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OUTLINE OF THIS THESIS 

 

Even though constant advances and innovations in modern medicine continue to 
improve the health and quality of life of millions of people, challenges such as the need 
for more selective drugs still remain unmet. The activity of medicines outside their 
intended site of action may cause severe side effects, especially in the case of cancer 
chemotherapy. In order to minimize these problems, new ways of targeted therapy, 
such as photoactivated chemotherapy and photopharmacology, have emerged. Their 
current status in the context of cancer treatment is summarized in CHAPTER 1 of this 
thesis.  

A common limitation of the aforementioned approaches is that UV light is most often 
needed for activation of the responsive medicines. This type of radiation is heavily 
absorbed in biological tissue and may have cytotoxic effects. In contrast, visible or near-
infrared (NIR) light is generally considered non-toxic and stands out due to a much 
higher penetration depth. Therefore, new molecular structures, responsive to visible or 
NIR light, are urgently needed for the advancement of light-activated therapies. A 
synthetic strategy for this purpose is described in CHAPTER 2 and is based on a multi-
component reaction allowing the simultaneous coupling of two different moieties, e.g. 
a drug and targeting moiety, to a visible light responsive core structure. 

However, a general prerequisite for light activated therapy is the exact localization of 
the target tissue, i.e. diseased organ(s). The success of photoactivated therapy is 
therefore inevitably connected to medical imaging. A variety of corresponding imaging 
modalities are available in the clinic with each method having its advantages and 
drawbacks regarding resolution, penetration depth, sensitivity and availability of 
contrast agents, as illustrated in Fig. 1. For instance, positron emission tomography (PET) 
and single photon emission tomography (SPECT) stand out due to their high sensitivity 
but are largely limited by their low resolution. Moreover, the patient is exposed to 
radiative burden when undergoing these types of scans. The same holds for X-ray 
computed tomography (X-ray CT), a technique that affords high resolution images but 
offers very limited choices of contrast agents. Similarly, the use of ultrasound and 
optoacoustic imaging has constraints in respect to available contrast agents and is 
furthermore limited by the shallow imaging depth. In this thesis, the focus lies on new 
approaches and optimization of contrast agents for (i) magnetic resonance imaging 
(MRI) and (ii) optical fluorescence imaging.  
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Fig. 1: Overview of commonly used medical imaging techniques depicted according to the 
possible imaging depth, resolution and sensitivity. 

MRI is a widely used imaging modality, which allows whole-body anatomical imaging 
with very high resolution. Beyond that, its application has been explored not only for 
diagnostic purposes but also for monitoring of drug delivery, as described in CHAPTER 
3. Despite numerous promising results, the implementation of the presented strategies 
is still restricted by false positive outcomes. The research presented in CHAPTER 4 
addresses this problem by introducing a new approach to MRI contrast agents for 
simultaneous imaging and drug delivery based on photoresponsive liposomes. 

The advantage of using light to provoke a change in MRI contrast, envisioning the 
application of light-emitting targeting moieties, is the possible signal amplification as 
one such moiety could activate several contrast agents. Another example built on this 
principle is described in CHAPTER 5. In contrast to the previously described nanoscopic 
probe, this agent is a small molecule for the exploration of distinct mechanisms to 
change the MRI signal. 

The subsequent part of this thesis deals with the synthesis of new tracers for optical 
fluorescence imaging. This technique stands out due to its relatively simple instrumental 
setup, offering unique applications, such as intraoperative imaging, for which the low 
penetration depth presents only a minor problem. CHAPTER 6 describes our efforts to 
develop fluorescent tracers for the imaging of different targets (parathyroid glands, 
fungal infections). The synthesized agents show fluorescence in the visible light 
spectrum which is still not ideal for in vivo imaging. Implementation of NIR fluorescent 
tracers would significantly enhance the imaging depth and therefore we proceeded 
with the synthesis of targeted NIR-dyes, as outlined in CHAPTER 7.  
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In summary, this thesis describes various novel approaches to medical imaging and 
pharmacotherapy aimed to enhance the safety and effectiveness of pharmacotherapy 
by early diagnosis and increased selectivity of drug treatment. 
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Chapter 1: 
 
