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Science has a simple faith, which transcends utility. Nearly all men 
of science, all men of learning for that matter, and men of simple 
ways too, have it in some form and in some degree. It is the faith 
that it is the privilege of man to learn to understand, and that this 
is his mission. If we abandon that mission under stress we shall 
abandon it forever, for stress will not cease. Knowledge for the sake 
of understanding, not merely to prevail, that is the essence of our 
being. None can define its limits, or set its ultimate boundaries. 

Vannevar Bush
Science is Not Enough (1967), p 191
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Chapter 8

8.1 Introduction

The following section includes some thoughts on possible future developments at the interface 
of supramolecular chemistry, biology and material science. 

8.2 Photopharmacology

Photopharmacology has undergone rapid development in the past decade. Researchers from 
fields as diverse as chemistry, medicine, pharmacy, and molecular biology are realizing the 
clinical potential of this approach, and new and exciting applications are being reported. 
There remains, however, still a lot to be done: 

Target evaluation: The photopharmacological approach should always take into 
consideration localized diseases with targets where the delivery of light is feasible. 
Reversible light activation is, therefore, not just a feature, but should bring additional 
value to a drug (i.e. reduce the build-up of environmental resistance, reduced side 
effects, increased control over activity, precise targeting, etc.). 

Optical properties: A major goal for photopharmacology is to move the absorption 
bands of photoswitchable drugs into the optical window between λ=650 nm and 
900 nm (see below). The use of red-shifted azobenzene derivatives up to λ=450 nm 
(n-π* transition) is simply not enough to bring the responsive drugs to the clinic. 

Photoswitch stability and toxicity:1 The development of new photocontrolled 
drugs must be matched by continuous efforts in studying their cellular stability and 
toxicity. For azobenzenes, in particular, there is already a large body of literature 
that describes the influence of structural features on their stability under reducing 
conditions, together with the toxicity of photoswitches and the products of their 
degradation. Similar extensive studies for other photoswitches are needed to 
establish the feasibility of their application in photopharmacology.

Light delivery: Currently, an external delivery of light is envisioned in 
photopharmacological treatments. However, one should not exclude the possibility 
of using internal, exogenous light sources, such as luminescent compounds. This 
possibility would provide multiple benefits. Firstly, the problems of the penetration 
of light through the skin and tissue could be avoided, since light would be delivered 
directly at the side of action. Secondly, an additional level of selectivity could be 
attained if the luminescent source was specifically targeted to the disease. Finally, 
in this way, photopharmacology could be used in a theranostic approach, bringing 
together molecular imaging (diagnostics) and targeted drug activation (therapy). 
Alternatively, photochemical upconversion methods might offer attractive 
alternatives to apply near-IR irradiation that can penetrate deeper. For such 
purposes, one could envision combining photopharmacology with optical imaging, 
where luminescent compounds are used for the localization of the disease. Clearly, 
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much research is needed to establish if the photon flux in these methods is efficient 
enough for photoswitching. However, initial research on the use of light emitted 
by luciferase for the photoswitching of spiropyran-based MRI contrast agents2 
supports the feasibility of using internal, exogenous light delivery systems for local 
drug activation.

Cross-activity: it is important to realize that the two isomers of the photoswitchable 
drugs are often not simply “ON” and “OFF” forms, but they can have different 
biological activities towards completely different targets.3,4 This selectivity towards 
different functions might under certain circumstances be desirable, but can often be 
problematic. Thus, researchers should bear this aspect in mind when transitioning 
to in vivo experiments. 

Biological understanding: A better understanding of the biological effects of 
photoswitches will be needed. Studies should address differences in characteristics 
of the two states of the photoswitches with respect to solubility,5 binding affinity, kon 
and koff to the target, allosteric effects, off-target effects and behavior for absorption, 
distribution, metabolism, and excretion. 

Phenotypic screening: So far, photopharmacology has only made use of rational 
drug design, starting from a known drug or bioactive compound and based 
on structure–activity relationship studies. In contrast, phenotypic screening 
for photoswitchable drugs may give new insights into targets and methods in 
photopharmacology.6 

Towards rational design and computational modeling: So far, 
photopharmacological projects rely largely on the intuition of the researcher and 
luck.1,7 Despite the many successful examples, a general rational design strategy 
beyond for example azologation8 does not yet exist. Photopharmacology should be 
complemented with computational drug-design studies and the predictive power of 
these methods for photopharmacology should be improved. 

