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Chapter 1
On the use of light to study biological processes
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Introduction
Cancer and antibiotic resistance are two of the most important health problems of
today’s society.[1] Affecting potentially anyone, regardless of age, country or social
status, these threats continue to grow in impact every year. Although there are
many therapies for cancer available, their adverse effects greatly impact the lives
of the patients who undergo them.[2] Because of the overuse of antibiotics,
bacterial resistances have been growing, rendering many, once considered
omnipotent, drugs feeble and ineffective, making the treatment of infections
harder.[3] Finding new strategies to tackle these problems are therefore,
undeniably, of the upmost priority.
One of the more promising ideas for solving these problems lies within the
synthesis of the drugs themselves. If these could be selectively activated directly at
the tumor/infection sites while being stored or administered under non-active
forms, they would not only bypass the aforementioned issues but furthermore
prevent the propagation of the problem. This activation process is however a
challenge, as it has to be effective while remaining straightforward enough in its
application and, above all, not cause more harm than good upon its application.
One particular tool, which can be used liberally under these conditions, is light. Its
properties, such as orthogonality to most of biological processes, resilience to
sample contamination and the ease with which it can be delivered with high
spatiotemporal resolution, make it a great candidate as an activating stimuli for this
kind of application.[4] By definition, light is the small part of the spectrum of
electromagnetic radiation consisting of UV, visible and IR regions.[5]

Figure 1. Visible light as a part of electromagnetic radiation spectrum[6]

2

One of the most important properties of light, the distance over which the waves
shape repeats is described as wavelength (Figure 2). [7]

Figure 2. Properties of light as a wave

Most light-sensitive compounds will have a specific wavelength at which they
absorb the most. In this thesis, the symbol employed for this specific wavelength
will be λmax and the word “light” will be used to describe irradiation within the
300<λ<1000 nm spectral range.
Light already plays an important role in living organisms. There exist in nature
multiple examples of it taking part in natural processes in living organism in a nontoxic fashion, which can serve as a proof of concept that light can potentially be
used as an innocent trigger in medicine. For example, light is the driving force in
the process of photosynthesis, where its energy is utilized in the biosynthesis of
sugars.[8] Not only is it responsible for providing energy to the whole food chain but
it also provides oxygen for organisms to breathe.[9] Without it, most life on Earth
would not exist in the known form. A second, relevant, example is its involvement
in sight. The human eye can distinguish as many as seven thousand colors utilizing
only a few types of receptor cells via light triggered activation of these, proving its
ability to harmlessly interact with molecules within a body (Figure 3).[10]
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Figure 3. Structure of human eye

The process of vision starts with light passing the eye lens and landing on the
retina. There, it interacts with two types of light-sensitive cells: rods and cones.
Rods, being more sensitive to low-intensity light, are located outside of the central
part of the retina and are responsible for night vision. Cones, which much less
abundant in the retina, are responsible for the distinguishing of colors and in seeing
details. These cells are positioned in the central part of the retina, called the
macula and come in three types, each sensitive to a different wavelength of light:
blue, green and red.
When the light hits either a rod or a cone cell, it reaches rhodopsin, a light-sensitive
receptor containing retinal (Scheme 1).[11]
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Scheme 1. Light triggered switching of retinal
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This compound, which contains multiple double bonds, is able to change its shape
by switching the E/Z configuration of one of them in response to light, which
triggers a cellular response leading to a formation of electric signal, which is later
processed by the brain. With this in mind it is relatively easy to envision how light
could result in the activation of a drug via a similar process and how much there is
to gain from mastering this type of functional control.
Attempts at human control of light for use in medicine are not new. [12]
Heliotherapy, named by Hippocrates, the father of today’s medicine, was known
already 3000 years ago in Egypt and Greece.[13] The oldest maintained medical
document (1550 bc) describes the use of a mixture of herbs and sun to help curing
vitiligo.[12]
Even though the use of light in curing diseases was put to the side for a significant
portion of time, the idea was brought back to the front of the stage in late 1800 by
a Swiss doctor called Arnold Rikli who, based on his studies of how light interacted
with the body, advocated sunbathing as a mean to alleviate many ailments.[13] In
homage of his pioneering work, an award granted for outstanding discoveries in
photobiology that focus on the effects of optical radiation on humans carries his
name.[14]
From that point on the use of light in medicine has grown. At the beginning of the
20th century, a particular thunderstorm in Munich led to the serendipitous
discovery of a process which later became one of the most important uses of light
in modern medicine.[14a] In the laboratory of professor Herman von Tappeiner, a
student called Oscar Raab was performing an experiment to prove in vitro the
potency of different dilutions of acridine on paramecia, a malaria-causing
protozoa.[13] In his first experiment, the protozoa were observed to live for 60-100
minutes after application of the drug. However, this survival rate increased to 8001000 minutes during the second experiment despite using the same protocol. The
only difference being the said thunderstorm which had, by chance, provided the
light needed to trigger the activation of their drug. After many experiments
performed to demonstrate the role of light on the toxicity of the studied
compound, von Tappeiner and Jesionek published the first pivotal paper on using
light for curing dermatological diseases.[15]
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In 1907, after observing that oxygen was additionally required for the process to
occur, von Tappeiner published a book summarizing the experiments on “oxygendependent photosensitization”. Therein, he gave a new name to the discovered
process which is still actively used today: Photodynamic Therapy (PDT).[13] PDT is
defined as causing a compound to become toxic to cells by irradiating a
photosensitizer with light, in the presence of molecular oxygen as illustrated in
Figure 4.[16]