BEYOND PHOTODYNAMIC 

THERAPY: LIGHT-ACTIVATED 

CANCER CHEMOTHERAPY 

 

Light-activatable cytotoxic agents enable a novel approach in targeted cancer 
therapy. The selectivity in addressing cancer cells is a crucial aspect in minimizing 
unwanted side effects that stem from unspecific cytotoxic activity of cancer 
chemotherapeutic. Photoactivated chemotherapy is based on the use of inactive 
prodrugs whose biological activity is significantly increased upon exposure to light. 
As light can be delivered with a very high spatiotemporal resolution, this technique 
is a promising approach to selectively activate cytotoxic drugs at their site of action 
and thus to improve the tolerability and safety of chemotherapy. This innovative 
strategy can be applied to both cytotoxic metal complexes and organic compounds. 
In the first case, the photoresponsive element can either be part of the ligand 
backbone or be the metal center itself. In the second case, the activity of a known 
organic, cytotoxic compound is caged with a photocleavable protecting group, 
providing the release of the active compound upon irradiation. Besides these 
approaches, also the use of photoswitchable (photopharmacological) 
chemotherapeutics, which allow an “on” and “off” switching of biological activity, is 
being developed. The aim of this chapter is to present the current state of 
photoactivated cancer therapy and to identify its challenges and opportunities. 

 

 

 

 

 

This chapter was published in an extended version as: 
F. Reeßing, W. Szymański: Beyond Photodynamic Therapy: Photoactivated Cancer 
Chemotherapy, Curr. Med. Chem., 2018, 24, 4905-4950.   



BEYOND PHOTODYNAMIC THERAPY: LIGHT-ACTIVATED CANCER CHEMOTHERAPY 
 

 9 
 
 
 
 
 
 
 

 INTRODUCTION 

Cancer is one of the major causes of death in the western world.1 Even though new 
medicines are constantly being developed, standard cancer therapy still faces major 
challenges, including the high overall toxicity of commonly used cytotoxic agents, which 
stems from their low specificity towards cancer cells over healthy ones.2 This low 
specificity is caused by the fact that, on the biochemical and physiological level, the 
differences between cancer and normal cells are often very subtle. They are both, after 
all, human cells that share almost the same genetic information. Healthy cells, especially 
those that are fast dividing, such as bone marrow or mucosa cells, are affected strongly 
by chemotherapy, resulting in severe side effects like myelosuppression, nausea, fatigue 
and stomatitis.3,4  

Several attempts have been made to overcome these drawbacks. On one hand, many 
efforts have focused on the design of drugs that target particular features of tumor cells 
that do not exist or are not that abundant in healthy cells.5 Examples are targets that 
are overexpressed in tumors, including receptors for growth factors (e.g. EGFR, Her2) 
and hormones (e.g. estrogen receptor in estrogen dependent breast cancer), and 
mutated tyrosine kinases (e.g. BRAF, ALK). However, a limitation of this strategy is that 
not every tumor shows one of these unique characteristics and, before initiating the 
therapy, diagnostic tests have to be done to distinguish between potential responders 
and non-responders. Furthermore, even a small change in the target molecule can 
cause resistance of the cells towards those highly specific agents.  

On the other hand, the delivery system, and not the drug itself, can be modified to 
allow selective cancer therapy. Examples of such approach include liposomal 
formulations, which target affected cells utilizing the enhanced permeability and 
retention (EPR) effect:6 A higher uptake of the drug in the tumor cells can be achieved 
by exploiting the fact that the blood vessels in the tumor environment typically have 
much bigger fenestrae than those in healthy tissues. Much effort has been devoted to 
enhancing this method, for example by PEGylation of the liposomes to hinder the 
uptake by the reticuloendothelial system (RES) or by combining the liposomes with 
ligands (like folic acid or antibodies against proteins of the surface of the tumor cell) for 
selective targeting.6,7 This general strategy is well established, for example to reduce the 
cardiotoxicity of Doxorubicin.8 Undoubtedly, this approach is a major improvement in 
cancer therapy, but still not free from limitations. For instance, this technique cannot be 
applied for drugs that migrate easily through the lipid bilayer.9 

