(g − 0.5)2 + 𝑠2  = 0.25  [10] 

 

Based on this, in the phasor transformation, the decays that correspond to a mono-

exponential appear on the universal semicircle (Figure 1.35a). The decays that arise 

from multi-exponentials appear inside the semicircle (Figure 1.35b). Phasors of decay 

profiles which result from the convolution of several processes end outside the 

semicircle (Figure 1.35c). An example is the emission of a FRET-excited acceptor, 

which is the convolution of the decay function of the interacting donor with the 

fluorescence decay of the acceptor. The values of g (the cosine transform) are between 

0 and 1, and s (the sine transform) has values between 0 and 0.5. In the phasor plot, 

the coordinates are shown in polar coordinates, where M is the modulus of the phasor 

and ϕis the phase.  



40 

 

 

Figure 1.35 Different examples of phasor plots. a, Single-component phasor 

example. b, Linear combination in phasor space. c, Reactions in the excited state 

result in a phasor moving outside of the universal semicircle. ϕ, phase; fx, fraction 

contribution; M, modulation; τx, lifetime. 

 

The goal of FLIM acquisition is to generate a color-mapped images, where different 

colors correspond to different fluorescence decay profiles. In the phasor approach to 

FLIM, the fluorescence decay is directly transformed to a phasor plot by simple 

mathematics in which phasor points originating from different pixels in the image are 

represented by their location in the phasor plot. In the phasor plot, similar fluorescence 

decays can be easily recognized and the points in the image where they originate can 

be painted using color cursors. For example, in Figure 1.36 (top right), blue- and red-

colored cursors select the two major clusters of phasor distribution originating from the 

cytoplasm and nucleus, respectively, and the image is colored accordingly (phasor-

mapped FLIM image in Figure 1.36, bottom right). A feature of phasor analysis is that 

any region of the phasor plot (which represent one specific fluorescence decay value) 

can be selected in order to directly characterize the pixels in the image with the given 

fluorescence decay. Conversely, selecting a region of the image (Figure 1.36, top left) 

allows to observe the parts of the phasor plot that represent the decay of the region 

(Figure 1.36, bottom left). This reciprocity (indicated by the red two-headed arrow) 
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provides the phasor approach to FLIM with the ability to identify the related 

components, even if they are spatially separated and are present in only very few 

pixels. The red two-headed arrow is representative of the reciprocity principle of the 

phasor approach, which shows that the phasor-mapped FLIM image and the phasor 

plot are strictly correlated. Selecting a cluster in the phasor plot results in selection of 

the parts of the image from which those phasor points originate, and, similarly, a part 

of the FLIM image can be selected (Figure 1.36, top left), and the distribution of the 

corresponding phasor points (Figure 1.36, bottom left) can be captured.  

 

 

Figure 1.36 The reciprocity principle using the phasor approach. (Top) The phasor 

approach converts the fluorescence lifetime information of the FLIM/intensity image 

(top left) to a phasor plot (top right). Selecting different regions of the phasor plot lead 

to the selection of different areas of the image and a phasor color-mapped FLIM image 

(bottom right). The reciprocity principle (red arrow) dictates that the process can be 

reversed, and different areas of the FLIM images can be selected to obtain the 

corresponding phasor distribution (bottom left). g = Mcosϕ; s = Msinθϕ, where M is the 

modulation and ϕ is the phase shift in frequency domain measurements. 
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Based on the aforementioned knowledge, the phasor approach to fluorescence lifetime 

imaging microscopy (FLIM) offers a significantly more efficient method than 

conventional FLIM for reducing complexity while providing enhanced visualization of 

data. Its straightforward mathematical framework and well-defined principles minimize 

the errors and confusion often encountered in studies involving complex and 

heterogeneous fluorescence. Especially for those fluorophores with similar excitation 

and emission spectra but different lifetimes, this approach enables the unique 

characterization, facilitating the detection of subtle changes and dynamic processes 

within living cells. Furthermore, phasor-FLIM offers superior spatial resolution, as its 

lifetime imaging capability enables the generation of spatial maps, in contrast to other 

techniques such as Fluorescence Correlation Spectroscopy (FCS), which provides 

only point-based measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.nature.com/articles/s41596-018-0026-5/figures/1
https://www.nature.com/articles/s41596-018-0026-5/figures/1
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2 Motivation 

Self-assembly in biological systems allows individual macromolecules to assemble into 

a wide set of supramolecular structures and architectures. In this manner, nature 

capitalizes on self-assembly to diversify chemically simple building blocks into 

sophisticated materials and structures that function cooperatively in living systems. 

