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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

Chapter 1: Introduction 

Molecular Photoswitches in Aqueous Environments 
 

 

Molecular photoswitches enable dynamic control of processes 

with high spatiotemporal precision, using light as external 

stimulus, and hence are ideal tools for different research areas 

spanning from chemical biology to smart materials. 

Photoswitches are typically organic molecules that feature 

extended aromatic systems to make them responsive to (visible) 

light. However, this renders them inherently lipophilic, while 

water-solubility is of crucial importance to apply 

photoswitchable organic molecules in biological systems, like 

in the rapidly emerging field of photopharmacology. Several 

strategies for solubilizing organic molecules in water are 

known, but there are not yet clear rules for applying them to 

photoswitchable molecules. Importantly, rendering 

photoswitches water-soluble has a serious impact on both their photophysical and biological 

properties, which must be taken into consideration when designing new systems. Altogether, 

these aspects pose considerable challenges for successfully applying molecular 

photoswitches in aqueous systems, and in particular in biologically relevant media. In this 

chapter, we focus on fully water-soluble photoswitches, such as those used in biological 

environments, in both in vitro and in vivo studies. We discuss the design principles and 

prospects for water-soluble photoswitches to inspire and enable their future applications. 

 

 

 

 

This chapter is based on: 

Chem. Soc. Rev., 2021, Advance Article 

DOI: 10.1039/D0CS00547A 

Jana Volarić, Wiktor Szymanski, Nadja A. Simeth, Ben L. Feringa  
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1.1 Introduction 

Water is the solvent, reagent, and mediator of a wide range of chemical transformations, 

assemblies and metabolic processes in every living organism.1,2 In order to dynamically 

regulate the complex, multifaceted processes taking place in aqueous media, a powerful 

strategy is to apply an externally triggered control element. Specifically, light is a favourable 

stimulus as it is not natively present in a wide range of systems (except of course the process 

of vision and photosynthesis) and thus, can be applied orthogonally to their function.3–5 

Moreover, it can be tuned over a wide range of wavelengths and is, especially in the visible 

to near-infrared (NIR) light range, harmless for most living organisms.6–8 Finally, it can be 

precisely delivered, allowing for high spatiotemporal control of a process of choice.3–5,9–11 

The photons applied externally to the chosen system need to be translated into a signal the 

system can respond to.4,5 This can be achieved by choosing a suitable photoactuator as a 

mediator. Such mediators can be small, organic molecules that are able to interact with light, 

i.e., organic photocleavable protecting groups (photocages) or photoswitches.3,12–15 While 

photocages are photolabile protecting groups that are cleaved upon irradiation and hence, can 

only be activated once,13,16,17 photoswitches can be reversibly interconverted between 

different (functional) isomers.3,18 This reversible nature makes them interesting candidates 

for a wide range of applications, including those that take place in water, where they act as 

photoresponsive amphiphiles,19–27 hydrogel constituents,28,29 probes for chemical biology,30–

32 or bioactive agents in photopharmacology.6,7,30,33  

Molecular photoswitches are typically organic molecules bearing extended aromatic systems 

to make them responsive to (visible) light.3,12 As a consequence they are inherently lipophilic. 

However, to apply photoswitches in aqueous media or in particular in biological systems, 

they need to be sufficiently water-soluble.34–38 While general strategies for solubilizing 

organic molecules, for instance in the context of medicinal chemistry, are well established,39–

41 (Section 1.2 of this chapter), a similar broad set of approaches is yet to be applied to 

photoswitchable molecules. Moreover, rendering photoswitches water-soluble can have a 

serious impact on their photophysical and biological properties,6,7 which must be taken into 

consideration when designing new systems (Fig. 1.1). Therefore, successfully applying 

molecular organic photoswitches to aqueous systems is challenging. 

Herein we discuss the design principles and prospects for water-soluble photoswitches as a 

source of inspiration and to enable their future applications. The first section focuses on 

general principles to solubilize organic molecules in water. For a detailed description of 

organic photoswitches and the impact of polar protic solvents on their properties, please see 

the manuscript on which this chapter is based (Chem. Soc. Rev., 2021, Advance Article, DOI: 

10.1039/D0CS00547A) In the second part, we highlight selected illustrative examples of 

different types of photoswitches and their implementation in aqueous environment to 

underline the importance and impact of water-solubility on the desired application. As water 

is the universal solvent of life, the challenge of insufficient water-solubility of organic 

molecules is usually faced in a bio-inspired, biological, or medicinal context, and most 

strategies to overcome solubility issues are derived from this research area. Naturally, the 

applications and examples discussed in this chapter are coming from these fields. 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

Consequently, photoswitches which are designed to be intentionally amphiphilic or lipophilic 

to form (supramolecular) (self-) assemblies, nano-, and microstructures in aqueous 

environment,21,42–45 or (hydro)gels,46–51 do not face the same obstacles as the ones intended 

to be fully water-soluble and hence, lie outside the scope of this chapter and we refer the 

reader to our recent overview.21 

 

 

Fig. 1.1 Diagram summarizing the required properties of photoswitches needed for successful 

applications in water. 

1.2 General aspects of the solubility of organic molecules in water and 

solubilizing strategies 

Before discussing strategies used to solubilize organic molecules in water, we describe the 

definition of water-solubility, parameters that affect it and are used to predict it, as well as 

methods to determine the aqueous solubility of a compound of interest.  

1.2.1 Aqueous solubility 

Definition and general terms 

Dissolving molecules in aqueous solutions is of great importance and a critical parameter for 

biological applications, drug discovery and material design.52,53 Water-solubility in 

quantitative terms is described by amount of water (in mL) that needs to be added to the 

solute to dissolve it (cf. Table 1) at a given temperature and/or pressure.54  
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Table 1 Overview of degree of solubility according to the US Pharmacopeia.54 

Descriptive term 
Approximate volume of solvent 

per mass of solute (mL/g) 

Very soluble < 1 

Freely soluble 1-10 

Soluble 10-30 

Sparingly soluble 30-100 

Slightly soluble 100-1000 

Very slightly soluble 1000-10000 

Practically insoluble >10000 

For a molecule to dissolve, it first needs to be removed from the solid form by breaking the 

intermolecular interactions holding the solid together (see Fig. 2.1). This applies to both the 

solids being in an amorphous and in a crystalline form. However, the more stable the (crystal) 

structure or lattice is, the more energy is needed to detach an individual molecule from it. 

The molecule is simultaneously forming stabilizing bonds with the surrounding medium. The 

energy released upon this so-called dissolution process in water is called hydration energy 

and the rate at which the solvation is proceeding is called dissolution rate, with both values 

being specific for each compound.55 

In a thermodynamically stable saturated solution, the solid in its most stable crystalline form 

(characterized by its highest possible melting point) is in equilibrium with the dissolved 

species. This type of solubility is called the thermodynamic or equilibrium solubility.39,41 

Since solubility depends on the solid form of the compound, it is possible to dissolve larger 

amounts of material by modifying the solid state of the compound into an amorphous or a 

less stable crystal structure via crystal engineering (taking advantage of polymorphism) (See 

Fig. 2.2A and B).57 This can be achieved, for instance, by dissolving the molecule into an 

organic solvent, often DMSO, and then diluting it into an aqueous solution until precipitation, 

or the “cloud point”, is reached.39 The type of solubility achieved in this way is called the 

kinetic (a.k.a. dynamic or apparent) solubility (Fig. 2.2D) , and is higher than the 

thermodynamic one (Fig. 2.2C). However, the solid will eventually assume its most stable 

form and possibly crystallize from solution, which is particularly problematic in biological 

applications.41 Thermodynamic and kinetic solubility are general terms for both ionizable 

and non-ionic compounds. Additionally, the intrinsic solubility of ionizable compounds can 

be determined at the pH where the species is uncharged.58 

In the context of thermodynamics, the first step in dissolving a compound in water requires 

energy input to remove the molecule from the solid lattice (Fig. 2.1A to B). The energy 

released in the subsequent step, i.e., solvation (Fig. 2.1B to C), often compensates for the 

first process through the formation of favorable interactions of the dissolved molecule with 

water. However, depending on the nature of the compound, in some examples the solvation 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

energy is lower than the energy required for the detachment, therefore making the overall 

dissolving process endothermic. In the instances when the overall process is slightly 

endothermic, the general entropy increase, caused by the disorder increase upon solubilizing 

a compound, becomes relevant and ultimately drives the process. Moreover, for general 

aspects regarding solubility, solvent parameters and solutions, see chapter 3 of reference 59. 

 

Fig. 2.1 Descriptive representation of the dissolution process of a crystalline solid in water. Energy is 

needed to first remove the molecule from its crystal structure [from (A) to (B)] and subsequently the 

molecule is solvated by water. Once solvated, the molecule forms stabilizing interactions with water 

(C), represented by the blue halo, which results in a release of energy. (Figure adapted with permission 

from reference 56. Copyright 2006, Elsevier) 

Due to the numerous parameters affecting water-solubility, there is no single model which 

would provide a general formula to predict the solubility of a given molecule, posing a 

challenge for computational studies.60–62 The most commonly applied model is the general 

solubility equation (GSE), reported by Yalkowski.63,64 The GSE correlates the stability of the 

crystal, reflected by its melting point, and the lipophilicity of the compound described by the 

octanol/water partition coefficient: 

𝑙𝑜𝑔𝑆𝑤 = −0.01(𝑇𝑚𝑝 − 25º𝐶) − 𝑙𝑜𝑔𝑃 + 0.50   (1) 

where Sw is the molar solubility of an organic non-electrolyte in water, Tmp is the melting 

point and P is the octanol-water partition coefficient of the molecule.63 Specifically, logP 

describes how well the molecule interacts with water and represents the contribution of 

hydration to solubility. The melting point, on the other hand, describes the stabilizing 

intermolecular interactions within the crystalline form of the compound.39 While logP is used 

to describe non-ionic molecules, for ionizable ones logD is applied. Here, D is the 

water/octanol distribution coefficient that considers a sum of the concentration of all species 

of the compound, both dissociated and non-disassociated, in each phase, at a given pH: 

𝐷 =
∑𝑐𝑜

∑𝑐𝑤
     (2) 
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where co is the concentration of a given specific species in octanol and cw is the concentration 

of a given species in water. Also, the propensity to form stabilizing interactions with water, 

such as hydrogen bonding, 39 halogen bonding,65 electrostatic interactions,66 polar π 

interaction67 and van der Waals interactions,68 differs between charged and non-charged 

compounds. Specifically, ionic compounds interact by coulombic interactions and their 

dissolution benefits from the high dielectric constant of water (ε = 80 at 20 ºC),69 which reduces 

the coulombic forces within ionic molecules and stabilizes the ions in the aqueous solution.70 

 

Fig. 2.2 Descriptive representation of solubility types: The compound is either in its most stable 

crystalline solid form (A) or in a less stable, amorphous, form (B). High amount of energy is needed to 

remove the molecule from the stable solid (C), while a lower amount of energy is needed to remove it 

from the less stable amorphous form (D, see reference 60). 

Determining solubility 

The Organization for Economic Co-operation and Development (OECD) guidelines describe 

two classical methods to determine the solubility of a compound of interest in water.71 The 

shake-flask method is used for compounds with a solubility above 0.01 g/L. Specifically, the 

solid is stirred in water, for 24–48 h at elevated temperature, and then cooled to the 

measurement temperature, typically at 20 ± 0.05 ºC, to finally remove the remaining solids 

via filtration. The second method, the column elution method, is used for less soluble 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

compounds (<0.01 g/L). Here, an inert support material column is coated with excess of the 

compound of interest and rinsed with a recirculating amount of solvent. The change of 

compound concentration in water is tracked until it stabilizes thus reaching equilibrium. At 

equilibrium, the mass concentration of the solute in the eluent is the water-solubility of the 

tested compound. For both methods, the concentration of the compound in water is 

determined by an analytical method specific for the molecule, such as titration, voltammetry, 

photometry, and others. 

A note on the impact of water-solubility of organic molecules for biological applications 

Water-solubility is a central topic in the biological applications of organic molecules and 

critical in drug design. Interestingly, drug-like molecules require, besides sufficient water-

solubility, also a certain amount of lipophilicity, for instance, to ensure membrane 

permeability or binding to the target site.72 These requirements, more specifically for oral 

drug administration, can be approximated by the empirical “Lipinski rule of 5”72,73 and are 

categorized by the Biopharmaceutics Classification System (BCS).74 

1.2.2 General strategies to dissolve organic molecules in water 

Many organic molecules are lipophilic structures that require modifications to successfully 

dissolve in water. The most common chemical approach is to attach additional moieties, such 

as charged or polar units, which increase the molecule’s water-solubility.39 Furthermore, if 

the molecule is an acid or a base, the simplest solubilization approach is to form a salt.75 In 

addition, non-planar molecules often exhibit increased water-solubility when compared to 

their rigid flat isosteres.41 Next to the chemical approaches, there is a plethora of physical 

methods available to improve solubility such as application of co-solvents, formulation of 

hydrotropes, particle size reduction and different delivery systems, such as liposomes or 

micelles.55,76,77 A schematic representation of the various methods is given in Fig. 2.3. 

In the following sections, we provide a brief overview of different strategies which have been 

employed to solubilize organic molecules in water using illustrative examples. Several of 

those solubilization strategies have also been used for photoswitches and will be discussed 

in section 1.3. Nevertheless, some solubilization strategies are underrepresented, or have 

even never been applied to photoswitchable systems. 
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Fig. 2.3 Two possible processes can be influenced to increase solubility of a specific compound. One 

involves lowering the energy needed to remove a molecule from its solid (A). The second approach is 

to increase the energy that is released upon solvation (B). The chemical methods (C) to decrease the 

melting point thus lowering the energy needed for (A) are, e.g., by designing non-planar structures and 

by addition of charged or polar solubilizing groups increases the stabilizing interactions with the 

solvent. The physical methods (D) to increase solubility involve reduction of particle size thus creating 

a larger surface or by adding co-solvents or hydrotropes (see also reference 60). 

Solubilizing groups 

Addition of a solubilizing group to the target compound increases the overall hydrophilicity 

of the molecule and is reflected in a lowered logP value.39 Such solubilizing moieties include 

charged and non-charged groups and are described below.  

* Charged groups 

Some common charged groups used to achieve water-solubility are phosphates, 

phosphonates, sulfonates, and ammonium groups. A crucial aspect of the solubility of ionic 

molecules is the effect of the counter ion, which is often overlooked. This was, for example, 

shown for the anthraquinone sulfonate displayed in Fig. 2.4A and is used in redox flow 

batteries.78 Specifically, the disulfonate 2.1a (Fig. 2.4A) had the highest solubility in water 

followed by disulfonated 2.1c and monosulfonated 2.1b with similar values. Furthermore, 

for all three compounds (2.1a-c) the Mg2+ salts exhibited the highest solubility and the Ba2+ 

salts the lowest. This phenomenon is explained by the high lattice energies of the barium and 

calcium salts, compared to the magnesium salt, which lead to lower water-solubility. Next to 

the counter-ion, the location of the solubilizing group in the molecule can also play an 

important role, as seen for the disulfonate anions 2.1a and 2.1c. In particular, 2.1c showed 

more complex interactions with the cation in the crystal structure, which increases the lattice 

energy and lowers solubility.  
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

 

Fig. 2.4 The use of charged groups to increase water solubility. (A) Sulfonated anthraquinones and the 

solubility of the corresponding ion pairs in water at room temperature, (B) Akt-kinase inhibitors 2.2 

with amine solubilizing group, their respective logD value and solubility in 0.1 M phosphate buffer at 

pH 7.4 at 25°C. 