Synthetic methods and mechanistic studies: Photopharmacology is dependent on 
the availability and synthetic accessibility of photoswitches. Thus, new developments 
of robust, rapidly synthesized chromophores are in high demand.

8.3 Wavelength-selective and orthogonal photocontrol

It is important to define what orthogonal photo-cleavage/photoswitching entails: 
orthogonality9 with respect to wavelength-selectivity is defined as a characteristic of a system, 
where each component of the system can be controlled independently and irrespective of the 
order of addressing. This includes that there is no cross-talk between the different elements of 
the system to be addressed. Importantly, the term orthogonality is binary, meaning it is either 
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true or false. In contrast to orthogonality, wavelength-selectivity is a continuum that goes 
from non-selective to fully-selective. Wavelength-selective control can be fully selective, but 
can depend on the order or irradiation thus such a system is not orthogonal. 

Light-mediated and wavelength-selective removal of photoprotecting groups (PPGs) has 
developed into a powerful tool in the past decade.10,11 Despite the advances, the field is still 
focused on further red-shifting the absorption spectrum, increasing quantum yields and 
hydrolytic stability. The following points will be crucial to further develop the toolbox of 
complementary PPGs: 

Developing a toolbox: Currently, the field consists of a collection of single 
proof-of-concept studies using specific PPGs. Future efforts should – besides 
the development of new PPGs – focus on the creation of a set of PPGs that are 
complementary to each other within a set of environments (e.g. aqueous solutions 
and common laboratory solvents) and allow for a range of structural modifications 
that allow ease of incorporation into target molecules with different attachement 
groups (amines, alcohols, carbamates, carbonates, etc.) without compromising their 
wavelength-selectivity. 

Absorption spectrum: A better control over the absorption spectrum of PPGs 
that reduces absorption (especially) in the UV-region of the spectrum will increase 
compatibility of PPGs. A common problem when devising a wavelength-selective 
uncaging system with two or more levels of control is that almost all PPGs absorb 
within the UV-region. This usually leads to reduced selectivity and only allows 
for sequential deprotection of the PPGs by first using longer wavelength and less 
energy-rich light, followed by shorter wavelength and more energy-rich UV-light. 

Synthetic accessibility: Some established strategies for red-shifting the absorption 
spectrum of photoremovable protecting groups are reducing synthetic accessibility.
New, rapid and facile synthetic routes to red-shifted PPGs and more robust ways 
of red-shifting their absorption spectrum are necessary that do not increase bulk, 
hydrophobicity, and a drop in quantum yield. 

Polarity and biological activity: The polar, protic environment given by aqueous 
solutions can alter the photochemical properties of the compound dramatically 
with respect to the observed properties in organic solvents. Furthermore, 
photoprotecting groups can increase the lipophilicity of the compound, thus 
reducing the solubility in buffer or aqeous solutions. This is often aggravated 
for red-shifted photoremovable protecting groups. Biological evaluation can be 
challenging, as the influence of the different wavelengths of light used for uncaging 
on the biological system needs to be tested and the biological activity of both the 
protected and unprotected molecules and the cleaved PPG has to be understood, 
including their ADMET properties. 
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Chirality: The use of circularly polarized light for selective uncaging of chiral PPGs 
should be further developed.  

Two-Photon processes:12 Two-photon uncaging has been explored in some cases, 
but deserves more attention. This method not only offers high three-dimensional 
resolution,13 but also improved tissue-penetration.14 Especially differences in two-
photon absorption cross-sections could be exploited to the benefit of the researcher. 

Differences in kinetics and quantum yields: Initial reports on using differences in 
kinetics and/or quantum yields to achieve selectivity in photo-removal at different 
wavelengths are laudable.15 Such methods could be further used to increase the 
number of levels of control by avoiding the need for spectral complementarity. 

Compared to wavelength-selective uncaging,10,11 fully optical control of two or more 
molecular photoswitches is more difficult to achieve. As reversible changes are induced, not 
one but two distinct wavelengths of irradiation are required per element to control. Thus, full 
optical control over a simple two-switch system will be based on four distinct wavelengths. 
As discussed for PPGs, organic photochromes rarely only exhibit one single absorption band 
within the electromagnetic spectrum. Thus, finding photoswitch combinations that do not 
show overlap between their absorption spectra of each form is difficult. 