Figure 4. Mechanism of PDT

The treatment starts with injecting a solution of photosensitizer to a patient (a) and
waiting for it to distribute over the body and localize within the target tissue (b and
c). In its initial state, no biological response is triggered. Next, the target tissue is
irradiated with light at a wavelength close to the λmax of the photosensitizer,
putting it to its singlet excited state which triggers its activation and results in a
biological response resulting in the treatment of the disease and healing of the
patient. The way this activation occurs is complex and must be well understood
before any attempt at drug design can occur(Scheme 2).[17]
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Scheme 2. Production of reactive oxygen species in PDT

After irradiation and absorption of a photon of the right wavelength by the
molecule and resulting transition from its ground state to an excited state, two
things can happen. The excited molecule is able to return back to its ground state
through emitting a photon of equal or lower energy (fluorescence) or via internal
conversion (releasing heat). Otherwise, it can undergo intersystem crossing,
changing the orientation of its electron spins to achieve a triplet state of lower
energy which can also return to a ground state via phosphorescence.
However, in the case of PDT, when the photosensitizer reaches this state, it can
react with molecular oxygen to perform a spin permitted energy transfer, exciting
the molecule of oxygen to its singlet form and achieving a return to its ground
state. In this form, the photosensitizer is no longer active, which cannot be said
about the newly formed singlet oxygen molecule. This singlet oxygen, which
belongs to a category of compounds called Reactive Oxygen Species (ROS), is, at
higher concentrations, toxic to living tissues. By going through transformations
such as the Fenton reaction, it causes the formation of highly reactive radicals and
superoxides which cause severe damage the target tissue often destroying it (see
Chapter 6 for further details).
PDT is an efficient method of curing diseases close to the skin, including skin
cancer, and is used nowadays commonly worldwide.[18] The use of light in this
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treatment limits adverse effects and decreases treatment costs, compared to the
use of standard drugs.
As mentioned previously, what makes light such a beneficial reagent for use in PDT
and, possibly, in many new upcoming medical treatments, is its specific properties,
the two key ones being outstanding spatial and temporal control as well as a
limited toxicity towards tissues.[4] However, limited does not mean none, which
does impose some restrictions to the use of light in therapies as only at certain
wavelengths can the toxicity of light can be considered negligible (Figure 5).[19]
These wavelengths are those that are minimally absorbed by the target tissues and
are situated in the so called Therapeutic window, between 600-950 nm.[19] This
means that the compounds used for light therapies (e.g. photosensitizers) should
optimally absorb light in this region as the use of UV light during phototherapy can
lead to severe adverse effects such as DNA damage.[20] Thankfully, equipment
allowing for the control of the wavelength and energy of the used light to a specific
window is easily readily available, making the development of photoactivable drugs
easier as these do not need to be able to tolerate a variance in the activation
signal. [21]

Figure 5. Absorption of light by living tissues. Reproduced and adapted with permission from ref. 18 Copyright®
2003, Nature Research

Since its humble beginnings in von Tappeiner’s laboratories, PDT had evolved
greatly. It now reaches beyond simple ROS generating photosensitizers and
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researchers are studying multiple other methods of applying light in medicine with
the visualization of the target tissues and the controlling the activity of drugs being
among the more popular ones.[22]
The main groups of molecules used for these applications are fluorescent probes,
molecular switches and photoprotecting groups. All three of them will be shortly
described in the next parts of this chapter with brief mention of the medical
application they are designed for.