Amine moieties with different substituents can be used to solubilize organic molecules in 

water as their pKbs cause them to be protonated under physiological conditions.39 For 

example, the benzylic site of the Akt-kinase inhibitor 2.2 was modified with an additional 

amine moiety (Fig. 2.4B).79 The pyrrolidine group (2.2b) increased the solubility 10-fold 

with the nitrogen being protonated at neutral pH (ammonium pKa ≈ 10). 

* Non-ionic groups 

In many cases, it is not necessary to attach a charged moiety to increase the water-solubility 

and it is sufficient to introduce an additional electronegative atom, such as oxygen or 

nitrogen, into the scaffold to increase the dipole moment of the whole molecule and hence, 

its propensity to interact with water (Fig. 2.5 and B, 2.3 and 2.4). Moreover, these 

heteroatoms often constitute additional hydrogen bond donors/acceptors to interact with 

solvent and further increase solubility.39,80 This was, for example, shown in the development 

of cytokine-mediated STAT1 signal transduction inhibitor 2.3 (Fig. 2.5A). By replacing the 

naphthalene (2.3a) with a quinoline moiety (2.3b), the solubility increased drastically, 

namely by 1400-fold.80 Also in 2.4, the introduction of an electronegative atom, here a 

fluorine, increased the solubility of the compound by lowering the melting point and 

decreasing logP (Fig. 2.5B).39,81  
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Fig. 2.5 Examples of using non-ionic groups to enhance solubility. A Substitution of the naphthalene 

moiety (2.3a) of the STAT1 signal transduction inhibitor 2.3 with a quinoline moiety (2.3b) 

significantly increased the solubility, B The addition of a fluorine atom to 2.4 and its effect on solubility, 

clogP (calculated logP) and the melting point, C The oxetanyl sulfoxide group caused a 76-fold increase 

in solubility of 2.5. 

Other uncharged polar groups have been applied to increase aqueous solubility of organic 

compounds, such as polyethylene glycol (PEG) chains82,83 or the oxetanyl sulfoxide moiety 

(2.5 Fig. 2.5C).84 

Salt-formation 

Instead of incorporating an additional solubilizing moiety, molecules that are inherently 

acidic or basic can be turned into their respective salts to increase their kinetic aqueous 

solubility. Salts are often much more soluble than their acidic or basic precursors due to 

higher dissolution rates in the water diffusion layer around the ionic solid (see section 1.2.1, 

Fig. 2.3).75 This was for example shown for diclofenac 2.6 (Fig. 2.6).85 Both the intrinsic and 

the kinetic solubility were determined for the acid 2.6a and its sodium salt 2.6b. While the 

intrinsic solubility of the salt was virtually the same as the one of the acid, the corresponding 

kinetic solubilities differed significantly, favoring the salt.  

 

Fig. 2.6 The difference in water-solubility, both kinetic and intrinsic, of the carboxylic acid and sodium 

salt form of diclofenac 2.6. 
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Disruption of planarity and symmetry  

Non-planar shape of molecules makes it more difficult for them to assemble within the crystal 

lattice and thus disrupting planarity lowers the melting point and results in elevated water-

solubility. This phenomenon was employed in the design of different systems, where the loss 

of aromaticity,39,86 introduction of a twisted ring87 or the increase of a dihedral angle of the 

biaryl system increased the solubility.88,89 It was demonstrated for 2.7 (Fig. 2.7A), due to the 

addition of an ortho methyl group,88 and for the different derivatives in 2.8, in particular those 

with ortho, para (2.8b and c) and meta, meta (2.8d) substitution patterns (Fig. 2.7B).89 

Specifically, the non-linear molecular structure (2.8b,d) resulted in lower melting points 

compared to the original design 2.8a.89 Furthermore, improved solubility is a well-known 

phenomenon for compounds featuring branched alkyl chains compared to linear ones.90,91 

Additionally, symmetry breaking of molecules affects the entropy of melting as reported by 

a statistical study by Yalkowsky.92 For instance, introduction of a stereocenter in compound 

2.9 did not significantly affect the logP, however it drastically lowered the melting point thus 

indicating a significantly less stable crystal lattice and better solubility in water (Fig. 

2.7C).39,93,94 (See chapter 3 in ref 60). 

Physical methods 

Next to chemical modifications, different physical methods can be applied to improve the 

solubility of organic molecules in water. Addition of different organic water-miscible co-

solvents, such as DMSO, acetonitrile, propylene glycol, glycerin, ethanol, etc., is frequently 

applied (See section 1.1.2, Fig. 2.3) The organic co-solvent surrounds the poorly soluble 

molecule and hence partially solubilizes the compound reducing interfacial tension with 

water. 76 

The increase of ionic strength is commonly used in the “salting out” approach, where large 

concentrations of salt in aqueous solution force (organic) compounds with lower solubility 

to precipitate out of solution. The opposite effect, namely “salting in”, can be achieved by 

addition of so-called hydrotropes.95–98 Hydrotropes are ionic organic salts which are added to 

a poorly water-soluble compound to increase its aqueous solubility in diverse ways, for 

instance, by forming micellar-like structures.98 This approach is frequently used to formulate 

pharmaceuticals,98 however, in many cases the amount of the hydrotropic salt needed can 

reach high levels and cause toxicity.55 

Other physical solubilization methods include, particle size reduction by mechanical 

micronization99 to increase the surface of the compound, nanoionisation,55 dispersion in 

carriers, such as micelles,55,76 or complexation in cyclodextrins.100 
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a Solubility in 0.1 M pH 7.4 phosphate buffer 
b Solubility in 15 M phosphate buffer pH=7.4 
c Solubility in water 

Fig. 2.7 Increased dihedral angle of 2.7 (A) upon addition of a methyl group, as well as the ortho 

substituents in 2.8b and c (B) cause a decrease of melting point and increased solubility in water. C 

Introduction of a stereocenter in 2.9, thus breaking the symmetry of the compound, significantly 

lowered the melting point and caused increased solubility in water. 

Prodrug strategy  

While addition of solubilizing groups to a target molecule ensures water-solubility, it can 

interfere with the activity of biologically active compounds due to the increase in size and 

polarity. Therefore, prodrugs that have additional solubilizing moieties that are cleaved off 

in vivo, are often used in pharmacological applications.40 The solubilizing groups described 

in the section 1.2.2., such as phosphates (2.10, Fig. 2.8A),101 PEG chains (2.11, Fig. 2.8B),102 

amino acids (2.12 Fig. 2.8C),103 or sugar moieties104 are used and linked via ester, amine, 

carbamate, carbonate, ether, imine and other (enzymatically) cleavable linkers to the actual 

drug.105 

 
a Solubility in Tris buffer at room temperature, pH=7.4 
b Solubility in water. 

Fig. 2.8 Illustrative examples of prodrugs containing solubilizing groups: phosphate (A), PEG chains 

(B) and amino acid moiety (C) and their respective effect on solubility in water. 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

1.3 Illustrative examples of photoswitches in aqueous media  

As described in section 1.2, various strategies can be applied to solubilize organic molecules 

in water. Furthermore, next to the effect of aqueous media on the photochemical properties 

of the photoswitch and the thermal lifetime of the metastable form, chemical stability in water 

and in biological environment also plays an important role. For instance, some azobenzenes 

are stable in the presence of biological antioxidants, such as glutathione,106–108 while others 

are susceptible to reduction. They thus lose their functionality and form potentially toxic side 

products like diarylhydrazines and anilines.109 Furthermore, enzymes naturally present in 

living organisms, particularly azidoreductases that are active in hypoxic cancerous tissue 

with low oxygen levels, can also reduce azobenzenes.110 Especially, the Z isomer of 

azobenzene was found to be more prone to reduction than the less polarized E form.111 

Instability towards reduction can be circumvented by attaching different substituents to the 

azobenzene core112 or by heteroaryl design resulting in many systems that are stable under 

physiological conditions in timeframes required for their application.6,11,112–115 However, the 

introduction of different solubilizing moieties often has consequences for biological activity 

and uptake, such as selective accumulation in different sub-cellular compartments116–118 or 

even hindered cellular uptake of freely dissolved molecules.119,120  

Keeping all the aforementioned limitations in mind, in this section we will discuss different 

solubilization approaches applied to photoswitches in aqueous media. 

1.3.1 Small molecules that act as ligands in biological systems 

In biomedical research and the pharmaceutical world, small molecule actuators are 

extensively applied to regulate biological processes.121–124 In this way, a wide range of 

biomolecules, such as proteins,125–127 DNA and RNA,128 as well as oligosaccharides,129–131 

can be targeted. Small molecules are usually applied remotely and reach the actual target site 

by diffusion. Consequently, the local concentration at the target site is often low, unless the 

molecule exhibits specific uptake (like phosphonate into mitochondria)116 or an explicit 

delivery technique, for instance using liposomes, is used.132 However, increasing the overall 

concentration of the bioactive molecule would affect not only the target site but also others. 

Eventually, side effects, as often observed in cancer therapy, or accumulation in the 

environment, which is one of the causes for growing multi-resistance in bacteria, often 

outweigh the beneficial effects of drug-therapy. 

For these reasons, the use of an external stimulus, such as light, to enable local and temporal 

control of bioactivity, became a very promising approach in recent years.7 Still 

spatiotemporal control is limited by diffusion of the light-responsive molecule. Thus, systems 

which can only be turned on once, such as those employing photocleavable protecting groups 

(photocages), are not ideal for many applications.7 In contrast, molecular photoswitches can 

be reversibly activated specifically at the target site and deactivated to protect the 

surroundings.30 Depending on the nature of the photoswitch, the deactivation process can be 

achieved by light or thermally (auto-inactivation). In this section, we discuss different 

solubilization approaches of photoswitchable molecules used as small molecular actuators in 

biological systems and highlight selected examples illustrating how to control biological 

function. 
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1.3.1.1 Introduction of charged moieties to molecular photoswitches 

As seen in section 1.2, the most straightforward approach to increase the solubility of an 

organic molecule in water is to attach a charged group to its structure. This can be a 

permanently charged moiety, for instance, a pyridinium salt, or acidic or basic functionalities, 

that become protonated or deprotonated under physiological conditions. Frequently used are 

tertiary ammonium groups, carboxylic acid, sulfonates, phosphates, and phosphonates.  

In some cases, however, the charged unit affects the properties of the compound beyond just 

providing the required solubility. For instance, it can simultaneously enable binding to the 

target or interfere with cellular uptake. On the one hand, a positively charged group can 

increase the adherence of the molecule to cellular membranes, which are negatively charged 

on the headgroups of lipids, thus increasing the cellular uptake.133 However, charged moieties 

can also hinder the internalization pathway by diffusion through the lipid bilayer due to 

insufficient lipophilicity of the compound.134 These contradicting effects, improved 

adherence and decreased diffusion through the membrane, illustrate the importance of a 

balanced design of drug-like molecules. 

Except for diffusion and passive uptake, some compounds are actively uptaken by protein 

transporters and receptors.135 Here, the charged moiety can either be a part of the 

transporter/receptor substrate or it does not interfere with the uptake process. Hence, 

introduction of a charged group to enhance aqueous solubility might seem straightforward, 

however, it often is accompanied by consequences for several other key parameters that need 

to be taken into consideration.119,135 

In the following sections, we discuss frequently used charged groups in photoswitchable 

biologically active ligands. 

Ammonium ions 

The most explored moieties used for solubilizing photoswitches with a charged group are the 

protonated tri-alkyl amine or a tetra-alkyl-ammonium groups. Both are positively charged in 

aqueous media at a pH<9 136,137 and consequently, provide good aqueous solubility. 

Moreover, the (permanently) charged moieties can serve as binding groups towards different 

biomolecules. They can, for instance, act as an inhibitor of voltage gated channels,138,139 

which are involved in communication between cells, in transport, and self-defense 

mechanisms.140 In this context, such compounds were used to photocontrol, for example, 

insulin release141 and to block channels in neuronal tissue.139,142–144
 In another example, 

photoswitches carrying ammonium groups were used to restore vision in degenerated 

photoreceptor layers of mice. In particular, two azobenzenes, one with a diethylammonium 

group (3.1 a, Fig. 3.1A) and one with a permanently positively charged triethylammonium 

group (3.1b, Fig. 3.1A), were investigated for this purpose.145 The charged photoswitches 

blocked ion channels in neuronal ganglions in their E form (Fig. 3.1C), while after E→Z 

photoisomerization with 480 nm light the molecules were sterically too hindered to be 

accommodated by the channel and hence, activate it (Fig. 3.1C). Both 3.1a and 3.1b are well 

soluble in water, however, they target different cell types in the retina145 due to distinct 

internalization mechanisms. The presence of receptors in certain cell types leads to active 

uptake of the permanently charged 3.1b145 while non-permanently charged 3.1a is mainly 



576183-L-bw-Volaric576183-L-bw-Volaric576183-L-bw-Volaric576183-L-bw-Volaric
Processed on: 5-4-2022Processed on: 5-4-2022Processed on: 5-4-2022Processed on: 5-4-2022 PDF page: 29PDF page: 29PDF page: 29PDF page: 29

 

 

  24 

 

 

 

 

 

 

 

 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

passively uptaken.145 This observation indicated that introduction of a permanent or non-

permanent charge not only renders the molecules water-soluble, but also has consequences 

for their activity as well as their uptake. To further investigate this, similar photoswitches 

were designed to test the effect of one or multiple charges on their ability to inhibit voltage-

gated potassium channels.146 Interestingly, 3.2b possessing two permanent charges (Fig. 

3.1B) exhibited no activity on cells due to poor uptake and impaired diffusion through the 

cellular wall. On the other hand, 3.2a, possessing only a single positive charge, could be 

taken up and successfully bind to its target. These examples clearly show that designing a 

photoswitch with permanently charged tri-alkylammonium groups brings water-solubility, 

however, the molecules need to be able to reach their specific target and therefore, should be 

carefully designed on a per-case basis. 