Among them, peptides/amino acids have been widely utilized as building blocks to 

construct bioactive materials to facilitate desired functions in living systems due to their 

facile synthesis via solid-phase peptide synthesis (SPPS), remarkable biocompatibility, 

and adjustable properties. Although numerous significant research endeavors have 

been undertaken within the field, several persistent issues continue to impede the 

advancement of knowledge.  

 

Over the past decades, the directed assembly of nanostructures within cells using 

natural or synthetic polypeptides has been shown to culminate in various end-effect 

cellular responses, including causing mechanical stress and metabolic alterations, 

thus inducing cytotoxicity. As mentioned, the biological significance of the assembly 

pathway and intermediates remains poorly understood. The main obstacle lies in the 

spatiotemporal tracking of monomers, oligomers, and polymers within a dynamic 

cellular environment so that snapshots of these components with time-dependent 

biological effects can be mapped. However, conventional intensity-based microscopy 

provides limited insight into the self-assembly process within cells. To overcome this 

limitation, phasor-FLIM enables the precise resolution of self-assembly dynamics by 

mapping distinct assembly species according to their unique fluorescence lifetimes. By 

integrating relevant biological effects, this approach offers a deeper understanding of 

the intricate interplay between supramolecular chemistry and cellular processes. 

 

Besides, although numerous intracellular assembly systems have been designed and 

studied to regulate cellular metabolism and behavior, most of these systems are 

responsive to endogenous stimuli, limiting precise control over assembly dynamics 

within cells. Additionally, the formation of diverse assembly states, the supramolecular 

assembly dynamics inside cells, and their correlation with biological effects remain 

largely unexplored. Achieving breakthroughs in this area could not only provide a more 

comprehensive understanding of supramolecular assembly dynamics within cells but 

also clarify the relationship between distinct assembly species and their corresponding 
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biological effects. Therefore, there is an urgent need to develop novel systems that 

enable precise control over assembly states and dynamics within the complex 

intracellular environment. This could be crucial for gaining a deeper understanding of 

the mechanisms underlying assembly-driven diseases. 

 

Moreover, existing studies in this field focus primarily on native peptide sequences and 

the end-effect of nanostructures or nanoaggregates formation, which leads to cell 

death. However, the mechanisms of action and biochemical profiles associated with 

these assemblies remain poorly understood. Thus, the development of novel building 

blocks to study assembly behavior and the elucidation of the biological mechanisms 

underlying supramolecular chemistry are crucial to enhancing our understanding of 

assembly-driven biological effects and their potential biomedical applications. 

 

To address the aforementioned challenges, this thesis primarily focused on three key 

objectives: first, to expand the diversity of molecular building blocks that drive self-

assembly in living cells and to study the biological mechanisms of action and 

biochemical profiles associated with nanostructure formation, thereby establishing the 

chemical foundation for assembly-driven biomedical research; second, to design a 

novel peptide assembly system capable of tracking the process of supramolecular 

assembly within living cells and elucidating its corresponding biological effects; and 

third, to develop a innovative platform enabling spatiotemporal control of assembly 

behavior in cells, facilitating the study of the correlation between distinct assembly 

species and their biological impact (Figure 2.1). 

 

In the first work (Chapter 3.1), to broaden the diversity of building blocks to drive self-

assembly and study the mechanisms of action and biochemical profiles associated 

with these assemblies, platinum (II) terpyridine (Pt-tpy) was conjugated with tripeptide 

to construct an architecture, aligning the Pt-tpy complex with its β-amyloid-like 

sequence, thus fostering the propagation of supramolecular order through π–π and 

metal–metal interactions. Meanwhile, the Pt-tpy can also present near-infrared (NIR) 

fluorescence which allows intracellular imaging. In collaboration with Zhixuan Zhou et 

al., we present a platinum metallo-iso-tripeptide that undergoes a cascade of 

molecular and supramolecular transformations under specific intracellular 

environments to form near-infrared (NIR) emitting nanofibers. By combining the 

features of platinum(II) complexes and peptides together with boronic acid-
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salicylhydroxamate (SHA) chemistry that can be triggered by both physiological pH 

and reactive oxygen species, the progression from a dormant assembling precursor to 

the final superstructure can be controlled and imaged within cells. With a meticulously 

crafted sequence of chemical transformations in situ, the biological activity on aerobic 

glycolysis (AGlyc) and oxidative phosphorylation (OxPhos) is demonstrated on A549 

lung cancer cells and MDA-MB-231 metastatic breast cancer cells. The correlation 

between chemical transformations and biological activity enabled a deeper insight into 

the mechanism of action of the nanofiber formation. 