Visualization of diseases – fluorescent probes
In general, there is little to be gained in applying non-selective drugs over the
whole body if the disease is localized in one specific part of it. It is currently done
by necessity only, mostly due to the lack of viable targeted methods which is why
the visualization or pinpointing of certain processes or tissues is so important. For
example, having to apply PDT to an entire organism to be sure to irradiate the right
area would make such a therapy cumbersome to perform, costly, and would result
in much unnecessary damage to heathy tissues among other side effects. Similarly
a surgeons cut during an operation to remove a tumor would be far more precise if
he could more clearly see it.
Commonly used tools for the visualization of biological entities are fluorescent
probes.[23] Fluorescence is, by definition, luminescence that is caused by the
absorption of radiation at one wavelength followed by nearly immediate radiation
usually at a different wavelength and which ceases almost at once when the
incident radiation stops.[24] This behavior is summarily illustrated in the simplified
Jabłoński diagram below (Scheme 3).
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Scheme 3. Simplified fluorescence diagram

As briefly mentioned before, fluorescence can occur after a molecule absorbs a
portion of light which allows it to reach an excited state by promoting one of its
outer shell electrons to a higher energy level. One of the processes via which it can
return to its ground state is via re-emission of a photon and it is this process which
is called fluorescence.
A compound which can exhibit fluorescence is called a fluorophore.[25] If a
fluorophore is connected to a molecule and this molecule, when undergoing
specific structural changes, alters the λem of the fluorophore, the whole compound
is called a fluorescent probe. The process of visualization with fluorophores or
fluorescent probes bears the name of fluorescent imaging.[24]
Returning to the initial examples, mentioned at the beginning of this section to
highlight the need for better visualization tools, imaging provides an elegant
solution, as it permits to locate with high precision specific processes or
components either in cells or in entire living organisms.
However, one of the main challenges when employing fluorescence imaging is the
fact that each visualized process has its own specificities and therefore probes have
to be tailored to each to function as such making it a slow and costly process which
also makes the development of a generic probe difficult.
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Some generic fluorophores do exist and globally fulfil the basic requirements for a
fluorescent probe such as providing high spatial resolution giving precise
information as to the localization of the studied processes while remaining
biocompatible and relatively easy to functionalize to target the desired pathway.
(Scheme 4).[26]

Scheme 4. Structures of commonly used fluorophores: a) fluorescein, rhodamine, coumarin

Derivatives of these compounds combined with biomolecules like peptides,[27]
lipids,[28] DNA,[29] and antibodies,[30] were already successfully applied to imaging of
different parts of the cell[31] or cancer,[27] discrimination of basic amino acids in
water[32] and many others.[23]Even though fluorescent probes have proven their use
in probing living systems, even gaining enough interest that chemical companies
selling premade kits for fluorescence imaging have appeared,[33] they are not yet
the tool they were hoped to be and much work is still needed to make this
technique flexible enough to see widespread use.[26b]
A lot of the commonly used probes absorb and emit light in the visible range. This
behavior can lead to an underestimation of the amount of the photons emitted by
the probe due to high tissue absorbance in this range thereby falsifying the
experimental readout. Therefore compounds which absorb and emit light in the
therapeutic window range (650-900 nm) are preferable. This idea has been
extensively explored and interesting examples of such probes have been
reported.[34] For instance, the groups of Liu and Nagano used Nile Red and
tricarbocyanines as red-light-absorbing fluorophores in fluorescent imaging
(Scheme 5 a and b).[35] Indeed, the described probes could be successfully used for
the tracking of NO in isolated organs or deep tissues. However these probes were
yet not free from drawbacks as they are not easily modifiable in terms of their
optical properties. This issue was not limited to this case and was prevalent over
most, if not all, of the alternate probes developed in the same manner.
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A solution to this was proposed by Qian in the form of a red-light-sensitive
fluorescent probe containing a BODIPY core (Scheme 5, c).[36] His design was based
on the pioneering work of Sibley in 1989, who had studied the photoproperties of
BODIPY and had revealed is unique properties under the form of sharp absorption
and emission bands, easy synthesis of derivatives with changing λmax, good
quantum yields, decent solubility in various solvents and different Stokes shifts.[37]
Qian’s system proved to solve both the problems of visible light absorption and
difficult modifications of photoproperties of the fluorophore core and were used
later on by many others groups.[38]
a)

c)

b)

Scheme 5. Structures of red-light sensitive fluorophores: a) phenoxazinone, b) tricarbocyanine, c) BODIPY.