Another approach to minimize the toxic effects on healthy tissues is to activate the 
cytotoxic drugs exclusively at their desired place of action. Light is well suited for this 
purpose, as it can be delivered with a very high spatiotemporal resolution. Furthermore, 
in a wide range of wavelengths, light does not cause any damage to the body. A Light-
based technique, known as photodynamic therapy (PDT, Fig. 1.2a), is a well-established 
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and clinically applied method to activate cytotoxic activity in a defined place and time.10 
It relies on the use of therapeutic agents, so-called photosensitizers, that form reactive 
oxygen species upon irradiation with light, resulting in necrosis of the irradiated tissue.11 
This way, the tumor cells can be targeted in a highly selective and precise manner 
resulting in very limited side effects. The cytotoxic agents are activated in situ and due 
to the short half-life of ROS the damage to the surrounding, non-irradiated tissue is 
minimal. However, the formation of the cytotoxic species requires the availability of 
dioxygen, which presents a limitation of PDT, as most internal volume of solid tumors 
is hypoxic.12 Thus, new efforts have been made to design photoactivatable drugs. These 
recent developments, which together with PDT can be described as photoactivatable 
cancer therapy but rely on another mechanism of cytotoxicity, are the topic of this 
chapter.  

 

Fig. 1.1: Illustration of phototherapeutic index. 

The objective in the development of photoactivatable drugs is to create compounds 
that show no, or minimal, cytotoxic activity in their resting state, while their cytotoxicity 
is activated upon exposure to light of appropriate wavelength. This means that the ratio 
between the IC50 value (half maximal inhibitory concentration) of the resting and the 
IC50 value of the activated compound should be as high as possible. This relation is 
illustrated in Fig. 1.1. In the following text we will refer to this ratio as the 
phototherapeutic index. 

Common challenges presented by these approaches include the following: (i) the 
design of a molecule that is activated by light of a wavelength in the visible or NIR 
spectrum (preferably 650-950 nm) to achieve maximal penetration (up to a few 
millimeters) and minimal toxicity13 and (ii) the molecular design of a modification that 
“cages” the cytotoxic activity in the resting state in an efficient way and is stable towards 
in vivo factors, like human enzymes, pH shifts etc. Another important issue is the toxic 
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effect of the drug after on-site activation, as it can still cause adverse effects while being 
cleared from the body.  

The following sections introduce the designs, mechanisms of action and biological 
activities of different groups of photoactivatable anticancer agents published to date, 
giving special attention to the efficiency of caging the drug’s activity and the wavelength 
dependence of activation. First, an overview of metal complexes, in which the metal 
center itself participates in a photochemical reaction during the activation process, is 
given. Subsequently, photoresponsive metal complexes that are activated by a 
photochemical reaction in the ligand backbone are presented. The final sections focus 
on photocleavable and photoswitchable organic cancer therapeutics. 

 METAL COMPLEXES WITH PHOTOACTIVATED CYTOTOXICITY 

Cytotoxic metal complexes, such as cisplatin, are successfully used in clinical cancer 
therapy. Also in the field of light-controlled cytotoxicity, photoactivatable variants of 
metal complexes are the most thoroughly studied compounds.14,15 With regards to the 
mode of action, transition metal complexes used in cancer therapy can be divided into 
three different classes (see Fig. 1.2):14 

1. Photosensitisation (Photodynamic Therapy, PDT, Fig. 1.2a): irradiation leads to the 
excitation of the metal complex from the S0 state to the S1 state, after which it 
undergoes intersystem crossing to the T1 state. From there, it relaxes to ground state 
by reaction with triplet oxygen (3O2), causing the formation of reactive singlet oxygen 
(1O2). 