 

The peptide assembly system presented in the second work (Section 3.2) is based on 

a pro-assembly isopeptide with a core-modified diethoxynaphthalene diimide (NDI) 

moiety that promotes the controlled formation of synthetic fibrillar superstructures 

inside cells. To enable real-time monitoring of intracellular self-assembly via phasor-

FLIM - an approach unattainable with conventional intensity-based microscopy - the 

NDI fluorophore was integrated into the peptide as a fluorescence lifetime reporter. Its 

fluorescence lifetime dynamically shifts in response to intracellular assembly events. 

This platform enables real-time tracking of nanofiber formation and their subsequent 

fusion with endosomes, leading to the emergence of hollow fiber clusters. Utilizing 

phasor-FLIM in epithelial cells (L929, A549, MDA-MB-231), along with correlative light-

electron microscopy and tomography (CLEM), we reveal the spatiotemporal 

progression of assembly events and their correlation with metabolic dysfunction. The 

biological impact is initiated by assembly-induced endosomal disruption, which impairs 

glucose transport into the cell and consequently inhibits mitochondrial respiration. 

 

To improve the precision of peptide assembly regulation within living cells, a novel 

system that can be activated via visible light (505 nm wavelength), is presented in the 

third project (Chapter 3.3). Inspired by the groundbreaking advancements in 

optogenetic technologies, we propose a light-induced self-assembly system that 

enables precise spatiotemporal control of the self-assembly process within cells. In 

contrast to endogenous stimulus-responsive self-assembly systems, light irradiation 

allows full control over the reaction cascade where the monomer generation and 

concentration in turn regulates the assembly kinetics. Herein, we select a coumarin-

based photocage due to its compatibility with biocompatible wavelengths, which can 

be cleaved by visible light at 505 nm, and a relatively slow photolysis rate (30 minutes 

for complete cleavage), providing an extended detection window for studying assembly 
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kinetics. However, in living cells, the selection of a photochemical system is only one 

of many aspects that dictates the assembly of supramolecular monomers. Depending 

on the internalization, transport and localization of the molecules, the crowded 

intracellular environment imposed by the high density of bio-macromolecules also 

influences reaction and assembly dynamics. As these parameters only exists in living 

cells and cannot be studied in model systems, in-situ technologies such as Phasor-

FLIM are invaluable for tracking the formation of various assembly states in cells and 

revealing subsequent out-of-equilibrium dynamics associated with monomer activation 

and consumption. These temporally resolved assemblies show that the emergence of 

cytotoxicity is correlated with the accumulation of oligomers beyond the cellular efflux 

threshold. 

 

This thesis introduces innovative methods for creating peptide-based nanomaterials 

that can form functional supramolecular structures within living cells. By designing 

peptide platforms that are responsive to various stimuli and employing advanced 

imaging techniques, such as phasor-FLIM and CLEM, this research bridges the gap 

between biomaterials and cell biology. These advances enhance our understanding of 

how programmed materials interact with cells. 

  

The findings from the aforementioned projects have been documented in three 

publications (the third paper, submitted to Nature Synthesis, has now been accepted). 

These results are presented in the following chapter. 
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Figure 2.1 Scope of this thesis and overview of the three main goals.  
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3 Results 
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Abstract  

Nanostructure-based functions are omnipresent in nature and essential for the 

diversity of life. Unlike small molecules, which are often inhibitors of enzymes or 

biomimetics with established methods of elucidation, we show that functions of 

nanoscale structures in cells are complex and can implicate system-level effects such 

as the regulation of energy and redox homeostasis. Herein, we design a platinum(II)-

containing tripeptide that assembles into intracellular fibrillar nanostructures upon 

molecular rearrangement in the presence of endogenous H2O2. The formed 

nanostructures blocked metabolic functions, including aerobic glycolysis and oxidative 
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phosphorylation, thereby shutting down ATP production. As a consequence, ATP-

dependent actin formation and glucose metabolite-dependent histone deacetylase 

activity are downregulated. We demonstrate that assembly-driven nanomaterials offer 

a rich avenue to achieve broad-spectrum bioactivities that could provide new 

opportunities in drug discovery. 