As for their use in medicine, a fluorescent probe called Angiostamp became
commercially available for use in cytoreductive surgery.[39] This compound,
produced by a French company Fluoptics, is based on a cyanine dye and cyclic
peptides (Scheme 6).
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Scheme 6. Structure of Angiostamp

The cyclic peptide parts of Angiostamp selectively binds to avβ3 integrin proteins
which are much more abundant in cancer cells than in healthy tissue.[40] This way
the probe will accumulate itself in the tumor, showing its exact position through
the fluorescence of the cyanine dye.[41] The use of the cyanine fluorophore ensures
absorption in the therapeutic window making the probe safe to use in hospitals.
Even with these findings and practical applications, research in the field of
fluorescent imaging is far from being complete. There are still many processes
waiting for their own specific fluorescent probes to be designed. And, even though
fluorescent imaging cannot cure diseases on its own, it has already proven its
potential in playing a role in a curative process.

Controlling the activity of drugs – molecular switches and
photoprotecting groups
A more direct approach towards fighting diseases with light can be achieved by
controlling the biological activity of the used drugs by installing photosensitive
moieties in their structures.[4] The field that combines photochemistry and
pharmacology is called photopharmacology.[4, 42] Optimally, by activating drugs just
before, or during, administration to patients not only does it enhance the drugs
selectivity, sparing healthy tissues, but also it slows down the bacterial resistance
build-up for the drug as depicted in Figure 6.[4]
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Figure 6. Toxicity of a conventional drug, a prodrug and reversibly photocontrolled drug

When a conventional drug is used (a), its activity does not drastically change during
the process – it is toxic before application, during it and after when it is excreted
from the organism. To limit toxicity, a prodrug can be used (b). A prodrug is a type
of drug which needs additional activation before it can normally function. These
compounds do not show biological activity before being used, but follow the
scheme of a conventional drug beyond that (b). In the case where a photo-sensitive
drug would be used, the toxicity could be confined to the target and therefore
dampen its impact on the rest of the system. These molecules, which are
essentially a more complex form of prodrugs, can be activated by light and are
called photoprotecting groups (or photocages).[4] Finally (c), a reversibly
photocontrolled drug should be active only in the target area, while remaining
inactive in both the rest of the body and in the environment. The moieties
responsible for this photosensitive behavior in this class of prodrugs are called
molecular switches. The mechanistic details of the mode of action of these
switchers will be detailed later, but for now we will only concern ourselves with
their unique, and here key, capacity to interconvert between two forms.
Both in the case of photoswitches and photoprotecting groups, the modified drugs
will not be active before usage. This allows for more limited contact of the active
form of the drug with bacteria before administration to the patients, thus not
enabling them to gain resistance (more details in chapter 5).[43] Only for switches,
however, this is also true after the action of the drug. Indeed when a non-switch
prodrug is activated, it stays active while the nature of a switch based drugs allows
14

for deactivation post treatment, potentially going as far as to allow multiple on off
cycles depending on needs. This theoretical on/off capacity represents the main
appeal of using photoswitches in drugs. This behavior is also one of the main
differences between molecular switches and photoprotecting groups and stems
from the mechanisms of actions of these two moieties (Figure 7).

Figure 7. Mechanism of action of molecular switches and photoprotecting groups
Table 1. Conceptual differences between molecular switch containing drugs and photoprotected drug precursors.

Molecular switches

Photoprotecting Groups

Photosensitive moiety
integration in drug

permanent

temporary

Activity loss due to
added moiety

notable

huge

Activity differences
between active/nonactive forms

limited

significant

Activity blocking

Structural blockage

Reactivity blockage

Mode of action

reversible

one way

Byproducts

none

cleaved moiety

Main problems

Negative activity
impact of switch

SAR requirements during drug
design
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As molecular switches are permanently imbedded in the structure of the drug, the
drug’s pharmacokinetics and pharmacodynamics are rarely the same as the
original. Conversely, photoprotecting groups release the original drug and
therefore, most importantly, maintain its activity, which is why PPG’s remain a
superior delivery mechanism to switches and are much needed in drug
development. This key difference also explains why a stronger difference in the
activity of the drug between its non-active and active forms is observed with
photoprotected groups verses molecular switches. Switches rely mostly on
changing the shape of the drug, which, in practice, has been shown to have a more
limited impact on activity than the full blockage of a key functional group that the
other class offers.
On the other hand, using molecular switches allows theoretically for the switching
of the activity of the drug in an on/off fashion, even if this is hard to fully achieve in
practice, without producing any potentially problematic byproducts, which cannot
be said for photoprotecting groups. In their case, as the photosensitive moiety is
detached from the drug, it becomes a byproduct, which theoretically can interfere
with other biological pathways resulting in harder to predict side effects.
The main problem of both of these strategies is however quite similar and lies in
the design of the drug itself. Switches require designing a drug that would show
significant differences in activity between its two shapes, while photoprotecting
groups require finding the right groups to protect to annul activity.
Even though both of the strategies seem to show significant differences in
mechanistic approaches, they do have some key points in common from an optical
point of view. First of all, the absorption spectra of both of the groups of the
photosensitive compounds need to have as distinct and sharp bands as possible.
Second, their quantum yields (ratio of the number of photons used in the process
to the number of absorbed ones) should be high. Finally, similarly to the
requirement that the used compounds should not interfere with any biological
processes in their non-active form, the light with which they will be irradiated
should not either (Figure 8).[44]
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Figure 8. Comparison of drug activation before and administration with UV and IR light, respectively