Moreover, positively charged nitrogen units are frequently used to bind to RNA147,148 and 

DNA,147–153 by interacting with the negatively charged phosphate backbone. For instance, 

trimethylammonium and aminomethaniminium groups have been applied to both interact 

with DNA and solubilize spiropyrans (Fig. 3.2A and B).147–150 Spiropyrans 3.3a and 3.3b 

were used as photoswitchable DNA intercalators (Fig. 3.2). The closed spiropyran (SP) 

isomer, having a non-charged and non-planar core structure, is not suitable for DNA binding, 

despite bearing a permanent charge at the substituent. On the other hand, the merocyanine 

(MC) form is aromatic and planar, which is favorable for DNA intercalation. Protonation of 

the phenol group in slightly acidic environment, such as often found in in cancerous 

cells,154,155 additionally improved binding to negatively charged DNA.156  

 

Fig. 3.1 Azobenzene photoswitches furnished with permanently charged (A,B) (3.1b, 3.2a, 3.2b) 

ammonium groups or with non-permanently charged alkylamines (3.1a and 3.1b). C The charged 
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elongated E isomer can easily fit into the channel cavity thus blocking it, while the Z isomer does not 

fit into the cavity leaving the channel open. 

To further explore the design, two molecules containing a positively charged amidine group, 

known to bind to DNA,156–158 were investigated (compounds 3.4a and 3.4b).159 Switches 3.4a 

and 3.4b (Fig. 3.2) were carefully designed to match the assay conditions suitable for DNA 

binding studies, where at pH 5–9 at room temperature the thermal equilibrium is reached 

within 5h (20:80=SP:MC for 3.4a) or 1h (85:15=SP:MC for 3.4b).159,160 It was found that 

MCH+ binds 35 times (3.4a) or 66 times (3.4b) stronger to DNA compared to their 

corresponding unprotonated MC forms. While 3.4a MC, 3.4b MC and 3.4b MCH+ intercalate 

DNA, 3.4a MC showed a less specific binding mode.159 

Besides spiropyrans, also suitably substituted azobenzenes can be used as visible-light 

responsive DNA modulators. The visible light-responsive tetra-ortho fluoro azobenzene 

motif was functionalized taking inspiration of the DNA minor groove binder netropsin and 

was used to target nucleosomal DNA (Fig. 3.2D, 3.5a and 3.5b).161 Upon irradiation with 

520 nm light in DMSO, relatively high PSDs were reached (70:30=Z:E for 3.5a, 73:27 =Z:E 

for 3.5b) and by irradiation with 405 nm light the PSDs were 7:93=Z:E (3.5a) and 3:97=Z:E 

(3.5b), respectively, in DMSO. Most importantly, the Z-3.5a isomer showed good thermal 

stability (after 9h 77:23=Z:E) in Tris buffer with 2-5% DMSO. Furthermore, the E isomer 

3.5a was successfully bound to nucleosomes while the Z isomer did not. 

 
Fig. 3.2 A The spiropyran photoswitch SP undergoes a ring opening reaction upon irradiation with light 

thus forming the open zwitterionic MC isomer. Under acidic conditions, MC is protonated, forming 

the positively charged MCH+ isomer which can be ring-closed upon irradiation with visible light. B 

Both charged isomers MC and MCH+ bind to double stranded DNA, while the SP does not interact 



576183-L-bw-Volaric576183-L-bw-Volaric576183-L-bw-Volaric576183-L-bw-Volaric
Processed on: 5-4-2022Processed on: 5-4-2022Processed on: 5-4-2022Processed on: 5-4-2022 PDF page: 31PDF page: 31PDF page: 31PDF page: 31

 

 

  26 

 

 

 

 

 

 

 

 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

with DNA. C Spiropyrans 3.3a and b, carrying a nitro and cyano groups, were further modified to carry 

one positive charge (3.4a) or two positive charges (3.4b) to explore the effect of additional charge on 

their DNA binding properties. D Visible light-controlled azobenzenes 3.5a, carrying two positive 

charges, and azobenzene 3.5b, carrying one positive charge, were designed to modulate DNA. 

Other nitrogen salts 

Similar to ammonium groups, pyridinium moieties often increase water-solubility, while also 

enhancing the affinity to DNA. In this context, both azobenzene162 and DTE-based163 

switches were used to develop light-responsive DNA binders. In particular, pyridinium-

functionalized photoswitches, selectively binding to G-quadruplex DNA, attracted 

considerable attention in the last years.164–170 G-quadruplexes are four stranded secondary 

structures of guanine-rich DNA that form stacked tetrads and are involved in a plethora of 

biological processes, ranging from transcription, replication, genome stability to cancer 

growth.171 In this context, azobenzenes with a permanently charged methylated piperidine, 

pyridine or morpholine group on each end were synthesized (3.6,7 and 10, Fig. 4.3A and C). 

The molecules induced formation of G quadruplexes in the E form, while the Z isomer caused 

dissociation. However, this effect was significantly diminished in the presence of metal 

cations, such as those present at physiological conditions (3.6, Fig. 4.3A)164,165 A similar 

photoswitch, stiff stilbene 3.7 (Fig. 3.3A) behaved analogously to azobenzene 3.6. and 

induced reversible formation of G quadruplexes.166 The Z isomers of stiff stilbenes are 

thermally more stable than Z-azobenzenes, which could be beneficial form certain 

applications. However, irradiation with 400 nm light caused refolding triggered by 

irreversible photo-induced oxidation and degradation of the stilbene (Fig. 3.3B, structures 

3.7a and 3.7b).166 This photochemically induced side-reaction has been reported 

previously172,173 and limits the applicability of the stiff stilbene-based modulators in the long 

term. The stilbenes were further modified to introduce a more flexible piperazine group (3.8, 

Fig. 4.3C), which resulted in affinity for G4 DNA over duplex DNA facilitating toxicity 

towards cancer cells,174,175 while remaining less toxic towards a non-malignant mammalian 

cell line.167 In contrast, the photophysical properties of the structurally related aryl-

stilbazolium ligands (3.9, Fig. 3.3C) were hampered in the presence of DNA rendering them 

unable to switch due to too strong binding affinity.168  

Very recently, a DTE furnished with pyridinium moieties (structure 3.10, Fig. 3.3) was 

reported to bind to different G4 topologies in the closed and open form. The compound was 

readily soluble in phosphate buffer and the switching could be reversibly performed with 

visible light (450 and 635 nm).169 The two photoisomers exhibited toxicity towards cancer 

cells, with the closed form being two-fold more potent than the open one (IC50 of 3.10c= 10 

mM, 3.10o=23 mM). However, in a study on a very similar DTE switch containing a 

hexafluorocyclopentane group, it was reported that the pyridinium-DTEs are potentially toxic 

to eukaryotic organisms.170 Switching was successfully performed in vivo in a transparent 

nematode organism (Caenorhabditis elegans) with sufficient oral uptake of both open and 

closed forms. The striking observation was that nematodes fed with the ring-closed form 

appeared to be paralyzed. Upon visible light irradiation, the paralysis was significantly less 

present. However, it seemed that both DTEs were toxic to the organism. Nevertheless, it must 

be noted that the tested concentrations were very high (up to 12 mM in 10% DMSO in 

phosphate buffer, pH=7). 
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Fig. 3.3 Photoswitches solubilized with positively charged cyclic amines and heteroatoms containing 

nitrogen atom. A Azobenzene 3.6, carrying two methylated morpholine moieties, and stilbene 3.7 with 

two pyridinium groups were used to modulate G quadruplex DNA structures. B Irreversible 

photooxidation of stilbene 3.7 into 3.7b via 3.7a. C Stilbene 3.8 functionalized with two piperazine 

groups exhibited affinity for G4 DNA over duplex DNA, facilitating toxicity towards cancer cells while 

the structurally related 3.9 was bound too strongly to DNA prohibiting photoswitching. D The 

photoisomerization of a DTE photoswitch carrying two pyridinium groups of which the open form 

3.10o showed higher toxicity towards cells opposed to the closed form 3.10c. 

Another photoswitch that was functionalized with a N-alkylated picolinium moiety to bind 

to dsDNA, is chromene 3.11 (Fig. 3.4).176,177 Under continuous irradiation with UV light, the 

two interconverting open isomers, called 3.11TC and 3.11TT, are formed. They showed the 

ability to intercalate to the DNA double helix, which in return electrostatically stabilized the 

meta-stable photoisomer.176 When the light stimulus was removed, the open form undergoes 

ring-closure and the chromene could no longer interact with DNA. As expected, the solubility 

was suboptimal due to the highly aromatic nature of chromene. Upon addition of the DNA 

in buffer, the switch precipitated and therefore, a 5% DMSO solution had to be used for the 

experiments.  
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

 

Fig. 3.4 The chromene photoswitch 4.11 forms the open 3.11TC isomer upon UV irradiation, which 

interconverts to the TT isomer (3.11TT). 

Sulfonates, Phosphates and Phosphonates 

Phosphonate, phosphates, and sulfonates, as well as related functional groups, are negatively 

charged when dissolved in water and can be readily employed to increase water-solubility.78 

Sulfonated azobenzenes are often used as food colorants and dyes, such as carmoisine178 or 

Congo Red (Fig. 3.5).179 Besides their coloring properties, the molecules were also studied 

regarding their activity as DNA binders or as inhibitor of an HIV1 protease. However, the 

photochemical switching properties of the sulfonated dyes are to the best of our knowledge 

not reported. 

 

Fig. 3.5 Sulfonated azobenzene dyes, carmoisine and Congo red. 

On the other hand, a phosphate-containing lipid with an incorporated azobenzene unit was 

used as a ligand for the G-protein coupled receptor (GPCR) S1P1-5 to photocontrol pain 

hypersensitivity in mice.180 Alternatively, photoswitchable ATP analogues bearing multiple 

phosphate groups were used to interfere with the kinesin-microtubule systems.181 Also, in 

designing azobenzene-based antagonists (3.13, Fig. 3.6) of the AMPA receptor, which is 

involved in neuronal firing, the introduction of a phosphonate group was key for assuring 

solubility under physiological conditions.182 A previously reported non-light active AMPA 

antagonist, NBQX, based on a quinoxalinedione moiety failed at clinical trials due to its 

insufficient solubility, which resulted in renal toxicity (Fig. 3.6).183 Attaching a 

methylphosphonate group (structure 3.12, Fig. 3.6) increased the solubility, and was adopted 

in the design of the photoswitchable analogue.183,184 
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Fig. 3.6 Introduction of a methyphosphonate group (3.12) to the AMPA antagonist NBQX ensured 

water-solubility. Molecule 3.12 was modified to incorporate a light-responsive azobenzene switch 

(3.13) as photocontrolled AMPA receptor antagonist. 

Moreover, phosphonate and phosphate groups have been attached to DTE photoswitches to 

ensure both water-solubility and inhibitory activity towards a Mycobacterium tuberculosis 

(MTB)-specific enzyme.185 Phosphoribosyl isomerase A (mtPriA), an enzyme unique to 

MTB species, possesses a symmetric active site with two phosphate-binding sites. Since a 

specific geometry and distance between both sites is crucial for competitive inhibition, 

mtPriA is an excellent target for photoswitchable inhibitors whose geometry and flexibility 

can be altered by light. Five bistable DTE switches containing phosphonate or phosphate 

groups at different positions were studied regarding their binding properties towards the 

active site of mtPriA (Fig. 3.7).185 DTE 3.14m with meta-phosphate groups featured the 

largest difference in binding constants between the open (Ki=0.5 µM) and closed form 

(Ki=4.4 µM). The same DTE switches (3.14m, 3.14p, 3.15m, 3.15p) were applied as 

inhibitors for the imidazole glycerol phosphate synthase (ImGP-S) multienzyme complex 

and were able to reversibly interrupt the allosteric communication between the enzymes in 

the multienzyme complex.186 Recently, alkyl phosphate-functionalized azobenzenes were 

used to control the tryptophan synthase (TS) multienzyme complex in a similar fashion. The 

solubility of the compounds strongly depended on the length of the alkyl-linker between the 

azo-function and the phosphate group. Consequently, stock-solutions for photochemistry and 

biochemical evaluation were prepared in pure water and the concentration was adjusted to 

the respective solubility. Only one derivative required the addition of 15% DMSO to be 

studied by UV-Vis spectroscopy and was excluded for biological evaluation.187 

 

Fig. 3.7 DTE-base mtPriA inhibitors with phosphate and phosphonate groups on different positions of 

the phenyl ring. 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

Carboxylates  

Like sulfonates, phosphonates and phosphates, also carboxylates are anionic under 

physiological conditions, which facilitates solubility. Accordingly, the sodium salts of two 

carboxylic acid functionalized DAE derivatives (3.16a and b, Fig. 3.8) were prepared to 

solubilize the photoswitches in buffer. While the previous examples discussed photoswitches 

that alter their biological activity by a photoinduced structural change, this example 

showcases that photoisomerization process can be linked to drug release. Maleimide, a small 

molecule that can modulate DNA topoisomerase II by what is supposed to be a covalent 

attachment to a cysteine side chain,188 was condensed with a furyl-containing DAE in a Diels-

Alder reaction.189 Photoinduced O→C isomerization locks the bioactive molecule and no 

maleimide is released. The reverse Diels-Alder reaction takes place at physiological 

conditions and body temperature and is induced by visible light. Maleimide is slowly released 

(50% release in 92 h at 40 ºC), generating a daily dose of 46 µM (3.16a,o) and 5 µM 

(3.16b,o), which corresponds to the bioactive dosage window for pharmaceutical 

applications.188 

 

Fig. 3.8 The prodrug based on a DAE forms the ring-open isomer upon irradiation with 400 nm light 

which can undergo reverse Diels-Alder reaction releasing maleimide and the open furyl-substituted 

DAE.  

Sulfonylureas 

Sulfonylurea-based drugs are often used to treat diabetes,190 despite their relatively limited 

solubility in water, and are hence often solubilized using co-solvents.191 Azobenzene 

sulfonylurea 3.17 with a pKa of 4.76 readily dissolves in water at sufficiently high 

concentrations to be tested in biological assays when diluted from a 50 mM DMSO stock 

solution.34 The acidity of 3.17 ensures its deprotonation and solubility under physiological 

conditions. Moreover, its anionic nature makes it unlikely that the compound would interact 

with DNA, due to the negatively charged phosphate backbone of the macromolecule. 

Furthermore, 3.17 was tested in vivo to photo-control of glucose homeostasis using a mouse 

model.192 In these studies, the potential toxicity of 3.17 was investigated in detail, since a 

previous study reported that many amino group-bearing azobenzenes are mutagenic and 

carcinogenic.193 However, compound 3.17 was proven as reasonably safe, presumably due to 

its negatively charged character in water. 