 

Contributions 

Zhixuan Zhou: Conceptualization, molecular design of peptides. Synthesis and 

characterization of peptides and intermediates. LC-MS kinetics analysis, CD 

measurement and NMR analysis. Data analysis and interpretation of results. Writing 

of the manuscript. 

Konrad Maxeiner: Cell experiment, metabolism assay study and analysis. 

Pierpaolo Moscariello: Metabolism assay study and analysis. 

Siyuan Xiang: TEM measurement and analysis. 

Yingke Wu: TEM measurement and analysis. 

Yong Ren: TEM measurement and analysis, synthesis, purification and structural 

characterization of intermediates, NMR data analysis and interpretation. 

Colette J Whitfield: AFM measurement and analysis. 

Lujuan Xu: Assistance in compound purification.  

Anke Kaltbeitzel: CLEM measurement and analysis. 

Shen Han: Cryo-TEM measurement and analysis. 

David Mücke: Cryo-TEM measurement and analysis. 

Haoyuan Qi: Cryo-TEM measurement and analysis. 

Manfred Wagner: NMR measurement and analysis. 

Ute Kaiser: Cryo-TEM measurement and analysis. 

Katharina Landfester: CLEM measurement and analysis. 

Ingo Lieberwirth: CLEM measurement and analysis. 

David YW Ng: Design and discussion on the concept and results analysis. Writing and 

correction of the manuscript. 

Tanja Weil: Acquiring funding for the project. Design and discussion on the concept 

and results analysis. Correction of the manuscript. 
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Abstract  

The complex dynamics and transience of assembly pathways in living systems 

complicate the understanding of these molecular to nanoscale processes. Current 

technologies are unable to track the molecular events leading to the onset of assembly, 

where real-time information is imperative to correlate their rich biology. Using a 

chemically designed pro-assembling molecule, we map its transformation into 

nanofibers and their fusion with endosomes to form hollow fiber clusters. Tracked by 

phasor-fluorescence lifetime imaging (phasor-FLIM) in epithelial cells (L929, A549, 

MDA-MB 231) and correlative light-electron microscopy and tomography (CLEM), 

spatiotemporal splicing of the assembly events shows time-correlated metabolic 

dysfunction. The biological impact begins with assembly-induced endosomal 

disruption that reduces glucose transport into the cells, which, in turn, stymies 

mitochondrial respiration. 
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measurement and NMR analysis. Phasor-FLIM imaging and cellular assay study. Data 

analysis and interpretation of results. Writing of the manuscript. 
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2.3 Visible Light-Controlled Intracellular Synthesis of 

Supramolecular Peptide Nanostructures 

Yong Ren, Zhixuan Zhou, Iain Harley, Özlem Aydin, Jiaqi Xing, Konrad Maxeiner, Ingo 

Lieberwirth, Katharina Landfester, David Y.W. Ng *, Tanja Weil * 

*corresponding author 

Published in preprint ChemRxiv. 10.26434/chemrxiv-2024-2w2cs 

Date of Publication: 04 September 2024 

 

Copyrights 

Yong Ren, Zhixuan Zhou, Iain Harley, Özlem Aydin, Jiaqi Xing, Konrad Maxeiner, Ingo 

Lieberwirth, Katharina Landfester, David Y.W. Ng, Tanja Weil; DOI: 

10.26434/chemrxiv-2024-2w2cs; Visible Light-Controlled Intracellular Synthesis of 

Supramolecular Peptide Nanostructures; The content is available under CC BY NC 

ND 4.0 

 

Abstract  

The complex dynamics and transience of supramolecular pathways in living cellular 

environments impede the correlation between diverse hierarchical species and their 

biological functions. The necessary breakthrough requires the precise control of 

supramolecular events at discrete time points via synthetic chemistry and their real-

time visualization in native cells. Herein, we designed two peptide sequences that 

undergo a cascade of visible light-induced molecular and supramolecular 

transformations to form various assembly species in cells. In contrast to endogenous 

stimulus-responsive self-assembling systems, the irradiation with light enable full 

control over the reaction cascade where the monomer generation and concentration 

in turn regulates the assembly kinetics. Phasor-fluorescence lifetime imaging (phasor-