This last parameter imposes many design restrictions on the drug, as a wrong
absorption window can negate the purpose of the photoprotection entirely. For
example, the use of UV light for treating living organisms can lead to severe
adverse effects, including formation of cancer cells.[20] For better safety, and
because of the high scattering and absorption of UV light by living tissues, drugs
sensitive to UV light should be activated before being given to the patient (Figure 8,
a). Doing so, however, decreases the selectivity of the drugs and increases the
exposure to their active form of both the whole body of the patient and the
bacteria in the environment which is what the photoprotection was meant to
avoid.[44]
This problem can be addressed by preparing compounds which would absorb light
of longer wavelengths, especially in the aforementioned therapeutic window (λ =
650-900 nm), however this approach is more challenging from a design point of
view.[19] But, because of the low absorptivity of this region of light, it does not
interfere with biological processes and can reach further. This behavior opens a
new pathway for photoactive drugs (b). Now the drugs will not have to be
17

necessarily activated before the administration in the patient’s body but rather at
the site of the disease (Figure 8, b). Optimally, this would lead to an increase in the
selectivity of the drug and decrease its availability to the bacteria outside the
patient’s organism, preventing the build-up of resistance.[43] Later on, the unused
drug will be excreted by the organism in its non-active, thus environmentally safe,
form.
There is no golden standard for the preparation of red-light-sensitive compounds.
Two main strategies have been employed to reach these and are briefly discussed
below (Scheme 7).[45]

Scheme 7. Different methods for ensuring red light sensitivity

The more direct method of the two sees the structures of the photoresponsive
compounds altered so their HOMO-LUMO gap is lowered, enabling absorption of
light of longer wavelength. Typically, this kind of change can be achieved in two
ways.
First, one can extend the π-systems of the molecule by increasing the density of
conjugated functional groups adjacent to this system.[46] This approach, albeit
looking straightforward, can however lead to the loss of switching ability in
molecular switches or the overlap of their absorption bands in UV-Vis spectra
though this is less of an issue for photoprotecting groups for obvious reasons.
However both of these types of photoresponsive compounds generally see their
solubility in aqueous media decrease, as their molecules become bigger and less
polar, which becomes problematic from a drug delivery point of view.[47]
Second, one can decorate the π-system of the switch or PPG with electron acceptor
and donor groups in a manner that an electronic push-pull system is formed. In this
case, due to the interactions with the substituents, new HOMO -LUMO pairs, lower
in energy are formed, allowing for absorption of light of longer wavelength. Even
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though this method suffers less from similar side effects as the previous one,
adding additional substituents to the compounds can alter their shape and physicochemical properties in ways that make it a less viable drug candidate.
Another way of accessing excited states using light of longer wavelength is
achieved through multi photon excitation (b). This is achieved when two or more
photons having their sum of their energy equal to the HOMO-LUMO gap are
absorbed.[48] Compared to one photon excitation, more powerful light sources are
needed for the same transition to occur because of the small two-proton
absorption cross-sections (probability).[49] On the other hand, this method does not
usually need any additional changes to the structures of the photoresponsive
compounds and can, at times, be combined with the first one for better results.[50]
Even without the use of red light, researchers have been trying to fuse molecular
switches and PPGs with pharmaceuticals. Some of more prominent examples of
such studies are described below along with some more detail on the
photoresponsive moieties themselves.