 

Fig. 3.9 The conjugate acid of azobenzene sulfonylurea 3.17 with a pKa of 4.76 is deprotonated thus 

negatively charged in aqueous solutions. 
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1.3.1.2  Introduction of non-charged polar groups to molecular photoswitches 

Hydroxamic acids 

Hydroxamic acids are highly polar moieties and assist water-solubility of a compound 

through ionic and hydrogen-bond interactions with the solvent. Moreover, they can be found 

as the active moiety in biologically relevant molecules.194 In this context, classical 

azobenzenes 3.18a–h (Fig. 3.10A) were functionalized with hydroxamic acids and studied 

as photoswitchable histone deacetylase (HDAC) inhibitors in cancer cell essays to develop 

potential therapeutics.195 The molecules were irradiated in DMSO stock solutions and 

subsequently diluted into the assay buffer showing good solubility. The reported switches 

had varying half-lives, ranging from 4 min to over 8 h in 1% DMSO in HDAC assay buffer 

at room temperature, thereby offering a selection for a short-lived compound that deactivates 

quickly after light activation or, a more stable version which remains in its light-activated 

isomer for a longer time. Their stability towards photobleaching and reduction in cellular 

environment was demonstrated by performing multiple switching cycles in the presence of 

glutathione. Also, arylazopyrazoles 3.19a-c (Fig. 3.10B) were designed as inhibitors of 

amidohydrolase, which is closely related to HDAC and present in many hospital-acquired 

bacteria.196 In particular, the hydroxamic acid group interacts with the protein by forming a 

complex with the Zn2+ ion, which facilitates binding of the ligand. It additionally allows the 

otherwise lipophilic photoswitches to readily dissolve in phosphate buffer in the case of 3.19a 

and 3.19b, while 3.19c could not be solubilized. The arylazopyrazole derivatives proved to 

exhibit excellent photophysical properties with high PSDs (from 85-90% Z to 93-97% Z). 

The metastable forms of switches 3.19a and 3.19b had relatively long half-lives of 17.8 h 

and 19.4 h, respectively (30  C, phosphate buffer). Both types of azobenzene-based HDAC 

inhibitors show that a balanced design consisting of an ionic effector group, that also 

facilitates water-solubility, and an aromatic photoswitch can results in drug-like compounds 

holding promise for cellular studies and beyond. 

 

Fig. 3.10 A Selected examples of photoswitchable hydroxamic acid-based HDAC inhibitors. B 

Arylazopyrazoles carrying a hydroxamic acid moiety functionalized with different substituents and 

their effect on solubility.  
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PEG chains 

As described in section 1.2.2, a common approach to solubilize organic molecules in water 

is the attachment of hydrophilic PEG chains.102 This approach is often applied for solubilizing 

photoswitchable self-assembly systems.197,198 

Dihydropyrenes are insoluble in water but could be solubilized in aqueous media by attaching 

PEG5-10 chains to their core. RNA aptamers, which are single stranded RNA molecules that 

bind to target molecules,199,200 were optimized by iterative in vitro selection to differently 

bind to isomers of dihydropyrenes. Dihydropyrenes were chosen as aptamer ligands, since 

both isomers are conformationally very rigid and therefore feature distinctly different 

shapes.201 Molecule 3.20c was identified as the most promising hit and was used to 

photocontrol the assembly of a ribozyme,199 a catalytically active RNA cluster.202 Binding 

of the pegylated 3.20c to the aptamer stabilized the ribozyme’s catalytic site allosterically 

and showed a 900-fold difference in catalytic rates compared to 3.20o. 

 

Fig. 3.10 The water-soluble dihydropyrene photoswitch, carrying a PEG chain, undergoes a ring 

opening reaction upon irradiation with visible light and the ring-closing process under UV irradiation. 

Also, PEGylation together with attachment of a guanidium group was successfully used in 

the design of a complex molecular glue, a molecular structure that glues two (or more) other 

molecules together through strong non-covalent interactions.203–205 Azobenzene photoswitch 

3.21 was modified with multiple adherence guanidinium groups that bind to oxyanion-rich 

areas on the surface of the target protein via salt bridges (Fig. 3.11).206 Additionally, the 

azobenzene featured a sulfonamide group on the other side, acting as an inhibitor towards a 

carbonic anhydrase. Azobenzene 3.21 only functioned as inhibitor in its E configuration, 

since the Z geometry prohibited the molecular glue from accessing the active site. In this 

example, both the PEG-chains and the guanidinium moieties are crucial for water-solubility. 

Additionally, the presence of multiple guanidiniums ensured superb cell-membrane 

permeability.207 The large molecule could be reversibly photoisomerized in aqueous solution 

and had a half-life of 2.3h in HEPES buffer at 37 ºC. 
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Fig. 3.11 Azobenzene 3.21 carries multiple PEG linkers as well as guanidinium groups which enable 

water-solubility as well as enable binding to the target protein via salt bridges. 

1.3.1.3 Dipole moment, heteroatom-based rings, and scaffold hopping 

Another approach to enhance the water-solubility of organic molecules is to redesign them 

into more polar analogs, or by using a scaffold hopping-like strategy. The latter is commonly 

used in medicinal chemistry and involves modifying the core structure of a known drug while 

attempting to keep their original activity.208,209 In the context of photoswitches, typically, 

polar groups are introduced onto or into the structure of the switch or classical arenes are 

replaced by heteroarenes. Both approaches have been, for instance, applied extensively on 

azobenzenes and on DAEs switches210 and are discussed in the following section using 

representative examples. 

Azobenzenes and Heteroaryl azobenzenes 

Scaffold hopping in classical azobenzenes has been applied to achieve improved 

photophysical properties in water and better water-solubility. In one example, azo-analogues 

3.22a-b (Fig. 3.12A), which were designed as inhibitors of CENP-E, a protein involved in 

chromosome movement, were very poorly soluble under aqueous conditions. In contrast, the 

phenylazopyrazole photoswitch 3.22c was much more soluble and could be tested on cells at 

>100 µM in buffer with 0.1% DMSO.211 In a 1:1 water:acetonitrile mixture, the half-life of 

3.22c was longer than 24 h at 37 ºC and the PSDs were 93%Z (PSS365nm) and 86%E 

(PSS510nm). E-3.1.22c (IC50 0.29 µM) had a 10-fold higher inhibitory activity than the Z form 

(IC50 2.4 µM). Therefore, cell proliferation could be inhibited or slowed down upon 

irradiation with green light (510 nm), forming the E isomer, when testing the compound on 

living cells (HeLa). Compounds 3.22a and 3.22b, based on classical azobenzenes, had to be 

tested in vitro/in the enzyme essay for inhibition of CENP-E with 10% DMSO reaching 

maximum concentration of only 5 µM and no difference in activity between their E and Z 

isomers could be observed. 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

 

Fig. 3.12 Photoswitchable CENP-E inhibitors containing an azobenzene were poorly water-soluble 

(3.22a and b) while the heteroaromatic arylazopyrazole photoswitch 3.22c exhibited much better 

aqueous solubility. 

Next to arylazopyrazole switches, other heteroaryl-azobenzene derivatives were also studied 

in biological context. One example is the azo-functionalized pyrazolopyrimidine 3.23c, 

which was applied in cellulo to photocontrol the RET transmembrane tyrosine kinase 

receptor.212 The photoswitch was investigated next to azobenzene 3.23b, which had a Z form 

with a lifetime of only 2 min in water, and a stilbene variant 3.23a, which irreversibly 

decomposed upon irradiation. Photoswitch 3.23c had good photochemical properties in water 

where it achieved 87% of Z at the PSS365nm with a sufficiently long lifetime applicable for 

biological studies (τ = 9.7 h. at 37 ºC). This example shows how a minor change, such as an 

additional heteroatom in the ring or a stilbene scaffold instead of an azobenzene, can have a 

great impact on the photochemical properties, as well as water-solubility (as seen for 3.23, 

Fig. 3.13) The azoswitch 3.23c could undergo multiple photoswitching cycles without 

fatigue in the presence of glutathione, showing its resistance to reduction. Interestingly, the 

observed difference in activity of the inhibitor of the Z form was 3.8 (enzyme essay) and 3.2 

(in cells) times higher than the thermally stable E isomer. 

 

Fig. 3.13 Inhibitors of RET transmembrane tyrosine kinase receptor, illustrating the effect of a different 

switch system (stilbene 3.23a vs azobenzene 3.23c) and an additional heteroatom (3.23b and c) on the 

(photo)chemical properties in aqueous solutions. 
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Like pyrazole, also pyridine motifs can contribute to water-solubility in azobenzenes. For 

instance, compound 3.24 has been applied to photocontrol GPCRs213 as well as inhibitor of 

alpha-chymotrypsin. To study this compound sufficient aqueous solubility was crucial to 

achieve high-enough concentrations to determine the IC50 values.35 Moreover, a set of 

azobenzene- and azopyridine-based sirtuin inhibitors was designed (Fig. 3.14). Most of the 

compounds of the library had the required photophysical properties in water and long thermal 

half-lives of the metastable Z isomers (>300h).214 However, phenyl azopyridines carrying a 

hydroxy or amino group (such as 3.25a and 3.25b) exhibited shortened half-lives due to 

tautomerizatio.215,216 The respective azopyridines were consequently modified by 

methylation of the aniline (example 3.25d) or introduction of methyl groups in the ortho 

positions (example 3.25c) as attempt to increase the thermal half-lives. However, this often 

rendered the compounds insufficiently water-soluble and caused aggregation.36,37 Compound 

3.25e, bearing a C7 chain, had better water-solubility which in return affected the inhibitors 

activity. For longer fatty-acids (such as 3.25f), precipitation during the assay was an issue. 

Based on these observations, the authors concluded that in some examples the higher 

inhibitory activity of the Z form, which was found to be up to 21-times more potent than the 

E isomer, was in fact not due to its helical geometry but due to its better availability caused 

by higher solubility in water. This example demonstrates the complexity encountered in 

attempts that aim to encompass excellent water-solubility, improved bioactivity, and 

maintain advantageous photochemical properties. 

 

Fig. 14 Different substituents in azopyridine-based sirtuin inhibitors and their effect on their water-

solubility, (photo)chemical properties and activity. 

DAE and Fulgimides 

Classical DAEs are highly apolar structures and, thus, are often decorated with charged 

groups such as carboxylate and phosphate anions to enable solubilization (vide supra). 

Alternatively, modification in the core structure or moving to the related class of fulgides or 

fulgimides can be considered, similar to the heteroaryl design in azobenzenes.210 Especially 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

in DAEs, such structural modifications are affecting the photophysical and photochemical 

properties significantly and are discussed with illustrative examples in the following section. 

In compound 3.27 (Fig. 3.15), the typically used central cyclopentadiene ring was replaced 

by a maleimide, mimicking the structure of bisindoylmaleimide 3.26 (Fig. 3.15), a potent 

sirtuin inhibitor.217 Introduction of this motif induced a bathochromic shift in the UV-profile 

in comparison to the cyclopentadiene-bridged analogue. The compound was tested for its 

inhibitory activity towards Sirt2 and exhibited a 22-fold difference in activity between the 

open (IC50 4.2 µM) and the closed form (IC50 92.3 µM), featuring a PSD of 98:2=C:O under 

irradiation with 312 nm light in DMSO. Due to the  twisted intramolecular charge transfer 

(TICT) taking place, this reaction could not be induced in polar protic solvent, such as the 

assay buffer, and O→C photoisomerization needed to be performed in the DMSO stock 

solutions, highlighting another limitation that can be met when certain DTEs are used in 

aqueous media. However, photoinduced ring-opening was possible in situ.217 Therefore, the 

use of the structurally related indolyl fulgimides was explored for the same target.218 

Fulgimides are more flexible and polarized and hence, in general, better soluble than DTEs 

in aqueous environment. Moreover, the open forms (Fig. 3.15 Z-3.28 and E-3.28) isomerize 

upon 400 nm light irradiation and only the E form further cyclizes to the closed form C-3.28. 

Several derivatives were studied and showed superior photophysical and photochemical 

properties compared to the previously developed DTEs, such as reversible photoswitching in 

the assay buffer. However, 3.28 exhibited only low inhibitory activity with a 1.5-fold 

difference between the open form and the PSS400 nm sample (ca. 30% closed form). Similar 

observations were made in a later study comparing DTEs based on maleimide and fulgimides 

as light-controlled dopamine receptor ligands.219 Again, the DTEs showed a larger difference 

in activity between the two photoisomers (11-fold compared to 4-fold) but could not be 

isomerized reversibly in aqueous solution. These examples showcase that optimization of 

photochemically properties and solubility in water by simultaneously retaining the biological 

potency is not trivial. 

 

Fig. 3.15 A The potent sirtuin inhibitor 3.26 was redesigned into the photoswitchable system 3.27. B 

Since 3.27 could not undergo ring-closing in aqueous solution, the system was further redesigned into 

photoswitchable fulgimides 3.28. 
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DTEs and fulgimide photoswitches were also studied together as light-controlled inhibitors 

of zinc dependent HDACs.220 Avoiding donor-acceptor designs and hence, a TICT like in the 

examples discussed before, was the key design principle in obtaining a small library of 

compounds that could be addressed reversibly in polar protic solvents by light. However, 

some of the DTE derivatives were unstable upon irradiation, especially in aqueous solutions. 

DTEs 3.29a and 3.29b formed a byproduct upon isomerization, bearing a central five-

member ring as displayed in Fig. 3.16.221,222 While 3.29a very quickly converted almost 

completely to the byproduct, 3.29b had a higher fatigue resistance and could form 80% 

closed-ring isomer after 60 s of irradiation with only small amounts of byproduct formed.220 

DTE 3.29b showed inhibition of HDAC, however, with small differences in affinity between 

the photoisomers. As an alternative, fulgide photoswitches were synthesized. Both fulgides 

3.30a and 3.30b reached over 95% of the closed isomer at the PSS365nm in DMSO. The 

properties were similar in buffer with 1% DMSO, however, minor fatigue was noticed. In 

enzyme activity assays, fulgimide 3.30b showed nanomolar affinity for HDAC, but the 

differences in activity of the two isomers were low also for these derivatives. Again, the 

photochemical behavior can be adjusted by modifying the photoswitchable core, a translation 

to the biological potency of the compounds is however not obvious. 

 

Fig. 3.16 Light-controlled inhibitors of zinc dependent HDACs. A DTE 3.29a was unstable upon 

irradiation in water, quickly forming the byproduct, while DTE 3.29b formed 80% if the closed isomer 

with minimal byproduct formed. B Fulgides 3.30a and b showed excellent photochemical properties in 

water however the difference in activity was much smaller compared to the DTE switches. 

1.3.1.4  Increasing solubility by breaking planarity 

In general, planar structures are less soluble than non-planar structures (see 1.2.2). Hence, 

disruption of the planarity by attaching suitable substituents or by designing bent structures 

can improve solubility. In the case of photoswitches, this aspect becomes particularly 

interesting, as the light-induced photoisomerization is in most cases accompanied by a 

significant structural change. In this context, classical azobenzene photoswitches were 

studied regarding the difference in solubility between the planar E and the helical Z 

isomer,223–226 in which the phenyl rings are twisted out of plane.227 For instance, the solubility 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

difference of the E and Z isomers was tested for azobenzenes 3.31 and 3.32,228 where the Z 

isomer was 20-times (3.31) or 1.4-times (3.32), respectively, more soluble in phosphate 

buffer then the E form (Fig. 3.17A).229 A similar phenomenon regarding the solubility was 

also observed for some azopyridines discussed in section 1.3.1.5 (vide supra).214 

The planarity in photoswitches can also be affected by attaching suitable substituents to the 

photoswitchable core. In this way, a library of hemithioindigo inhibitors (Fig. 3.17B) was 

designed based on a known compound colchicine.230 While some compounds were not 

sufficiently water-soluble and caused aggregation and toxicity (3.33a aggregation at 10 µM), 

the tri-methoxy-substituted compounds (3.33b and 3.33c) dissolved much better in water 

since the molecule's planarity was broken with a methoxy group sticking out of plane. In this 

manner, π-staking was prevented, and the water-solubility was increased.230  

 

Fig. 3.17 Breaking planarity to increase water-solubility. A Azobenzene-based photoswitches where 

the Z isomer was 20-times (3.31) or 1.4-times (3.32) more soluble in phosphate buffer then the E form. 