FLIM) traced the formation of various assembly states in cells and revealed 

subsequent out-of-equilibrium dynamics associated with monomer activation and 

consumption. These temporally resolved assemblies show that the emergence of 

cytotoxicity is correlated to the accumulation of oligomers beyond the cellular efflux 

threshold. 
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4 Conclusion  

The investigation of bioresponsive peptide nanostructures for intracellular assembly 

focuses on the use of endogenous or exogenous stimuli to drive the programmed 

formation of synthetic nanostructures within living cells. Although numerous systems 

have been developed as intracellular assembly platforms for cancer therapy, several 

challenges in this field remain unexplored. These challenges include a comprehensive 

understanding of the kinetics of supramolecular assembly processes within living cells, 

the precise control of these assembly processes, and the mechanisms behind how 

structure formation affects cellular metabolism. To address these issues, this thesis 

investigated the molecular design, synthesis and characterization of three different 

assembly systems and their application to intracellular structure formation in living cells.  

 

In the first work, we aimed to expand the diversity of building blocks that drive self-

assembly and to investigate the underlying mechanisms and biochemical profiles of 

supramolecular chemistry. To achieve this, we focused on designing and constructing 

a platinum(II)-containing tripeptide capable of controlled nanostructure formation within 

living cells. The molecular design, synthesis, characterization of the assembly 

dynamics in buffer and inside cells were described. The findings demonstrated that the 

endogenous pH/H2O2-induced nanofiber formation can disrupt metabolic functions 

such as aerobic glycolysis and oxidative phosphorylation, and consequently 

systematically lead to apoptosis. The correlation between chemical transformations 

and biological activity enabled a deeper understanding of the mechanism of action of 

nanofiber formation. 

 

In the second project, aiming to track assembly events in situ within the complex 

intracellular environment and correlate them with associated biological effects, we 

employed a chemically designed pro-assembling molecule, an NDI-containing peptide, 

to visualize its transformation into nanofibers using phasor-FLIM. This approach 

enabled us to map the dynamic assembly process and, through correlative light and 

electron microscopy (CLEM), reveal the fusion of these nanofibers with endosomes, 

leading to the formation of hollow fiber clusters. Unlike conventional intensity-based 

microscopy, phasor-FLIM allowed real-time resolution of the assembly process by 

detecting shifts in the fluorescence lifetime of the peptide’s fluorophore. The time-lapse 

study, in conjunction with CLEM, provided a precise rationalization of the assembly 



243 

 

process from the molecular to the nanoscale, where precursor peptides developed into 

hollow nanofiber clusters under endosomal fusion. The onset of assembly was critical 

in the disruption of endosomal function, severely impairing the associated glucose-

dependent metabolism and cellular respiration. In contrast, the growth of mature 

assemblies and accumulation did not induce additional biological responses.  

 

In the third work, to improve the precision of peptide assembly regulation within living 

cells, we investigated the use of a visible-light controlled system for intracellular 

structure formation inside living cells and tracked distinct assembly states and their 

subsequent assembly dynamics using phasor-FLIM. In contrast to other endogenous 

stimulus-responsive assembly systems, the irradiation with light enable full control over 

the reaction cascade where the monomer generation and concentration in turn 

regulates the assembly kinetics. To achieve this, a coumarin-based photocage was 

utilized due to its compatibility with biocompatible wavelengths, which can be cleaved 

by visible light at 505 nm, and a relatively slow photolysis rates (30 minutes for 

complete cleavage), which provides an extended detection window for studying 

assembly kinetics. Furthermore, the complex intracellular environment imposed by the 

high density of bio-macromolecules implicates the reaction and assembly dynamics. 

To address these challenges, in-situ technologies such as Phasor-FLIM was used to 

track the formation of various assembly states within cells and reveal subsequent 

dynamics associated with monomer activation and consumption. These temporally 

resolved assemblies show that the emergence of cytotoxicity is correlated with the 

accumulation of oligomers beyond the cellular efflux threshold. 

 

In summary, this thesis presented the three different strategies for controlled assembly 

platforms for intracellular structure formation and investigated their biological effects in 

living cells. Despite the progress made, several challenges and unresolved issues 

remain in this research, necessitating further research. Factors such as the complex 

and transient nature of the assembly pathways, as well as the dynamic and crowded 

nature of the intracellular environment, continue to impede a comprehensive 

understanding of these molecular-to-nanoscale processes. Greater focus is needed 

on improving targeting efficiency between cancer and healthy cells, mimicking natural 

dynamic assembly and disassembly processes, and controlling assembly within 

distinct subcellular compartments. Addressing these challenges will provide deeper 

insights, thereby facilitating assembly-driven macromolecular drug discovery and 
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advancing cancer treatment. 
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