Molecular switches
The key property of switches, meaning reversible structure interconversion, was
mentioned before and is core to their relevance in photopharmacology.
If the described photoizomerization process can be performed in a reversible
fashion by applying light of a different wavelength to the switched form, which
results in a return to its original form, it bears the name of photochromism.[51]

Scheme 8. Principle of photochromism

The most studied family of photochromic molecular switches is azobenzenes. These
compounds owe their privileged position to their robustness, easy preparation and
facile derivatization while preserving the switching capabilities.
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Switching of an azobenzenes involves a relatively simple light induced
isomerization around the azo double bond of the compound from the (usually)
more thermodynamically stable trans isomer to cis isomer (Scheme 9).[52]

Scheme 9. Switching of an azobenzene

The two forms of an azobenzenes differ greatly in their dipole moment, color and
shape. These properties make azobenzenes perfect candidates for application in
photopharmacology and they have proven to already be able to play a major role in
controlling a variety of biological processes.[53]
Indeed, azobenzenes have been incorporated in a variety of biologically active
compounds, such as channel blockers,[54] antibiotics,[55] and enzyme inhibitors.[56]
Some of the more illustrative examples are described below (Scheme 10).
a)

b)

c)

Scheme 10. Examples of employing azobenzenes to photopharmacology: a) Histone Deacetylase (HDAC) Inhibitors,
b) sulfonylurea, c) Mannobioside

The first example comes from our group, which prepared a series of
photoswitchable, azobenzene-modified, histone deacetylase (HDAC) inhibitors
20

(Scheme 10, a).[57] These compounds, structurally related to clinically approved
drugs vorinstat, panobinostat, and belinostat, were designed as potential
antitumor agents, which could be activated by light near the tumor, greatly limiting
adverse effects of standard chemotherapy. HeLa proliferation assays were then
employed to determine the activity of these new inhibitors. The incorporation of
the azobenzene moiety in the structures of the drugs did not drastically decrease
their activity and even in some cases the new compounds were more potent than
SAHA. IC50 ratios of the isomers were also different with the cis form being the
more active one. Although the compounds were not able to be fully deactivated,
the study proved the concept of controlling the activity of drugs by light.
The second example comes from the group of Trauner, who prepared azobenzene
sulfonylurea derivatives for controlling glucose homeostasis with light (Scheme 10,
b).[58]
Normally sulfonylureas are used for the treatment of type 2 diabetes and control
insulin release from pancreatic β-cells via blocking the inflow of K+ ions in the cells
channels.[59] The use of these drugs is, however, not free from severe adverse
effects, such as lactic acidosis or hypoglycaemia.[60] Therefore, spatial and temporal
control of their activity would drastically improve the quality of these drugs by
lowering these severe side effects.
Trauner’s compound was inactive in its trans form but active in cis forms and was
able to trigger insulin release in living anesthetized rodents when these were
irradiated with blue light. It has also proven to be not toxic in mice. However, even
though the azobenzene derivative was functioning mostly as designed, the
insertion of optic fibers into the rodents was necessary for its irradiation making
the methodology less favorable for the use in humans.
The third case comes from the group of Lindhorst, who designed a mannobiside
which was to be used as a photoswitchable inhibitor of type 1 fimbriae-mediated
adhesion of E. coli (Scheme 10, c). Even though the group was able to optimize the
structures of the compounds to obtain excellent solubility in water and highly
effective switching, it turned out that the activity of the both isomers was nearly
identical. This example proves that predicting the changes of activity of a
biologically active molecule after inserting an azobenzene in its structure is still a
21

challenge and that the solution to this problem is not as obvious as some would like
to believe.[61]
At the moment, employing photochromic molecular switches for the use in
photopharmacology is extensively studied. Even though there are many examples
proving the principle of the method, problems such as the use of UV light or the
partial activity of the “non-active” isomer are still to be solved.

Photoprotecting groups
Irreversible photochemical activation of biologically relevant molecules can be
achieved by the use of photoprotecting groups (PPGs). In contrary to molecular
switches, PPGs are not permanently embedded in the structure of the biologically
active molecule and, upon being irradiated with light, these compounds are able to
release the protected molecules in a non-modified form, when comparing to the
original structure they were derived from.[62] The photocleavage can be triggered
by one- or two-photon excitation, sensitization or photoinduced electron
transfer.[63] From a chemical point of view, PPGs are used for the deprotection of
amines,[64] alcohols,[65] carboxylic acids[66] and simple ions.[67] The PPGs most
commonly applied in photopharmacology are ortho-nitrobenzyls and coumarins
(Scheme 11, a and b).[62] In this thesis, our efforts dedicated towards using BODIPY
groups for such an endeavor is going to be presented (Scheme 11, c).