B Introduction of three methoxy groups increases water-solubility and disables aggregate formation. 

1.3.1.5 Solubilization by attaching bioactive ligands or substrates 

Many biologically interesting targets for photopharmacology have substrates or known 

inhibitors that are inherently water-soluble, such as amino acids or sugar moieties. 

Functionalizing a molecular photoswitch with these types of ligands often enhances the 

water-solubility of the whole construct. For instance, azobenzenes furnished with anionic 

amino acids, such as aspartate231 or glutamate,232 were used to achieve light control over 

glutamate receptors. An azobenzene carrying an aspartate group (Fig. 3.18, structure 3.34) 

was used to inhibit the activity of archaeal aspartate transporter GltTk where the molecule 

could be dissolved at concentrations of 0.1 mM in potassium phosphate buffer (50 mM, 

pH=7.0.).231 Furthermore, for 3.34 E was 3.4 times more active than Z with IC50s of 2.5 µM 

and 9.1 µM, respectively.231 A glutamate azo-derivative, 3.35, (Fig. 3.18B) was designed to 

photocontrol N-methyl-D-aspartate receptors (NMD), which play an important role in 

neurological function.233 This photo-agonist was inactive in its E form and could be activated 

in milli-second precision with both one-photon (360-375 nm) and two-photon (740 nm) 

excitation. However, in some instances addition of only a glutamate moiety does not result 

in sufficient solubility, as shown for 3.35 which was poorly soluble in water and adhered to 

filters. Therefore, different adjustments needed to be done for each separate experiment to 

achieve sufficient solubility. For instance, the stock solution was prepared in DMSO before 

buffer addition and the buffer required heating to 40 ºC. 
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Fig. 3.18 Photoswitchable glutamate receptors carrying anionic amino acid moieties. Azobenzene 3.34, 

featuring an aspartate moiety, could be solubilized at concentrations of 0.1 mM in phosphate buffer 

(A), while the glutamate azo-derivative 3.35 was poorly soluble in water and required heating and 

addition of DMSO in the stock solutions despite carrying a glutamate moiety (B). 

Alternatively, sugar moieties were attached to photoswitches and lead to significant increase 

of their solubility in water.234–238 Specific sugar moieties can be recognized by a selective 

carbohydrate-binding protein from E. coli called lectin.239 In this manner, photoswitchable 

lectin binders were studied regarding the differences in binding affinities of the photoisomers 

bearing either a single or multiple sugar groups. (Fig. 3.19, 3.36a-d)234,235 Incorporation of 

multiple carbohydrates simultaneously increased binding to lectin and solubility in water.235 

The half-lives of the Z forms of these azobenzenes were longer in aqueous environment, 

compared to DMSO solutions.234 As a general trend, symmetric molecules with sugar 

moieties on each side (3.36a and 3.36b) isomerized faster than unsymmetric derivatives 

(3.36c and 3.36d).234 Beyond this study, azobenzene systems with incorporated sugar 

moieties were used to control bacterial adhesion with light,236 inhibition of beta-galactose,237 

and as glycosphingolipids for cancer immunotherapy.238 

 
Fig. 3.19 Azobenzene photoswitches decorated with multipole sugar moieties with increased water-

solubility.  
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

Besides functionalizing photoswitches with amino acids and sugars, bioactive small 

molecules, such as antibiotics, were attached to light-responsive compounds. In this manner, 

ciprofloxacin was connected to an azobenzene and a spiropyran, and both compounds could 

be readily dissolved and studied in a microbial growth assay medium. (Fig. 3.20A, 3.37 and 

3.38).240 The spirociprofloxacin was efficient against gram negative Escherichia coli, while 

the azociprofloxacine showed activity on gram-positive Micrococcus luteus. The azo version 

could be switched over multiple cycles without degradation, but the spirociprofloxacin 

exhibited fatigue in aqueous media, possibly caused by instability of merocyanine in water. 
241 

Alternatively, azobenzenes were structurally merged with known antibiotics,6,7,30 such as 

nalidixic acid (Fig. 3.20B, structures 3.39a-c)242 The photoswitchable antibiotics were 

designed for the spatiotemporally control of their activity with light. Specifically, the active 

Z isomer is temporarily formed upon irradiation and then thermally relaxes back to the 

inactive E isomer within a few hours. Despite its high potency as antibacterial agents, 

nalidixic acid has already limited solubility in water.243 Therefore, it comes as no surprise 

that the MIC value determination of the light-controlled derivatives had to be performed at 

low concentrations (64 µg/mL) due to solubility restrictions.242 In another study, using 

photoswitchable hydantoin244 and phytochrome,245 it was shown that the limiting water-

solubility can be improved by transforming the carboxylic acids to sodium salts (Fig. 3.20C, 

3.40 and 3.40b).246 

 

Fig. 3.20 Photoswitchable antibiotics. A Ciprofloxacin was modified to incorporate an azobenzene 

(3.37) or a spiropyran photoswitch. (3.38). Azobenzenes 3.39a-c (B), hydantoin 3.40a and phytochrome 

3.40b (C) contain the nalidixic acid motif ensuring antimicrobial activity. 

1.3.1.6 Solubilizing photoswitches in protein-probe complexes 

For fluorescent imaging, spatiotemporal precision and control is of great importance to image 

different cellular pathways, pathogens or for disease diagnosis.247–249 Application of 

photoswitchable molecules that can be reversibly interconverted between one fluorescent and 

one non-emissive form can provide higher precision in bioimaging compared to classical 

fluorescence probes since the changing signal is easier to distinguish from background 
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fluorescence.250,251 A crucial requirement for application in vivo is sufficient water-solubility 

of the switchable fluorescent dye.38 However, fluorescence dyes often have extended 

aromatic structures which render them inherently insoluble in aqueous media. A common 

strategy to sufficiently solubilize such compounds is by forming of a protein-probe complex. 

In this manner, a combined molecule consisting of a glycoprobe, fluorescent linker 

naphthalimide (Naph, visualized in the green fluorescence channel), and a spiropyran 

photoswitch was designed (Fig. 3.21, 3.41).252 The probe binds to human serum albumin 

(HSA) via a host-guest interaction between the dye and a hydrophobic pocket of the HSA 

protein,253–255 thus preventing the aggregation of the dye. While the SP isomer does not emit 

fluorescence, the MC form emits in the red reference channel, when bond to the host. In this 

way, the probe was used as a two-channel fluorescence probe (green and red) that could be 

reversibly controlled by light and applied in living cells.  

 
Fig. 3.21 A Spiropyran photoswitch with a fluorescent linker and a sugar targeting group. B Spiropyran 

based photoswitch carrying a fluorescent moiety and a galactose group locking it in the merocyanine 

form. Upon cleavage of the sugar, the photoswitch can reversibly switch from MC to SP form in water. 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

Very recently, a similar system was reported, where a photoresponsive probe containing 

Naph and a modified merocyanine were used for high-resolution fluorescence microscopy 

to visualize the distribution of β-galactosidase in cells (Fig. 3.21, 3.42).256 The probe 

contained a galactose moiety attached directly to the phenol ring of the merocyanine group, 

thus preventing photoizomerisation to the closed spiropyran isomer. Upon cleavage of the 

sugar moiety by the β-galactosidase, the red fluorescence increased due to formation of the 

free merocyanine. Merocyanine could then photoswitch to the fluorescence-silent spiropyran 

form and was used for high-resolution fluorescence microscopy. The protein-probe complex 

between the dye and human serum albumin (HSA) ensured solubility in water, minimal 

phototoxicity, and good cellular uptake.256 

1.3.2  Water-soluble Molecular photoswitches as biomolecular building blocks 

To achieve light-controlled activity of biomolecules, molecular photoswitches have been 

designed as biomolecular building blocks, such as amino acids and nucleotides, and were 

incorporated into the backbone of biomacromolecules.257 Several strategies can be applied 

and for each there are different requirements regarding water-solubility. For short peptides 

synthesized by solid phase peptide synthesis (SPPS) on resin, it is feasible to use organic 

solvents throughout the synthesis. Therefore, there are no requirements for aqueous solubility 

of the photoswitchable building block, as long as the final product dissolves appropriately 

under the required conditions. In contrast, aqueous solubility is of great importance for 

photoswitchable building blocks which need to be uptaken and processed by a living 

organism before they are incorporated into a biomolecule. Insufficient solubility can induce 

aggregate formation possibly resulting in toxicity.258 

1.3.2.1 Amino acids 

Genetic code expansion 

The 20 canonical amino acids are building blocks of all living beings. Incorporation of 

unnatural amino acids in vivo offers the possibility to structurally modify proteins and to 

control and study their activity. Genetic code expansion is a technique that allows the 

integration of such unnatural building blocks by hijacking the synthetic machinery of the 

target organism.259–264 Also, genetic code expansion can be applied to introduce 

photoresponsive building blocks into a complex protein.265–267 It is of pivotal importance that 

the photoswitchable substrate is sufficiently water-soluble, non-toxic, and successfully 

uptaken by the organism for efficient incorporation.268,269 

In the context of photoswitchable unnatural amino acids, to our knowledge, only azobenzene-

based structures have been incorporated via genetic code expansion. Classical azobenzene-

based amino acids were used to control DNA binding activity265 and to explore the 

mechanism of an allostery model bi-enzyme complex.266,267 Furthermore, visible light-

controlled azobenzenes with tetra-ortho substituents have been successfully incorporated into 

proteins such as the green fluorescent protein (GFP)263 and firefly luciferase264 to reversibly 

control their properties. 

Moreover, employing photoswitchable amino acids with an additional thiol-reactive group 

provides a novel approach of crosslinking peptides. After in vivo incorporation of the 

functionalized photoactuator into a protein of choice, the unnatural amino acid can react with 

a nearby moiety, such as a cysteine side chain, and crosslink two sides of the protein 
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(Fig. 3.21). Both classical azobenzenes with a reactive anchoring group in the meta position 

(Fig. 3.22A 3.43, 3.44)270 and a penta-fluoro-azobenzene amino acid 3.45 (Fig. 3.22B)271 

were successfully incorporated into both E. coli and mammalian cells. 

 

Fig. 3.22 Azobenzene-based amino acids with a covalent attachment point on the opposite side of the 

photoswitch, both controlled by UV light (A) and by visible light (B). C After the light responsive 

amino acid is incorporated into the protein, the anchoring group reacts with a free thiol moiety nearby 

thus crosslinking the protein. 

Solid phase peptide synthesis 

Solid phase peptide and oligonucleotide synthesis have been employed to synthesize known 

biomolecules with unnatural moieties such as photoswitches and even molecular motors,272 

on a resin by stepwise coupling of each building block.273–276 

Peptides with a photoswitch in the backbone 

Azobenzenes with two biphenyl rings were incorporated via SPPS into a highly water-soluble 

short peptide chain to study the photochemical behavior of the construct in water (Fig. 3.23A, 

3.46).277 The stability towards reduction of the incorporated azobenzene 3.46 was tested by 

incubation with 10 mM glutathione (GSH) as the environment in mammalian cells is highly 

reducing.278 No degradation was observed, however, GSH catalyzed the Z→E isomerization 

of the short model peptide and significantly shortened its thermal half-life. Already 50% of 

the Z isomer relaxed to the E at 37 ºC in 60 min, while in the absence of GSH hardly any 

isomerization was observed. The mechanism of this phenomenon is yet unknown, though, 

the authors speculated that a GSH radical or thiolate anion reversibly attacks the azo double 

bond thereby reducing it and allowing free rotation.278 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

 

Fig 3.23 Azobenzene-based amino acids for SPPS with free (amino) acid groups highlighted in green 

and protected ones highlighted in orange. 

While for most classical azobenzenes incorporation via SPPS was successful,277,279 the visible 

light-responsive tetra-ortho-fluoro azobenzene was a more challenging substrate.280 Both 

diazocine and tetra-ortho-fluoro azobenzene amino acids (3.48 and 3.49, Fig 3.23) were 

incorporated into a peptide backbone to study protein-protein interactions. While diazocine 

3.48 was compatible with SPPS, the fluorine groups of tetra-ortho-fluorinated azobenzene 

core were prone to nucleophilic aromatic substitution under deprotection conditions required 

for Fmoc removal during SPPS procedures. Therefore, molecule 3.49 was equipped with a 

modified trityl group and incorporated into the peptide in solution. 

Cell-penetrating peptides 

For most photoswitchable short peptides synthesized by SPPS, the water-solubility enabled 

by the peptide chain is sufficient to use the construct in diverse applications. However, for 

the class of cell penetrating peptides (CPP), the delicate interplay between water-solubility, 

lipophilicity and polarity plays a crucial role in their activity.281–283 CPPs are often cyclic, 

short peptides which are readily uptaken into cells and are further able to carry various 

cargo.284,285A major obstacle for clinical use of CPPs is that they can exhibit systemic toxicity 

and cause side effects due to poor selectivity and disruption of cell membranes.286,287 For this 

reason, achieving activation with spatio-temporal control using light is an appealing 

approach. However, introduction of an aromatic, lipophilic photoswitch into the backbone of 

a CPP has a great influence on its cellular uptake. Hence, the modified CPP needs to 

compromise between solubility and lipophilicity and needs to take the impact of all isomers 

of a photoswitch into account.288,289  

While in most other applications azobenzenes are frequently used, for CPPs the DTEs 

completely dominate the field, with only one example of a hemithioindigo analogue.290 DTEs 

have proven to be the best choice due to the difference in rigidity of the two isomers which 

can be translated efficiently to photocontrol cellular uptake. Incorporation of a DTE into the 

backbone of the CPP enables formation of a hydrophobic, flexible open form that exhibits 

good membrane affinity. In particular, the O-DTE switch serves as a substitute for a β turn 

in the peptide sequence (Fig. 3.24A).291 Upon irradiation with light and formation of the more 

rigid C isomer, the hydrophobicity decreases and significantly deviates from the original 

CPP, therefore hindering cellular uptake. Additionally, the CPP was modified with 
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fluorescein, attached via a long linker to minimize the effect of the large fluorescent organic 

molecule on permeability (Fig. 3.24B 3.51). While it was shown that CPPs can tolerate 

attachment of relatively large organic molecules while retaining their properties,288 for 3.51 

labeling of the peptide with the hydrophilic fluorophore decreased the cell-membrane 

permeability.289 Specifically, the open isomer of DTE 3.51 had a high tendency to form 

aggregates which inhibited internalization.289 

 

Fig. 3.24 The open isomer of a DTE-based amino acid was used to mimic a β-turn (A) in a cell 

penetrating peptide by incorporation into the cyclic peptide backbone and modified it with a fluorescein 

group for visualization (B). The fluorescent molecule was attached via a long flexible linker to not 

compromise the cellular permeability. 