The azobenzene – DASA combination16,17 reported in this thesis (Chapter 1 and 3) simplifies 
matters by employing one T-type photoswitch. Having a short-enough thermal half-live of the 
unstable isomer obliterates the need for two wavelengths of control for the given photoswitch. 
In the simplest case, only two distinct wavelengths of irradiation will be required, reminiscent 
of uncaging. 

There is plenty of room for wavelength-selective photoswitching, if parts of the wavelengths 
used for photoswitching are the red-visible and near-IR part of the electromagnetic 
spectrum. Red-shifting existing photoswitches has been an active field within the past 
year.18,19 This, however, is not very easy, and red-shifted variants are sometimes difficult to 
access synthetically.20 Other possibilities include making use of sensitizers, differences of 
photoswitching kinetics, quantum yields and possibly two-photon absorption cross-sections.  
Differences in solubility, solvatochromism, or other characteristics could also be used to the 
benefit of selectivity. For the future, the following areas are worth paying attention to: 

Extending combinations of compatible photoswitches: The set of complementary 
photoswitch classes should be extended. As has been mentioned in Chapter 1, 
spiropyrans/spirooxazines21 could be a class that could be used instead of DASAs. 
When developing novel classes of photoswitches, spectral compatibility to other 
classes should be taken into account. 

Towards fully optical control: Two photoswitches with sufficient thermal stabilities 
(in the ideal case P-type photoswitches) should be combined for wavelength-
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selective photoswitching. Such a fully optical photoswitching pair will be vital for 
the further development of the field. 

Towards more complicated systems: Wavelength-selective photoswitching is not 
limited to two photoswitches, but could include any combination of photoswitches, 
photoremovable protecting groups and other light-responsive elements and stimuli 
other than light for applications, where combinations of stimuli are desirable. 

8.4 Functional responsive materials

To progress on the development of dynamic functional materials that can respond to stimuli 
and exert multiple functions, multidisciplinary research is necessary. Chemists are important 
in providing molecules and being able to understand how these molecules behave and interact. 
Functional materials build on chemistry, but are inherently hierarchical, bridging the nano- 
and macroscale. For successful functional materials, researchers need to make deliberate use 
of length-scales and architectures that can be a result of bottom-up approaches (e.g. through 
self-assembly) or top-down fabrication strategies or a combination of the two. 

When devising molecules for functional applications, we as chemists not only have to be 
able to make the molecules and build in properties that allow them to self-assemble and/or 
interact with each other dynamically, but also we need to understand and master fabrication 
strategies that help building up these materials. Furthermore, interfacing of organic/inorganic 
and biological systems holds great promise for future developments. 

Concerning the functional output of such materials, we should be looking for cooperativity, 
amplification, synchronization, feedback loops, formation of complex patterns and control 
of non-linear behavior. To achieve that, a better (mechanistic) understanding not only of 
chemistry, but also of interactions on different length-scales and across different architectures 
and hierarchies is necessary. 

With functional systems becoming more complex, meeting quality standards and maintaining 
reproducibility for commercial products is becoming increasingly hard. It is not enough to 
have compounds pure and well-characterized, but hierarchies need to be reproducible with 
comparable macromolecular characteristics and features. For that, research has to provide 
a solid understanding on how to build and control these systems together with robust and 
reliable fabrication methods. 

8.5 Out-of-equilibrium systems

Recently, researchers have recognized the importance of bringing chemical systems and 
networks out-of-equilibrium.22 With these efforts the understanding of kinetics and control 
of reaction networks has benefited tremendously.  With many leaps still to take, the field may 
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benefit from the following focus-points: 

Definition: The field currently lacks a general consensus and definition of what 
out-of-equilibrium systems comprise. A definition should be achieved that could 
lead and direct  current and future research in the field. 

Towards function: Many current systems showcase the use of fuel to to achieve a 
temporary state out-of-equilibrium manifesting in for example a change of global 
system parameters as pH, color or concentration of an indicator. As a next level, 
such systems should exhibit a preliminary function that goes beyond a simple state 
of out-of-equilibrium. 

Better mechanistic understanding: To better understand kinetics and governing 
factors for out-of-equilibrium systems will allow to devise design principles for 
more functional and better controllable systems. 

8.6 Conclusion

With environmental and societal challenges abound, there will be enough work for many 
decades ahead. Chemistry will hopefully remain a central science and the ability to make 
molecules and to be able to control their interactions will not soon be obsolete. 
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