Scheme 11. Families of PPGs: a) ortho-nitrobenzyl, b) coumarines, c) BODIPY. X symbolizes leaving groups

Most photoprotecting groups function by either one of two known modes of
action: excited state hydrogen transfer (ESHT) or light induced heterolysis (Scheme
12).[63]
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Scheme 12. Mechanism of action of PPGs: a) excited state hydrogen transfer (ESHT), b) heterolysis

The ESHT mechanism is characteristic for derivatives of ortho-nitrobenzene PPGs
(Scheme 13).[62]

Scheme 13. Mechanism of the photoreaction of an ortho-nitrobenzene PPG.

The photorelease mechanism is triggered by light induced rearrangement of the
aromatic structure via 1,5-hydrogen transfer giving rise to compound 2. Then,
intramolecular 5-endo-trig cyclisation of one of the nitro oxygens onto the newly
formed α,β-unsaturated iminium leads to the formation of dihydroisoxazole 3. Ring
opening of the compound gives rise to 4 which is set to eliminate the carried group.
Derivatives of ortho-nitrobenzene are among the most commonly used PPGs,
because of their easy preparation and robustness.[68] They have been already
successfully applied for photorelease of several biologically relevant molecules
such as DNA,[69] peptides,[70] and antibiotics.[55, 71] However, even though ortho23

nitrobenzyl derivatives are one of the most versatile PPGs, they are sensitive to UV
or blue light,[72] which makes their use in photopharmacology less favorable.
The second mechanism, heterodissociation, is characteristic for most coumarin and
BODIPY PPGs (Scheme 14).[63]

Scheme 14. Mechanism of heterodissociation of PPG’s

As a result of light irradiation, a tight ion pair between the PPG and the leaving
group is formed. This pair then recombines with the solvent giving the final
products. The choice of the solvent can therefore play a crucial role in obtaining
the desired compounds.
The residual by-products, resulting from the PPGs, greatly differ and in some cases
can be toxic. Usually, however, if the photorelease is performed in aqueous media,
the PPGs tend to decompose into a myriad of compounds, each in a concentration
too small to induce any severe adverse effects.[62]
The principles behind this mode of action are relatively simple and can be derived
from Zimmermann’s meta-effect (Scheme 15).[63]

Scheme 15. Principle of a PPG

For a compound to undergo heterodissociation, two conditions must be met. First,
excitation to the lowest singlet excited state of the chromophore by light needs to
proceed via transfer of part of the electron density of its π-system to an sp2 carbon
24

atom, α to which a leaving group is attached. Second, the leaving group’s σantibonding orbital has to be able to mix with the chromophore’s LUMO orbital.[63]
Only then, when the compound is excited, the bond between the chromophore
and the leaving group can be severed, leading to heterodissociation of the
compound.
Coumarins have been extensively studied for their application is releasing
biologically active compounds.[73] As these PPGs are easy to prepare and can absorb
in the visible and NIR region,[72, 74] their use in photopharmacology is favored.
Despite having very different release mechanisms between each families of PPGs,
there have been multiple reports of each giving similar results when their release
was tested on identical drugs. This indicates that the mode of release is not as
important a parameter in drug design as the release wavelength and altered
pharmaceutical properties of the drugs. [75]
An example of this case was presented by the group of Hagen (Scheme 16).[76] Their
compounds, both ortho-nitrobenzyl and coumarin derivatives of capsaicin, were
used for controlled activation of TRPV1 channels in cells. Even though both of the
compounds were photocleavable, the coumarin derivative showed higher light
sensitivity and lower membrane permeability. Additionally, it turned out that it
blocked the activity of capsaicin much better than the ortho-nitrobenzyl derivative.

Scheme 16. Capsaicin protected with PPGs: a) ortho-nitrobenzyl, b) coumarin

An example showing a concept of using this PPG to protect a different part of the
same molecule for studying progesterone-mediated responses in human sperm
was presented in the work of Kaupp (Scheme 17).[77]
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Scheme 17. Photoprotected derivatives of progesterone

The studied effects are characterized by a change in Ca2+ inﬂux or the swimming
behavior of mammalian sperms and were monitored by the fluorescence of Ca2+
selective fluorescence probe Fluo-4 at λ = 518 nm. It turned out that even though
both of the obtained compounds could be cleaved with light, the derivative of
progesterone which had the cyclic carbonyl group protected showed considerable
residual activity while the other one was nearly not active. This example
demonstrates one of the main challenges in the field of using PPGs for
photopharmacology namely finding which functional group is responsible for the
activity of a drug to be able to properly block it until release. This knowledge is
often not available for many used drugs.
Our group has also studied the use of PPGs in light triggered activation of
biologically relevant molecules (Scheme 18).[78]