In another approach, gramicidin S (Fig. 3.25A), a CPP and a short cyclic peptide with strong 

antimicrobial properties, was used. Besides its use as an antibiotic, gramicidin S is also a 

potent cancer therapeutic agent. However, it exhibits systemic toxicity showing high 

mortality rates in mouse studies,292,293 probably due to blood lysis.294 To locally activate the 

molecule by light and potentially limit side-effects, a DTE has been incorporated into the 

structure of gramicidin S analogues (Fig. 3.25B).295 The photoswitchable peptides 3.52 and 

3.53 were studied for their antimicrobial and anticancer properties both in cells294 and in 

living zebrafish embryos.296 As 3.52 does not show significant hemolytic activity compared 

to other tested peptides, it suggests that hemolysis is not the major mechanism of toxicity. 

However, this derivative was one of the most hydrophobic ones and was poorly water-

soluble, forming aggregates in aqueous solutions.294,296 The second analogue, the gramicidin 

S derivative 3.53 could be further tested on an animal tumor model297 to successfully target 

cancer cells in its more cytotoxic open form, while the closed form was 5.5 to 8-fold less 

active. In contrast to the parent compound, 3.53 was stable in blood and resistant to 

proteolysis in vivo. Moreover, introduction of light-control by the DTE minimized the  
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

 

Fig. 3.25 A Gramicidin S, a cell penetrating cyclic peptide with antibiotic and anticancer properties 

contains two β-turns (in orange), of which one (in blue) was replaced with a photoswitchable DTE 

amino acid. B Two modified photoswitchable Gramicidin S analogues, where the amino acids shown 

in orange, are substituted in the original structure CPP 3.52 was the less water-soluble design due to 

too high hydrophobicity while 3.53 was the most successful and subsequently was tested in animal 

studies.  

toxicity in vitro in mice with 8 times lower activity of the closed isomer. Unfortunately, in 

living mice, the activity of the light-responsive version 3.53 was lower than the one of parent 

compound (30% compared to 60-80%).292 

1.3.2.2. Nucleotides 

Photoswitches have been employed to modify oligonucleotides for over two decades and 

have found applications in chemical biology and material science. They are usually 

incorporated into the oligonucleotide by resin-based methodology, much as the previously 

described examples with peptides (see section 1.3.2.1). Due to the synthetic method, water-

solubility of the photoswitchable building block is not required to incorporate it into DNA or 

RNA. However, the highly negatively charged environment of DNA/RNA can have a 

significant effect on the photoresponsive capabilities of some switches, as well as their 

stability in aqueous solutions. An extensive review on light-controlled polynucleotides has 

recently been published by our group.298 Hence, within this section only a few illustrative 

examples focusing on the role of water-solubility are highlighted. 
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Different azobenzenes have been successfully incorporated both into DNA299,300 and 

RNA.300,301 Here, the E isomer is able to participate in π-stacking and allows helix formation, 

whereas the Z form destabilizes the helix. Azobenzene-based nucleosides 3.54p and 3.54m 

were used to photocontrol RNA duplex formation and they readily dissolved in PBS buffer 

(5-7 µM, pH = 7.4) also as nucleosides up to 0.6 (3.54p) and 0.4 mg/mL (3.54m). The 

photochemical properties were excellent, reaching a PSD365 nm of 91% Z for 3.54p and 88 %Z 

for 3.54m (Fig. 3.26)301 and exhibiting long thermal half-lives of the Z isomers (97 h for 

3.54p and 113 h for 3.54m, PBS buffer at 37 ºC). However, incorporation into the RNA 

strands affected the thermal stability of the Z forms. By trend, the half-lives of the RNA-

azobenzene constructs were longer than for the non-bound nucleosides (138 h for 3.54p, 196 

h and 155 h for 3.54m, depending on the used RNA strand), except for one example, namely 

3.54p, which had a shorter thermal half-life when incorporated into RNA (86 h). This 

suggests that both the location and orientation of the photoswitch within the RNA strand 

influences the thermal relaxation rate. This finding was confirmed in a similar study, where 

the thermal Z→E isomerization was generally faster when the switches were incorporated 

into DNA compared to RNA.300 Recently, a visible-light-controlled system has been 

reported, where a tetra-ortho-chloro azobenzene structure 3.55 was incorporated into the 

backbone of RNA.302 

 

Fig. 3.26 A Azobenzene-based nucleosides 4.54p and 4.54m used to photocontrol RNA duplex 

formation and their location upon incorporation into the RNA strand (B). Visible light-responsive tetra-

ortho-chloro substituted azobenzene 3.55 incorporated into RNA (C). 

A photoswitchable nucleotide based on a DAE with an adenosine instead of the typical 

thiophene group (3.56, Fig. 3.27A) was designed to form Watson-Crick base pairs.303 In 3.56, 

very low amounts of the closed isomer could be obtained in aqueous solvents. Consequently, 

the design was improved by using an uracil or cytosine group instead of adenosine, as the 

pyrimidine-based systems could reversibly switch in aqueous environments. (Fig. 3.27B, 

3.57-C and -U) The photochemical properties were tested in a water/ethanol mixture (9/1) 

in which the compounds could be dissolved up to 300 µM. These systems showed no fatigue  
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

 

Fig. 3.27 Photoswitchable nucleotides with an incorporated DEA switch. DEA 3.56 (A) with an 

adenosine did not undergo efficient cyclization reaction in water, while the uracil (3.57-U) and the 

cytosine (3.57-C)-based DEA nucleotides had favorable properties in aqueous solutions. 

over several irradiation cycles (60 µM, 366nm and visible light) and a PSD366nm of 83%C 

(3.57-U) or 98%C (3.57-C), respectively.304 While the closed form of 3.57-C quickly 

switched to the open isomer at room temperature, 3.57-U was stable after 60 min at 90 ºC. 

Interestingly, after incorporation into a DNA strand the photochemical properties of 3.57-U 

remained unaffected. 

Spiropyrans have been widely applied as DNA intercalators (see Section 1.3.1), however, 

they are rarely being covalently attached to DNA298,305,306 due the hydrolytic instability of 

many derivatives in aqueous conditions.307 Spiropyran 3.58 (Fig. 3.28A) was attached to the 

2’-position on a nucleotide, placing the switch in the minor groove of the DNA strand.308 The 

close proximity to the DNA bases appeared to quench the triplet state involved in the 

photoswitching process of the spiropyran by energy or electron transfer.308 To avoid this 

issue, a 6-nitrospiropyran 3.59 was designed.309 Nucleobase analogue 3.59 was incorporated 

into DNA on resin and in the final construct could form up to 40% of the open merocyanine 

form upon irradiation. It exhibits an S configured C3’ as a stereogenic element providing the 

adequate geometry to match the helical backbone structure of DNA. As 3.59 hydrolyzed in 

its MC form, its analog 3.60 was synthesized to further improve the design. Its synthesis via 

the phosphoramidite route was inefficient, therefore, the reversible aldol reaction was used 

to substitute the aldehyde part 3.60ald by post synthetic modification of the spiropyran while 

it was already attached to DNA (Fig. 3.28B) . The surrounding DNA bases had a positive 

effect on the thermal stability of MC- 3.60 increasing its lifetime from a few minutes in the 

non-bound spiropyran unit, to more than two hours when incorporated into the 

oligonucleotide.309 
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Fig. 3.28 A Spiropyran 3.58 was attached to the 2’-position on a nucleotide in the minor groove of the 

DNA strand, placing it too close to the DNA bases thus diminishing its photoswitching properties. The 

design was improved by attaching the spiropyran 3.59 (B), which could form 40% of the open 

merocyanine isomer upon irradiation which was prone to hydrolysis. By utilizing the reversible aldol 

reaction, the aldehyde part of the photoswitch 3.59 was replaced with 3.60ald after it was incorporated 

into DNA, resulting in 3.60 with improved thermal stability.  

1.3.3 Covalent attachment to biomolecules 

Photoswitches have been covalently attached to different biological targets at strategically 

selected locations to photocontrol bioactivity and for fluorescent labeling.227,298,310,311 For 

achieving photocontrol over the target biosystem, the photoresponsive molecule can: 1) act 

as a steric obstruction in one of is configurations; 2) have one side of the light-controlled 

molecule acting as a ligand, which can access the binding pocket of the biological target in 

only one configuration; or 3) induce a change in charge upon switching, which disturbs the 

activity or stability of the biological target. For some smaller systems, such as peptides 

obtained by solid phase peptide synthesis, the use of organic solvents to introduce 

modifications is often customary and it permits attachment of water-insoluble organic 

molecules (see Section 1.2.2).257 However, larger and more complex biomolecules are more 

sensitive to environmental conditions.312–315 Hence, aqueous solubility of the label becomes 

of key importance, as too high amounts of organic co-solvent can potentially unfold, 

inactivate or even destroy the target (biomacro) molecule.312,316–318 Moreover, covalent 

attachment of a photoswitch should not cause aggregation of the modified target. Finally, for 

labelling or application of the modified biomolecule in cellulo or in vivo, (partial) 

insolubility, aggregation and the use of organic co-solvent are not tolerated. 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

Over the past decades, an extensive toolbox of methods for covalent attachment of small 

organic molecules to various proteins, has been developed. Labeling can be performed in 

both random and highly specific ways, depending on the application requirements.319,320 

Typical chemical methods, which were also successfully used to attach photoswitches, are 

trapping of natural or artificially introduced cysteine side-chains with α-halogen-acetyl or 

maleimide functions,321 reactions of lysine residues or the N-terminus of peptides with 

different reactive groups such as indoles or activated NHS esters,322–324 (photo)click reactions 

on biomolecules pre-functionalized with an alkyne or azide unit or the Staudinger-Bertozzi 

ligation,325,326 among others. Except for chemical modifications, there are various enzymatic 

labeling techniques available such as sequence recognition-based sortase A ligation, 

subtiligase that catalyzes formation of peptide bonds, or different transferases, ligases and 

oxidoreductases.327–329 

Having chosen the appropriate covalent attachment strategy, a suitable location where the 

photoswitch will be placed has to be selected. For single covalent attachment, the site the 

photoswitch will be placed is of great importance because the structural change of the switch 

must directly interfere with the target’s activity. In contrast, for crosslinkers, the general 

strategy to employ the switch is to reversibly disrupt and/or stabilize the secondary structure 

of the target protein (vide infra). 

1.3.3.1 Single-point attachment 

For single-point, covalent attachment, a suitable location for the introduction of the 

photoswitch needs to be selected, so that the geometrical and electronic changes evoked upon 

photoswitching can be used to interfere with the function of the target in a light-dependent 

manner. Such locations could be, for instance, close to a ligand-binding pocket, or at a 

protein-protein, or protein-membrane interface. (see Fig. 3.29). In the following section, we 

discuss different scenarios in which covalent attachment of a photoswitchable pendant was 

used to enable light-control over biological properties and focus the role of the pendant’s 

solubility in biologically relevant media. 

 

Fig. 3.29 Schematic representation of the role of the photoswitch when interfering with the target 

biosystem itself, or its interaction with another entity (neurotransmitter molecule, small biomolecule 

interacting, bacterial cell, etc.).  
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Controlling interactions between biomolecules 

Covalent attachment of light-responsive organic molecules to complex biological targets is 

challenging, as it is requires solubility of the label in a medium where the biomolecule is 

stable. An illustrative example is the functionalization of a pore-forming toxin, Fragaceatoxin 

C (FraC). FraC is a predatory protein that lyses cells by forming perforations in the lipid 

bilayers, through sequential binding to the cell membrane, unfolding, and forming multimeric 

pores, causing leakage of cellular content (Fig 3.30A).330 Directing the cell lysing activity of 

FraC to specific targets, such as cancer cells, required the introduction of an external 

biorthogonal control element. Consequently, a molecular photoswitch was attached at 

strategically selected locations to employ light as external stimulus. Specifically, the 

azobenzene substitutes a sphingomyelin molecule which plays an important role in 

stabilization of the pore and hence constitutes a crucial design element.331 However, of the 

four azobenzenes pendants considered in the study (Fig. 3.30A) only the two water-soluble 

molecules carrying a sulfonate (3.61c) and a trimethylammonium group (3.61d) could be 

successfully attached to the FraC toxin. Functionalization with uncharged azobenzenes 3.61a 

and 3.61b turned out to be not feasible at the conditions at which the protein was stable, 

limiting the scope of labels. The remaining two candidates were selectively attached to FraC 

via the thiol group of the genetically introduced cysteine side chains, using a chloroacetyl 

handle. The switch was positioned at locations crucial for binding of FraC to the lipid bilayer 

of the prey cell to directly interfere with the nanopore assembly in the membrane (Fig. 

3.30A). Both FraC-azobenzene conjugates showed activity, with 3.61c being the more active 

one. The photoisomerization of the bioconjugate was unrestrained and, interestingly, the 

thermal half-life of Z-3.61c attached to a Cys of the toxin was nine times longer than of the 

free 3.61c molecule.331,332 The label prohibited lysis activity in the E form presumably by 

blocking either the protein's insertion into the lipid bilayer or the formation of a mature pore 

(Fig. 3.30A). Upon irradiation with  = 365 nm light, photochemical E→Z isomerization of 

the label was induced (PSDE→Z (λ=365 nm) = 5:95, DMSO). The formed Z isomer did no 

longer hinder the activity of FraC enabling successful lysis of blood as well as cancer cells 

selectively upon irradiation. 

Alternatively, azobenzene-based pendants can be used to control cell-cell interactions. Also 

in this example, the water-solubility of the photoswitch-labels is crucial, since labeling takes 

place in vivo. Within a living organism, insolubility of the organic molecule can cause 

aggregation of the bioconjugate, exhibiting fatal toxicity for the living organism.55,333 In this 

context, the surface of human cells was equipped with azide-handles by metabolic 

oligosaccharide engineering (Fig. 3.30B).334 These handles served as an attachment point for 

glycosylated azobenzene 3.62 via its alkyne moiety, in a copper-catalyzed click-reaction.334 

(Fig. 3.30B).335 Azobenzene 3.62 readily dissolved in buffer, due to the presence of the 

mannoside and thus allowed for the click reaction to efficiently proceed in the cell medium 

and for successful labeling of the living human cells. The sugar unit also carried a functional 

role for cell-cell interaction with E. coli cells via lectin (compound 3.62 in Fig. 3.30B). If the 

photoswitch is in its Z form after irradiation with UV light, the mannoside is sterically not 

accessible for bacteria, which in turn cannot bind to the human cell (see Fig. 3.30B). Upon 

irradiation with 488 nm light, the E isomer is recovered, and its straight geometry presents 

the sugar moiety that now points away from the human cell membrane allowing bacterial 

adhesion. The aim of this fundamental study was to elucidate the mechanism of cell-to-cell 

interactions by a light-responsive tool and to further increase the understanding of bacterial 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

adhesion to human cells. The photophysical properties of 3.62 were only reported in DMSO, 

showing high PSDs (PSDE→Z (λ=365 nm) >90% Z) and long thermal half-lives of the 

metastable isomer (>30 h). 334 

 

Fig. 3.30 A Azobenzene photoswitches with water-solubilizing groups (3.61c and d) were successfully 

used to photocontrol nanopore assembly of the FraC toxin. B Azobenzene 3.62, carrying a mannoside 

group, was incorporated onto the surface of human cells; the Z isomer did not allow bacterial adhesion, 

while the elongated E isomer enabled it.  

