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Light as an energy-efficient, environment-friendly, high resolution and ultrafast 

power source, has become one of the widely used driving forces for advanced 

functional materials and revolutionized biomedical and life-sciences. The 

investigation of many fundamental processes in the life sciences relies on the fast, 

sensitive, reliable and reproducible detection of the interplay of biomolecules with 

one another and with various ionic or molecular species. 

Over the last decades, fluorescence-based detection of single biomolecules in 

solution and at room temperature has opened new avenues for understanding these 

biological mechanisms. For this technique, fluorescent compounds based on 

synthetic small molecules are attractive and versatile research tools that have lately 

received enormous attention from the scientific community. Due to the diversity of 

fluorophores, a specific dye can be chosen for each research topic, for instance, 

tracking biological processes or chemical reactions. The observation period can be 

increased with an enhancement of photostability to ensure longer living and 

brighter fluorophores. With respect to several studies, solution-based healing and 

self-healing are conducted. The advantage of self-healing is a high local 

concentration of photostabilizer for collision events with the chromophore. 

Blanchard and co-workers used the fluorophore itself as the linker between the 

(bio)molecular target and the photostabilizer which restricts the self-healing 

strategy to bis-reactive dyes. These bis-reactive dyes are, however, rarely 

commercially available and only for a limited number of classes of organic 

fluorophores that this strategy can be applied. Efforts must be made to examine 

whether stability enhancements can be extended across the visual spectrum and to 

chemically distinct fluorophore species. For this reason, in chapter 2 we introduce 

a general and simple design concept using unnatural amino acids (UAAs) as flexible 

scaffold to link organic fluorophore covalently to a photostabilizer on an arbitrary 

biomolecular target using only NHS- or click chemistry. With this method, 

chemically distinct fluorophore species that could not be studied before can be 

improved through intramolecular photostabilization as “self-healing” fluorophores. 

To quantify the improved performance of photostabilizer-dye conjugates, we 

performed single-molecule confocal microscopy and TIRF-microscopy to determine 

various parameters with high statistics. This method improved the information 

content and signal-to-noise ratios in fluorescence imaging, allowing more robust 

tracking of processes over longer periods of time. 

Fluorescent small molecules are powerful tools to visualize biological events in 

living cells and organisms. The aim of chapter 3 is to “see” the behaviors of specific 

biomolecules existing in living systems by using these photostabilized dyes as labels. 

We showed the potential application of these “self-healing” fluorophores in 
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biological research. Rhodamine dyes (RhodamineB and KK114) are used as 

examples due to their desirable photochemical properties as well as easy and cost-

effective accessibility. P-nitrophenylalanine (NPA) as an unnatural amino acid is 

used as a photostabilizer to link Rhodamine type fluorophores covalently to 

biomolecular targets in a single step, i.e., DNA, antibodies and proteins. Both of the 

RhodamineB- and KK114-photostabilizer derivatives show a considerable increase 

in photostability, brightness as well as a suppression of triplet-based blinking 

compared to the non-stabilized parent fluorophore, which are important 

parameters for single-molecule fluorescence microscopy applications. We 

demonstrate state-of-the-art applications of photostabilizer-dye conjugates in 

single-molecule Förster resonance energy transfer (smFRET) and super-resolution 

stimulated emission depletion (STED) microscopy. Using smFRET and alternating 

laser excitation (ALEX) spectroscopy, the conformational changes in proteins were 

monitored. Our results show that NPA-RhodamineB could be used at significantly 

higher excitation intensities comparing to RhodamineB, since triplet-state 

population was minimized and would allow for faster and better data acquisition. 

By labelling antibodies with KK114-photostabilizer conjugates to visualize nuclear 

pore complexes through STED microscopy, we showed that intramolecular 

photostabilization could also be used for immunofluorescence combined with 

significantly increased number of possible successive STED images that can be 

acquired. These intramolecular photostabilized fluorophores effectively improved 

photophysical parameters and displayed excellent imaging performance in STED 

microscopy. The obtained results pave the way for dynamic STED imaging with high 

spatial and temporal resolution. Hence, we are convinced that the presented 

strategy will stimulate broader use of intramolecular photostabilization and help to 

emerge this strategy to the new gold-standard for photostabilization. 

Besides visualizing biological events in living cells and organisms with fluorescent 

dye molecules, small bioactive compounds functionalized with functional 

chromophores as biomaterials also started to gain increasing attention. After the 

discovery of the first antibiotics, their widespread and first-line use have been 

compromised by the rapid emergence of antibiotic resistant bacterial strains, which 

has become an evolving human health crisis. To address these problems, 

photopharmacology represents a novel approach. It is an attempt to control drug 

activity with synthetic photoswitchable bioactive compounds upon light irradiation. 

Controlling drug activity with light as an external non-invasive regulatory element 

offers the possibility of enhancing pharmacological selectivity with high spatial and 

temporal precision, thus enabling highly localized therapeutic effects and accurate 

dosing patterns. In chapter 4, we developed novel photoswitchable 
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aminoglycosides, that we can call “Opto-Drugs”, which can resist aminoglycoside-

modifying enzymes while simultaneously demonstrating selective antibiotic 

activities upon visible light light irradiation. Azobenzenes as photoresponsive 

molecular switches are covalently attached to paromomycin. These 

photoswitchable neomycin show comparable antibacterial activity to the parent 

paromomycin against clinical strains of E. coli and enhanced activity against 

recombinant E. coli carrying the APH(3’)Ia,  APH(3’)IIIa and Aac(3)lll resistance 

determinants. Additionally, Z isomers show a higher antibacterial performance 

comparing to their E isomer against recombinant E. coli containing all the three 

enzymes. These biological evaluations show clearly the potential to obtain antibiotic 

candidates with optical control property to overcome bacterial resistance in a 

straightforward manner. Since the dimeric aminoglycoside conjugates linked by 

ortho-tetrafluorinated azobenzenes can be switched by visible light, it paves the way 

to the development of in situ control over antibacterial activity of antibiotics.  

One of the most important goals in chemical and synthetic biology is to control the 

expression of defined sets of genes by external stimuli. Such systems allow switching 

on or off at will the production of proteins of interest and exogenously controlling 

cell function. A variety of interactions between RNAs and small organic molecules in 

living cells play a crucial role in the modulation of biological functions. In chapter 5, 

we generate an artificial photoresponsive system based on genetically encoded 

aptameric RNA that can respond to photoisomerizable, cell-permeable small 

molecules. A straightforward method to prepare photoswitchable aminoglycoside 

dimers, the structure of which could be modulated by light, have been investigated 

in chapter 4. With this novel type of modification, in chapter 5, we prepared ligands  

the conformation of which can be reversibly switched by visiable light. A well 

characterized RNA aptamer was found to distinguish between the two isomeric 

forms. The best candidate showed a 100-fold discrimination and a micromolar 

binding dissociation constant. To date, few aptamers were found to distinguish 

between the two isomeric forms and the ultimate goal of photocontrol of gene 

expression at the RNA level may be achieved soon. The binding can be altered by 

visiable light. It is the first step towards the goal of assembling a light-switchable 

gene control element at the RNA level, in order to trigger various gene expression 

systems in a system-independent way. The possibility opens interesting 

perspectives to study gene expression dynamics as well as to develop 

photocontrolled biotechnological procedures. 
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