Scheme 18. Photoprotected quinolone antibiotic

The obtained molecule, a coumarin protected quinolone antibiotic was used for
preparation of a tool to study the growth of bacteria on a surface.
Agar plates bearing Escherichia Coli CS1562 23 (E. coli) and Micrococcus Luteus
ATCC 9341 (M. luteus) bacteria were treated with different concentrations of the
protected antibiotic. Irradiation, over various time periods, of these plates with
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light allowed for the deprotection of the antibiotic and its interaction with the
bacteria resulting in different levels of bacterial deaths.
This example showed that the use of PPGs in a simple system can simplify the
research on bacterial resistance. Indeed, this tool could be used for observing the
behavior of different bacteria towards different concentration of antibiotics and
could therefore be useful in determining the resulting bacterial resistance that
might arise from the use of compounds.
Even though the field of using photoprotected bio relevant molecules is being
developed at a rapid pace, it is still not advanced enough to be applied outside of
academia. Remaining challenges include, but are not limited to, the need for a
facile multigram scale synthesis of red light sensitive PPGs and a need for a better
understanding of the structure activity relationships of carried drugs. If these were
to be solved, this methodology would surely prove highly impactful in countering
the most important health problems of today’s society.
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Outline of the thesis
This thesis focuses on the development of novel photoactive compounds, designed
to become the next generation of tool molecules for advanced research on
bacterial infection treatment, oncology and the impact of oxidative stress on the
body. The target molecules are also designed to have, as ultimate goal, the
potential of going beyond being tool compounds and actually serving as advanced
drugs, combating in an efficient and adverse-effect-free manner, existing health
issues omnipresent in today’s society.
Initially, the problems of bacterial resistance and the adverse effects of current
cancer treatments are discussed. The importance of the preparation of new
compounds, which would allow localizing diseases better and then selectively
treating them, is acknowledged, and a potential solution is elaborated upon. In
continuation, in individual chapters, these points discussed one by one in detail,
and the results of our research on the synthesis and application of the targeted
photoactive molecules are presented and discussed. In the final part of this thesis,
the same theoretical and experimental approach is applied to the problem of
oxidative stress. As conclusion, the results obtained are summarized and comments
are made on which direction further research on this topic should proceed.
The common tool employed in combination with these photoactive compounds is
light. This is mostly due to its unique properties and capacity to deliver the right
quanta of activation energy to receptive molecules with high spatial and temporal
precision, which is shown to be essential for minimizing the adverse effects of
drugs and boosting the targeted efficiency of these. Therefore, the individual
properties of light and how molecules interact with it are discussed at various
points throughout this thesis when they come into play.
In Chapter 1, an overall view of the field of using light in medicinal chemistry and
drug development is given. The modes of action of three of the main groups of
existing photosensitive compounds (fluorescent probes, photoprotecting groups
and photoswitches) are described, along with illustrative examples and details on
how they interact with light inside and outside of living systems. In addition, the
global idea as to how these three chemical approaches can be used for the
preparation of new drugs is thoroughly discussed. The improvements that are
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needed to further develop these three groups, as well as the remaining challenges
of their use in biological applications are addressed. Finally, existing methodologies
of countering these problems are elaborated upon.
In Chapter 2, an easy protocol for the preparation of a green-light-sensitive BODIPY
photoprotecting groups for amines is developed, optimized and exemplified. These
findings lay the foundation for the work described in later chapters.
Chapter 3 builds on the results obtained in Chapter 2. Therein a protocol for the
preparation of red-light-sensitive BODIPY photoprotecting groups absorbing light in
the therapeutic window range is designed and developed. One of the new PPGs
obtained is then used for the protection of dopamine and its photocleavage is
studied as a model of a new, more efficient, prodrug.
In Chapter 4, a novel approach, using a multicomponent reaction, for the quick and
efficient preparation of a larger library of photo protecting groups is presented. The
aim of this methodology is to develop a unified protocol, not needing individual
optimization, for the rapid construction of photoprotected drug candidates for the
efficient screening their activity.
Chapter 5 details the applications of our newly designed and synthetized BODIPY
PPGs for the protection of commonly used antibiotics and chemotherapeutics. In
the first part, Mitomycin C is protected with either a coumarin or a BODIPY PPG
and their photocleavage process is studied. In the second part, the same studies
are performed on Neomycin protected with o-nitrobenzyl and BODIPY PPGs.
In Chapter 6, BODIPY-based fluorescent probes for the detection of oxidizing
agents in biological systems are designed and their synthetic route is developed.
Preliminary data on their antioxidant properties is described and their behavior
under oxidative stress is studied.
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