Controlling channels and receptors 

Often the addition of charged groups has dual role: functionality and water-solubility. 

Functionalization with charged groups can solubilize the organic compound in water, but 

simultaneously, the charged species can lead to selective uptake to specific cellular 

compartments or trigger a biological response (see also section 1.3.1. non-covalent 

modulators).116,117,119,120 For instance, light-controlled protein channels can be designed in 

such a way. Protein channels and receptors are natively present in membranes and are 

involved in cellular transport between cells or organelles.140,336 In principle, their action can 

be controlled with non-covalently attached, light-responsive small molecules, acting on 

proteins and other biomolecules as discussed in section 1.3.1. However, in those cases, the 

small molecules readily diffuse away from the binding sites making them less available, 

especially for rapid biological processes. Thus, it is beneficial to covalently attach the 

photoswitch to the target protein close to the binding pocket thereby increasing its local 

availability. 

Photoswitchable labels generating a charge upon switching 

In an illustrative example a spiropyran switch, that photoisomerizes to the charged 

merocyanine form was used to control the mechano-selective channel of large conductance 

(MscL) with light.337 MscL is a channel protein in the bacterial membrane serving as a safety 

valve that opens upon increased pressure in the cell.338 It was reported that introduction of 
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charged groups inside the hydrophobic pore causes the channel to be permanently open.339 

Thus, attaching a spiropyran photoswitch that can be reversibly toggled between uncharged 

and a charged form by irradiation with light results in photo-controlled opening and closing 

of the channel (compound 3.63, Fig. 3.31A).337 Not only the charge repulsion forces the 

channel to open, but also the hydrophilicity of the cavity is enhanced, thus attracting water 

into the channel. Five photoswitchable labels were attached to the channel protein via a halo 

acetyl moiety connected to a cysteine side chain introduced (using genetic modification) and 

precisely positioned in the constriction zone of the protein channel. Sufficient solubility of 

the functionalized photoswitch was achieved by treating the matrix-bound MscL protein with 

a solution of 3.63 in water, using 20% DMSO as organic cosolvent. In this example, the 

presence of co-solvent was tolerated due to the stability of the protein and the labelling being 

performed while the MscL was bound via histidine tag to the Nickel column.337,340 The 3.63-

modified MscL channel was also incorporated into liposomal vesicles for on demand light-

triggered drug delivery.340 The protein channel remained closed in the dark and upon 

irradiation with UV light the channel opened due to the formation of the charged merocyanine 

3.63m. 

Though the use of spiropyran photoswitches as a masked charge carriers to photocontrol 

membrane channels is a very elegant approach, it is not frequently used. This might be due 

to the fact that it is responsive to multiple stimuli in addition to light, such as pH and heat, 

which makes spiropyrans less controllable than other switches, like azobenzenes. However, 

its unique switching of polarity/charge, together with inverse photochromism in the visible 

range, make spiropyran a valuable photoswitchable label and control element. 

Photoswitchable Labels Functionalized with Ligands 

Ligand-gated channels have been a target for covalent single-point attachment of 

photoswitches for decades and this methodology is now established as the most frequently 

used strategy when using photoswitches as covalent label.341 The first attempt was already 

reported in the 1980s, where a reduced disulfide bridge was alkylated with a bromomethyl-

azobenzene.342 Since then, this strategy was further developed, employing various 

photoswitches decorated with different bioactive moieties, such as the positively charged tri-

alkylammonium group. Especially, the cysteine thiol-maleimide reaction has been used to 

introduce various azobenzenes with specific binder moieties attached to the photoswitch. In 

this manner, light-responsive ligand-gated channels, such as the G protein-coupled dopamine 

receptor, 343 the gamma-aminobutyric acid (GABAa) receptor,344and ionotropic glutamate 

receptors, which feature a glutamate-modified azobenzene, have been developed.345–350 

Another successful application in this context is the photocontrol of neuronal nicotinic 

acetylcholine receptors (nAChRs).351 The nAChRs are ligand-gated channels present in the 

mammalian nervous system, that are presumably involved in nicotine addiction and various 

psychiatric disorders.352 To regulate these channels with light, azobenzene-pendants bearing 

a positively charged homocholine moiety were designed (Fig. 3.31B, compound 3.64).353 

Homocholine acts as agonist towards nAChRs and competes with the naturally present 

neurotransmitter acetylcholine, which contains a trimethylammonium group as binding 

motif.354 The E form of the antagonist 3.64 does not occupy the binding pocket, therefore 

allowing the naturally present neurotransmitter acetylcholine to bind and activate nAChR.351 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

Upon irradiation, the homocholine moiety of the formed Z isomer blocks the binding pocket, 

causing inhibition of nAChR. Herein, the homocholine carries a dual role, both acting as an 

antagonist of nAChR and as a water-solubilizing group for photoswitch 3.64. Moreover, due 

to its aqueous solubility, azobenzene 3.64 could be successfully applied in vivo where it was 

incorporated into the specific reward system region of the mouse brain. Here, viral 

transfection was used to introduce the cysteine mutant of nAChR in vivo, which was 

subsequently labeled with 3.64.355  

Though compound 3.64 could be used for initial studies in mice, photoisomerization required 

illumination with UV light. As this is damaging for tissue and has limited penetration depth, 

researchers strive to find better solutions in the long-term moving to photoactuators 

responsive to visible and NIR.115,144,356–358 A great challenge in this context is to redesign 

photoswitches or modify them in a suitable manner while retaining the necessary water-

solubility as showcased in the following example. 

 

 

Fig. 3.31 A Five spiropyran 3.63 units covalently attached to the MscL channel. Upon 

photoisomerization the charged merocyanine isomers force the channel to open, while the uncharged 

isomer 3.63 allows the channel to remain closed. B Azobenzene carrying a homocholine group was 

attached to the ligand-gated channel nAChR in the Z orientation preventing the binding of the natural 

ligand acethylcholine and leaving the channel open. Upon irradiation with 380 nm light the E isomer 

does not block the binding site of acethylcholine resulting in closure of the channel. 

A strategy to circumvent UV light, is to use near-infrared light two-photon (2p) excitation to 

induce E→Z isomerization.359,360 The first reported maleimide-azobenzene-glutamate probes 

(3.65, Fig. 3.32A) themselves had a very limited response to two-photon excitation.361 To 

improve this, a 2p absorbing antennae, namely a naphthalene or pyrene moiety, respectively, 

was attached (Fig. 3.32B, compounds 3.66a and 3.66b.361 The large aromatic antennae 

rendered the whole assembly poorly water-soluble, impairing both the efficient attachment 

to the protein and the binding to the glutamate receptor.361,362 Consequently, the antenna 
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strategy was not perused further. Instead, an electronically asymmetric azobenzene core was 

designed recently, which was reported to be a more efficient 2p absorbing variant of 3.64.363 

This structure, bearing an electron-donating group at the para, as well as fluoro substituents 

in ortho positions, significantly enhanced the 2p absorption (Fig. 3.32C, structures 3.67a vs. 

3.67b). Avoiding the necessity for including insoluble aromatic antennae in their structure, 

these probes could be covalently attached to the receptor in sufficient yields.363 They showed 

thermal isomerization half-lives of around 10 min in aqueous conditions (1% DMSO in PBS 

buffer). The new probes 3.67a and b could activate the ionotropic glutamate receptor 

reversibly and, in contrast to the previous designs, allowed studies both in mature neurons in 

vitro as well as in vivo in C. elegans due to the enhanced water-solubility. 

 

Fig. 3.32 The maleimide-azobenzene-glutamate probe which can undergo two-photon (2p) excitation 

thus enabling photoswitching with near-infrared light, 3.65, had a limited response to two-photon 

excitation (A). Therefore, 2p absorbing antennae were introduced to the design by incorporating 

naphthalene (3.66a) or pyrene (3.66b) groups (B). However, the large aromatic antennae drastically 

reduced the water-solubility of the constructs leading to the design of 3.67 (C). Azobenzene 3.67b 

contains an electron-donating group at the para position and fluoro substituents in ortho position which 

significantly enhance the 2p absorption. 

Covalent attachment to antibodies for super-resolution microscopy 

The resolution limitation of conventional microscopy is caused by the diffraction limit in 

correlation with the wave nature of light.364 Hence, the threshold of classical microscopes is 

around 250 nm resolution in the lateral or 500 nm in axial resolution, both for visible light.364 

Super-resolution microscopy techniques enable surpassing the diffraction limit by, for 

example, utilizing photoswitchable fluorescent molecules. This is the case in single 

molecule-localization microscopy (SMLM), which gives improved resolution (20–30 nm for 

lateral and 50–60 nm for axial resolution).365 SMLM takes advantage of photoswitching, or 

blinking, of the fluorescence, and relies on acquiring a large set of images, each with low 

resolution of the fluorophore location, gradually leading to a high-resolution image upon 

signal overlay. Next to fluorescent proteins and quantum dots, organic dyes, such as cyanine 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

(Fig. 3.33A, 3.68)366,367 and rhodamine dyes (Fig. 3.33B, 3.69),368,369 have been used as 

photoswitchable fluorophores. Cyanines can reversibly switch from the fluorescent (3.68a) 

to the dark state (3.68b) through numerous cycles in the presence of primary thiol-containing 

reducing agents (RA), which add to the excited state of the cyanine dye (Fig. 3.33A, 

3.68b).366,367 Furthermore, functionalized rhodamine dyes reversibly alter their fluorescence 

between on (and off upon switching between the open and closed forms. The fluorescent 

zwitterionic 3.69b form and the colorless lactone 3.69a are displayed in Fig. 3.33B as an 

example.368,369 

 
Fig. 3.33 Fluorescence photoswitching for super-resolution microscopy. A fluorescence switching of 

cyanine dyes in the presence of primary thiol-based reducing agents or TCEP; B fluorescence switching 

in functionalized rhodamine dyes which undergo a reversible transition from open to closed form (and 

vice versa) from the fluorescent zwitterionic form to the dark lactone. 

Besides cyanines, rhodamines and spyropirans, DTE switches have been successfully applied 

to super-resolution spectroscopy. DTEs are known for their high thermal stability of both the 

open and closed-ring states, as well as for their good fatigue resistance enduring numerous 

switching cycles.370 These properties make DTEs applicable for high-resolution fluorescence 

microscopy, such as reversible saturable optical linear fluorescence transitions (RESOLFT), 

where switchable fluorescent probes are required for consecutive activation/deactivation by 

short laser pulses371–374 However, the main obstacle for using DTEs in bioimaging is their 

intrinsically hydrophobic core, which renders them insoluble in water. Despite various 

attempts to suitably functionalize DTEs, it has been challenging to obtain fully water-soluble 

switches.373 Introduction of sulfonates373 or sugar moieties375–377 and incorporation of PEG 

chains proved insufficient378 to reach this goal. While the PEGylated DTEs were soluble in 

water, they were unstable in aqueous media and tended to self-associate, which led to 

fluorescence quenching.378,379 Furthermore, attachment of the lipophilic DTE to a protein to 

acquire solubility through the target does still not provide full water-solubility, and 

significant amounts of co-solvents (30% EtOH in water) are needed as shown for 

fluorescence probe 3.70 (Fig. 3.34A).380 
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More recently, DTE derivatives containing benzothiophene dioxide groups with 

perfluorocyclopentene as the bridging unit were decorated with carboxylic acid moieties to 

enable water-solubility (Fig. 3.34B, 3.71 and 3.72).381 These compounds are highly 

fluorescent in the ring-closed and non-fluorescent in the ring-open isomer.382 DTEs 3.71 and 

3.72 can be dissolved in an aqueous buffer in up to micromolar concentration, without the 

need for the addition of cosolvent. Both switches retained their photochromic properties in 

water, such as reversible switching with UV and visible light over numerous cycles. 

However, fluorescence QYs decreased and emission lifetimes were shortened by ca. 20-30%,  

 
Fig. 3.34 DTE fluorescent probes are lipophilic molecules that require significant amounts of co-

solvents during attachment to the target protein (30% EtOH in water for 3.70). DTE derivatives 

containing benzothiophene dioxide groups with perfluorocyclopentene as the bridging unit were 

decorated with carboxylic acid moieties to enable sufficient water-solubility (B). Multiple carboxylated 

probes were sufficiently soluble for application in in celullo STORM fluorescence imaging. 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

compared to those in organic media.381 For covalent attachment to free lysine residues of a 

secondary antibody, one of the acid moieties on the DTE was converted to an NHS ester383. 

The most abundant antibody type, immunoglobulin G (IgG) regularly features around 16 

lysine amino acids exposed to the solvent and available for modification.384 Therefore mouse-

specific secondary antibodies, which are antibodies that bind to all other antibodies produced 

by mice, were labeled with DTEs 3.71 and 3.72 and used in RESOLFT microscopy imaging 
of tubulin filaments and nucleopore complexes.385 Even though the DTE switches could be 

successfully applied for RESOLFT methods, single-molecule localization microscopy 

(SMLM) could not yet be achieved with compounds 3.71 and 3.72.386 For SMLM, the 

‘blinking’ fluorophores require a very high fluorescence QYs, high brightness, and an 

efficient ring-closure reaction to efficiently switch off the fluorescence. To increase the 

electronic push-pull character between the bridging unit and the aryl rings, electron-donating 

groups, i.e. para-methoxy substituents in the phenyl moiety (3.73 and 3.74 in Fig. 3.34B), 

were introduced to improve the photophysical properties of the dyes. The probes were 

successfully attached to secondary antibodies via the NHS ester attachment strategy and 

applied to obtain clear STORM images of tubulin and vimentin structures in cellulo.250 This 

development demonstrated how optimizing the water-solubility of a given photoswitch, 

together with fine-tuning its photophysical properties, lead to the rapid development of a 

highly efficient dye for fluorescent imaging of living cells with super-resolution microscopy. 

1.3.3.2 Photoswitches used for two-point attachment (crosslinkers) 

Photoswitches used as crosslinkers have two reactive groups, one on each side of the 

molecule, that can form two covalent bonds with the biological target molecule.310,387 As a 

photoswitch-crosslinker staples or bridges two attachment points of the same target, the 

conformational change of the switch upon irradiation has a tremendous impact on the three-

dimensional structure of the crosslinked system. Azobenzenes largely dominate the field of 

photoswitchable crosslinkers, but have, to the best of our knowledge, so far only been 

reported for proteins and peptides.227,387 The success of azobenzene-crosslinkers is due to 

their large conformational change affecting their end-to-end distance, their accessible 

synthesis, tunability of properties, and proper functioning in aqueous conditions. Fewer 

reports involve the application of DAEs to staple proteins, for instance, to photocontrol 

destabilization of an α helix388 and to control protein-protein interactions via small 

peptides.389 However, in the second study389 the experiments were performed under argon to 

avoid side-product formation as the presence of oxygen caused rapid oxidative degradation 

of the DAE-peptide constructs.  

