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Chapter 1 
Perspective and Outline 
The control of biological function is a central topic in healthcare, medicinal chemistry 
and agriculture. For decades, humanity has been fighting against bacterial infections 
and cancer, amongst others, by extensive drug development programs. Remarkably, 
the treatment of diseases by external stimuli, such as light, has only been exploited in 
recent years with major applications in cancer therapy. These therapies mainly rely on 
direct necrosis of tumor cells at the sites of light irradiation, by for example singlet 
oxygen formation. Therefore, although externally applied, most of these therapies still 
show severe side effects due to their poor selectivity. This lack of selectivity is not 
limited to radiation or chemotherapeutics, but also antibacterial therapy suffers from 
selectivity issues and the environmental build-up of active antibiotics leads to the 
emergence of bacterial resistance. Light is a promising stimulus to obtain external 
control of biological function, because of its extraordinary precision, including 
unparalleled spatial and temporal resolution, non-invasiveness and orthogonality to 
cellular processes. Moreover, the different, possible wavelengths of irradiation 
potentially allow the wavelength-selective control of different processes within a single 
system. From recent developments in chemistry and biology two research areas, 
photopharmacology and photo-activated therapy, emerged, in which light activation 
has been combined with drug development to externally control biological systems.  
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1.1 Aim of the Research Described in This Thesis 
Photopharmacology aims at the external reversible control of biological processes 
with light.1–3 It is based on the incorporation or attachment of a molecular 
photoswitch in/to the pharmacophore, which can thus reversibly undergo a 
structural change upon irradiation with light.4 The two isomeric forms obtained 
have distinct characteristics, like absorption maximum, extinction coefficient, 
quantum yield and polarity. Important for the application in biological systems, next 
to the lack of toxicity, is the fatigue resistance under physiological conditions.5 
Examples of well-studied molecular photoswitches are azobenzenes, stilbenes, 
diarylethenes, spiropyrans and the recently developed DASAs. 4,6 

Photo-activated therapy aims at the synthetic masking of functional groups in the 
pharmacophore allowing a single light-activation, without reversibility.7  For this 
purpose, a plethora of photocleavable groups have been designed and synthesized, 
ranging from o-nitrobenzene and coumarin derivatives to the recently reported 
bodipy scaffold.8–10 Again, important characteristics are absorption maximum, 
quantum yield and aqueous stability, besides the toxicity of the released 
photoproduct.11  

Both in photopharmacology and photo-activated therapy, the structural alterations 
caused by light irradiation ultimately lead to differences in binding properties or 
uptake of a bioactive molecule. The difference in activity between the two forms 
allows to selectively control biological function with light. The work described in 
this thesis aims at the development and utilization of photopharmacology and 
photo-activated therapy to ultimately control biological function.  

1.2 Thesis Outline 
Chapter 2 introduces photopharmacology and classifies the different medical targets, 
according to their potential for the control by light. Furthermore, it describes 
illustrative examples of photocontrolled bioactive compounds and concludes with an 
outlook towards the design of light-controlled systems for clinical applications.2 

Chapter 3 describes a strategy to derivatize known drugs  with a photoswitch in a 
single synthetic step to render them light-responsive. The well-known antibacterial 
agent, ciprofloxacin, was modified with both an azobenzene and spiropyran 
photoswitch. Photochemical characterization and initial microbiological studies 
revealed a difference in activity between the irradiated and non-irradiated form for 
both derivatives. Interestingly, the azobenzene-derived ciprofloxacin shows an >50 
fold increase in activity against Gram-positive bacteria when compared with the 
native ciprofloxacin. Finally, patterning experiments demonstrated the spatial 
resolution attained with this approach.12 

Chapter 4 constitutes a novel strategy to synthesize red-shifted tetra-ortho 
substituted azobenzenes, i.e. molecular photoswitches that can be used in 
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Perspective and Outline 

photopharmacology. Visible light activation is pivotal for the development of 
photopharmacology towards clinical applications.13 Next to the improved non-
invasiveness, also tissue penetration is significantly enhanced when moving into the 
visible/red light region. Tetra-ortho-substituted azobenzene derivatives were 
synthesized using a selective lithiation strategy of 1,3-disubstituted aromatics, 
followed by a coupling reaction with aryldiazonium salts, yielding the desired red-
shifted, tetra-methoxy, tetra-fluoro and tetra-chloro azobenzenes, in good to 
excellent yields. Moreover, functional group tolerance was demonstrated together 
with the investigation of the photochemical properties of these privileged newly 
synthesized azobenzenes.14 

Chapter 5 shows the application of the methodology described in Chapter 4 to 
synthesize bathochromically-shifted azobenzenes to control antibacterial activity 
with visible/red light. Towards this end, a photoswitchable trimethoprim analogue 
was designed and synthesized allowing UV light activation of antibacterial activity in 
initial microbiological experiments. Subsequently, utilizing the described synthetic 
methodology, the trimethoprim scaffold was derivatized with a visible (red or green) 
light switchable tetra-substituted azobenzene. The possibility to control 
antibacterial function, in situ, in both directions with visible light was investigated. 
This chapter constitutes the first example of red-light activation of antibacterial 
activity thus establishing a system with profitable characteristics for future in vivo 
application.15 

Chapter 6 describes a general, straightforward synthetic strategy to synthesize aryl-
-keto-amides for the control of bacterial communication (quorum sensing) with 

light. A cross-coupling reaction was developed allowing the synthesis of a protected 
aryl-diketo-motif, which allowed the subsequent formation of the desired aryl- -
keto-amides. Screening of the synthesized library, constituting 16 structurally 
different derivatives, for agonistic and antagonistic properties led to the 
identification of a photoswitchable agonist with an exciting >700 times difference in 
activity between the irradiated and non-irradiated form, representing an 
unprecedented selectivity in photopharmacology. 

Chapter 7 introduces the concept of photo-activated therapy. Especially the concept 
of wavelength-selective photocleavage to control multiple functions in a single 
system is discussed. Moreover, an overview of recent photocleavable groups is 
provided including their distinct absorption maxima.8 

Chapter 8 presents the design, synthesis and biological evaluation of a 
photocleavable Mdm2 inhibitor, allowing the control of protein-protein interactions, 
and thereby cellular growth, with light.16 Significant differences in anti-tumor 
properties were found with remarkable spatiotemporal resolution of activation. 
Ultrashort microsecond laser irradiation with micrometer precision allowed the 
light-controlled, in situ, reduction of tumor cell growth. 
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Chapter 9 describes a photocleavable Trojan horse strategy towards potent light-
controlled antibacterial agents against, amongst others, Pseudomonas aeruginosa 
infections. A 22-step total synthesis is described allowing the preparation of a 
siderophore-antibiotic conjugate which can be photocleaved with biocompatible 
visible light. Unfortunately, biological experiments were hampered by poor solubility 
and aggregation at biologically relevant concentrations. However, with the initial 
results, this chapter showcases the potential of the use of photocleavable linkers in 
antibacterial Trojan horse strategies to obtain profitable spatial and temporal 
control. 
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