Since the photoswitch is often attached to a comparably large water-soluble protein, in most 

cases the solubility of the biomolecule is enough to dissolve the construct. Thus, lipophilic 

crosslinkers can be used, as long as the protein can tolerate the required amounts of organic 

co-solvent.390,391 The latter is very target-dependent and, unfortunately, not feasible for some 

proteins. In these cases, water-soluble photoswitches need to be applied to avoid, for instance, 

aggregation of the construct. 

Water-insoluble switches 

Hydrophobic azobenzene switches, like the frequently used 3.75 (Fig. 3.35A), could be 

attached to different model peptides and proteins, and the target itself was usually able to 

ensure water-solubility of the whole construct.49,392–395 However, in other examples, such as 
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for collagen peptides, the protein’s water-solubility was not sufficient to solubilize the 

labelled target.396,397 Consequently, organic co-solvents were added to achieve photocontrol 

of folding of the triple helical structure employing an azobenzene crosslinker carrying alkyne 

bridges (3.76, Fig. 3.35B).396,397 

In another study, the reversible (de)stabilization of an α helical cell-penetrating peptide (CPP) 

was achieved by the simple azobenzene crosslinker 3.75a described above. (Fig. 3.35A).398 

In the E form, the α helix was disrupted, and the internalization was prevented, while the Z 

isomer allowed the peptide to from the α helix. While in many biological applications, the 

aggregation of the modified protein can cause toxicity, in this work the formation of different 

sizes of aggregates was used to study internalization of the CPP into HeLa cells. Strikingly, 

the Z isomer formed much larger aggregates (300 nm size) compared to the E isomer (1.5 

nm) which indicates that the internalization mechanism of the two isomers is different due to 

aggregate formation.398  

 

Fig. 3.35 While for many applications the hydrophobic azobenzene crosslinker 3.75 could be 

successfully applied as the target itself ensured water-solubility of the crosslinker-protein construct (A), 

for other examples, such as the collagen peptides with photoswitch 3.76, the resulting crosslinked 

biomolecule aggregated due to insufficient aqueous solubility (B). The Z isomer of azobenzene 3.77 

allowed retention of the secondary structure of the α helical cell-penetrating peptide upon crosslinking, 

while the E isomer disrupted the secondary structure (C). The Z isomer of the diazocine 4.79 allowed 

formation of the Trp fold, while the extended E isomer destabilized it. 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

The attachment of a photoswitchable crosslinker does not only affect the properties of the 

target molecules, but mutually influences the properties of the label (similar observations 

have also been made for non-covalent binders, see section 1.3.1). To study the effect of the 

secondary protein structure on the photochemical properties of the photoswitch (Fig. 3.35C), 

azobenzene crosslinker 3.75b was covalently attached to both a model α helix peptide (3.77a 

and b) and furnished with two glutathione moieties on both ends (3.78).399 The glutathione-

functionalized derivative cannot form an α helix and served as a control. The constructs were 

studied in aqueous conditions (20 µM in 10 mM sodium phosphate at pH 7, 25 ºC) regarding 

both their photochemical and thermodynamic properties. The quantum yield of the Z→E 

isomerization of the α helix-bound azobenzene 3.77 was higher than the control 3.78 (Φ=0.49 

compared to 0.38), while the value for E→Z was similar (Φ=0.1 compared to 0.12). 

Furthermore, the thermal half-lives of Z-azobenzenes bound to an α helix were longer than 

the Z-glutathione-azobenzene construct 3.78 (t1/2=26.7 compared to 11.5 min at 25 ºC), 

presumably due to an enforced rotational mechanism caused by the constrains of the 

covalently linked protein. 

While in classical azobenzenes the planar E isomer can lead to aggregation due to π-π 

stacking,400 tetra-ortho substituted derivatives do not show the same tendency, since the steric 

clash of the ortho substituents leads to a slightly twisted conformation in the E form. 

Moreover, they can be efficiently operated with biocompatible visible light in both directions. 

However, for tetra-ortho-methoxy substituted derivatives, the compounds were found to 

degrade in the presence of glutathione.401 Diazocines, on the other hand, are stable under 

these conditions and also have a non-planar conformation in both isomeric forms thus 

preventing aggregation. Hence, they are a valid alternative to build visible-light responsive 

crosslinkers. Consequently, diazocine crosslinker 3.79 was recently used to staple the α helix 

in a Trp-cage protein, where the shorter Z isomer allowed formation of the Trp fold and the 

extended E isomer destabilized it.402 

While diazocines generally reach very high PSD in organic solvents, with more than 90% of 

the metastable E, it was observed in other studies that in water the PSD values drop 

significantly to 16-60% depending on the derivative.144,403 For diazocine 3.79 the PSD385nm 

was 46:54=E:Z and the half-life of the E form was 6.2 h (0.5 mM in 10% D2O in water, pH= 

5.5, at room temperature).  

Water-soluble switches 

Application of water-soluble photoswitches extended the substrate scope for photoresponsive 

crosslinkers by enabling the two-point labeling of sensitive targets which do not tolerate 

organic cosolvents.390,404 In particular, the water-soluble sulfonated azobenzene 3.80405,406 

has been successfully applied to crosslink numerous targets, such as peptides involved in 

protein-protein interactions,407–409 transcription factors,410 complex targets like clathrin 

adhesion proteins,411 and have even been applied in vivo in zebrafish studies.113 The sulfonate 

moieties were placed in meta position to the azo bond to allow for water-solubility without 

interfering with the photochemical properties of the azobenzene.412 However, they have been 

shown to influence or even inhibit cellular uptake of the modified target.410,413  
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To crosslink over larger distances, azobenzene 3.80 has been extended with a biphenyl group 

(3.81) or alkyne linkages (3.82).412,414 Both modifications increased the lipophilicity of the 

molecules significantly so that the azobenzenes were insoluble in water without the presence 

of the sulfonate groups, emphasizing key elements required for waterborne 

crosslinking.412,414 

 

Fig. 3.36 Water-soluble crosslinkers. A Sulfonated azobenzene 3.80 has been successfully applied to 

crosslink numerous targets and was subsequently multiplied and elongated in designs 3.81 and 3.82 to 

achieve larger end-to-end distance change upon switching (B). The azonium-based azobenzene 3.83 

with tetra-ortho-methoxy substituents can be switched with 633 nm light and has a protonated nitrogen 

atom which forms a stabilizing hydrogen bond with the adjacent methoxy group only in the E isomer. 

To move from UV-light to visible-light responsive azobenzenes, tetra-ortho-methoxy 

azobenzene 3.83, containing an azonium bond, was developed. Protonated azobenzenes form 

an intramolecular H-bond between a protonated nitrogen of the azo bond and the neighboring 

oxygen of the methoxy group in the E form more readily than in the Z form.415,416 

The switch was used to crosslink fynomers, small antibody mimetics415 and could be 

isomerized upon irradiation with 633 nm light while being bound to the protein. The thermal 

half-lives of the Z isomers were in the range of seconds (t1/2 = 2–9 s) for most targets, except 

for one example. Here, the protein environment at the attachment site was positively charged, 

forcing the azobenzene to deprotonate to the neutral state and as a consequence significantly 

elongating the half-life (from 7.2 s to ~100 s). Hence, azonium-based azobenzenes are an 

interesting system in which the protein environment at the attachment location can be 

adjusted to modify the half-life of the switch. 

Next to the sulfonate group , carbohydrate moieties have been used to ensure water-solubility. 

They were attached on each side of the photoswitch and carried a reactive group, such as 

chloroacetyl, allyl, propargyl or azide, for attachment to a target. (Fig. 3.37, 3.84-88).417,418 

The advantage of using glycoconjugates of azobenzenes is their biocompatibility, high water-
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

solubility, and possibility of attaching the reactive handle at various positions onto the 

carbohydrate moiety. 

 

Fig. 3.37 Azobenzene photoswitches modified with carbohydrate moieties to ensure water-solubility. 

The sugar groups have one or two reactive handles at various positions for attachment to a target. 

1.4 Conclusion 

Over the past decades, light responsive molecules have taken the spotlight as a powerful tool 

to manipulate and interfere with numerous (bio) molecular systems and materials both in 

organic and aqueous media. However, photoswitches are inherently lipophilic organic 

molecules and thus naturally poorly soluble or insoluble water. Solubility of organic 

molecules in the “universal solvent of life” is of critical importance, especially for biological 

and medicinal applications most prominently seen in photopharmacology, as its absence can 

compromise bioavailability, resulting in aggregation or even toxicity. 

As with other organic molecules, photoswitches can be solubilized using different 

approaches, the development of which is mainly driven by the pharmacological field (Section 

1.2.2). Common solubilization approaches, including the attachment of charged and non-

charged polar moieties, or the conversion of acids and bases into their respective salts (section 

1.2.2), are also applied in the context of photoswitches. Other methods, such as distorting the 

planarity of flat molecules, designing unsymmetrical structures or the functionalization with 

a cleavable solubilizing group (prodrug strategy, see section 1.3.1), are less frequently used 

to solubilize light-responsive molecules. 

However, even after the photoswitch has been successfully solubilized in water, this polar 

protic solvent can have a tremendous effect on the photophysical and photochemical 
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properties of the photoresponsive molecule. Nevertheless, many successful and fascinating 

examples of applications of photoswitches in water have been described. In section 1.3, we 

discuss how different solubilization strategies are applied on small photoswitches acting as 

ligands in biological systems. Here, the attachment of solubilizing groups is most frequently 

used. However, the installation of a solubilizing group, both carrying a charge or not, can 

often have a strong effect on the localization of the bioactive molecule in cellulo and in vivo. 

This was, for example, extensively reported for ion channel inhibitors solubilized with 

ammonium groups (see section 1.3.1.1). Furthermore, the photoswitchable molecule needs 

to be sufficiently water-soluble for achieving bioavailability, while remaining lipophilic 

enough to remain bioactive. At the same time, excellent photochemical properties need to be 

retained. This fine balance of various parameters was illustrated for cell-penetrating peptides 

(section 1.3.2.1). In this case, toxicity due to aggregation was avoided upon water-

solubilization of hemithioindigo inhibitors by disrupting the planarity of the molecules upon 

simple introduction of an additional methoxy group. 

In the case of applications where the photoswitch is designed as a biomolecular building 

block, such as an amino acid or a nucleotide, the photoactuator is typically incorporated via 

SPPS in organic solvents. Hence, the solubility of the switch itself is less important for the 

attachment process, however, the final construct needs to exhibit the right solubility 

properties matching the characteristics of the assembled biomolecule (See 1.3.2). If, for 

instance, the resulting peptide is relatively small, lipophilic and large aromatic structures can 

cause unwanted aggregation, as seen for the cell penetrating peptides. For photoswitches 

incorporated into the backbone of DNA and RNA, it was observed that the vicinity of the 

biomolecule can hamper the photochemical properties of the integrated photoswitch. In 

contrast, photoswitches which are attached to a target molecule after its synthesis, or to a 

naturally occurring target, need to fulfil different criteria regarding to their solubility, while 

not affecting the native activity of the biomolecule. Specifically, the required water-solubility 

is dependent on the tolerance of the biomolecule towards co-solvents. The MscL channel 

could withstand 20% DMSO in water to label it with a spiropyran, while the nanopore-

forming toxin FraC required the use of fully water-soluble azobenzenes, to only name two 

examples. Moreover, in a biologically more complex setting, like in cellulo or in vivo, such 

as needed for super-resolution fluorescence microscopy in living cells, the water-solubility 

of the photoswitchable fluorophore need to be extremely high as any aggregate formation 

results in high toxicity (section 1.3.3.1). 

Based on this literature overview, we summarized the available water-solubilizing strategies 

in Fig. 4.1. Herein we propose a decision tree to aid the reader in the design of the water-

soluble light-responsive construct. The type and location of the photoswitchable entity 

requires specific considerations and leads to key decisions which further dictate the 

solubilizing approach. While the water-solubilizing groups can be summarized in a 

generalized fashion, the photoswitch selection has to be performed on a case-to-case basis, 

considering that many of them have not been studied in water in detail. Nevertheless, it is of 

crucial importance to consider the photochemical properties of the chosen photoswitch in an 

aqueous environment. 
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 Water-soluble Azobenzene Photoswitches for Controlling Biological Systems 

In summary, various aspects need to be considered to successfully apply a photoswitch in 

aqueous media and to establish a system that operates efficiently in water, shows hydrolytic 

stability, is (bio)available, retains its desired activity while preserving excellent 

photobistability. Furthermore, the influence of the labelled biomolecule on the photoswitch 

properties (e.g energy transfer) and vice versa need to be taken into account. To tackle this 

complexity, both a suitable photoswitch and an appropriate solubilization strategy need to be 

chosen. In the examples discussed here, mostly azobenzenes and DAEs are used as 

photoactuators. Other classes (spiropyrans, heteroaryl azobenzenes, H(T)Is, fulgides, 

stilbenes) are to a lesser extent applied, while some switches (hydrazones, DHPs), have been 

hardly used in aqueous environment. This is often because they are in general not extensively 

investigated and less well understood, they are not (thoroughly) studied in polar protic or 

aqueous media, or there are no suitable soluble analogous yet available. Consequently, there 

is a strong need to rationally explore the photophysical and photochemical proprieties of a 

wider range of photoswitches in aqueous media. Moreover, suitable solubilizing strategies 

need to be found for both the underexplored switches and for the more frequently used ones. 

Currently, solubility problems are often overcome using cosolvents, and with that the issue 

of kinetic solubility. However, this can lead to aggregation and precipitation of the compound 

and hence, hamper the development of advanced applications, such as in vivo studies. 

Therefore, research needs more focus on the development of photoswitches showing high 

thermodynamic solubility in water. This can be achieved using classical approaches such as 

the introduction of polar or charged groups. However, more challenging solubilizing 

strategies need to be systematically explored and involved in the design of novel 

photoswitches, for example, by favouring the incorporation of 3D over 2D moieties, a current 

trend that has shown some promising results in drug development.41 Also, prodrug strategies 

or the formation of hydrotropes could lead to major advances designing truly water-soluble 

photoswitches. Having these novel methods readily available together with a more detailed 

understanding of photoswitching in aqueous media, it will pave the way to numerous 

applications in the chemical biology, pharmaceutical and medicinal fields, but will also have 

a strong influence on other research areas, opening tremendous opportunities for surface 

functionalization, smart soft-materials as well as responsive and adaptive systems compatible 

with living systems. 
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Fig. 4.1 Decision tree guideline for choosing the water-solubilizing group for a specific molecule based 

on the type and location of the photoswitchable entity (in orange). Grey boxes describe general 

considerations to keep in mind while designing a construct, mint-green circles ask key questions for the 

design and purple areas possible roles of the solubilizing group with illustrative examples. 
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