2. Photothermal reaction (Fig. 1.2b): the excited state energy of the metal complex is 
converted into thermal energy, causing damage to the surrounding cells. 

3. Photodissociation and/or redox change (Fig. 1.2c-e): upon irradiation, the ligands 
dissociate from the metal, upon which the metal may form complexes with DNA or 
other biomacromolecules. This ligand dissociation may also be the consequence of a 
change of the metal’s redox state due to the irradiation (e.g. photoreduction of PtIV to 
PtII). 



CHAPTER 1 
 

 12 
 
 
 
 
 
 
 

 

Fig. 1.2: Mechanisms of photoactivated cytotoxicity of metal complexes. a) 
Photosensitisation, used e.g. in photodynamic therapy, leads to the formation of toxic 
singlet oxygen; b) Photothermal reaction causes damage due to the local production of 
heat; c) Photodissociation without changing the oxidation state of the metal, with toxicity 
due to the subsequent binding to a biomolecule; d) Photoreduction of the metal with 
subsequent binding to a biomolecule; e) Photocleavage of a part of the bidentate ligand, 
leading to ligand dissociation and binding to a biomolecule. The elements causing direct 
damage to the biological system are denoted in red. 
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In the following, the focus will lie on drugs that rely on the third of these mechanisms. 
For the PDT and photosensitisation processes, the reader is referred to other recent 
reviews.16,17 

 METALS AND LIGANDS USED IN PHOTOACTIVATED CHEMOTHERAPY 

The use of metal complexes in photoactivated chemotherapy is associated with the 
light-triggered increase in their toxicity, which mainly stems from the cross-linking of 
double-stranded DNA. In this context, metal complexes with d6 configuration are 
privileged, due to their favourable photophysical properties, relative non-lability under 
physiological conditions14 and stable oxidation state with low spin.18 Electrons in the d 
shell are a source of useful electronic transitions, which can be addressed with UV and 
visible light.14 In particular, for d6 metals, high extinction coefficients are observed for 
charge transfers, including metal-ligand charge transfer (MLCT) and ligand-metal 
charge transfer (LMCT) transitions.19 For photoactivated chemotherapy, the most 
studied complexes are those of platinum(IV), ruthenium(II), and rhodium(III). 

 

Fig. 1.3: Platinum(IV) complexes with phototriggered cellular toxicity. UCNP = up-
converting nanoparticle. 

PtIV forms octahedral, low spin complexes with 5d6 configuration of the metal. These 
complexes are kinetically inert under physiological conditions, which prevents side 
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reactions in the biological system.19–21 They also show much higher solubility in water in 
comparison to their activated counterparts, PtII complexes.21,22 For phototriggered 
cellular toxicity, mainly PtIV complexes with azide and iodide ligands are used. The 
photochemistry of such complexes is based on photoreductions (Fig. 1.2d). These 
processes rely on LMCTs,23 which result in homolytic metal-ligand bond cleavage.14 
These processes are in fact reductive eliminations: the ligand is oxidised in a one-
electron process, forming a radical, while the metal is reduced to PtIII. The new complex 
is an even stronger oxidising agent and the oxidation of the second ligand leads to its 
liberation (in the form of a radical) and formation of planar PtII complex, which shows 
increased affinity to DNA. Notably, the liberated ligand radicals  may show biological 
activity as well, as for example in the case of azidyl radicals liberated from complex 7.24 
Fig. 1.3 shows the molecular structures of compounds 1-20, published examples of PtIV 
complexes with light triggered toxicity.  
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Fig. 1.4: Ruthenium(II) complexes that show light-induced binding to DNA. 

In contrast to PtIV complexes, whose activity relies on photoreductions, the 
photochemistry of RuII complexes used in light-activated therapy is based on ligand 
substitutions (Fig. 1.2c), in which metal-centered transitions (MC, 3d-d*) play a key role.25 
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These substitutions involve the exchange of a nitrogen-containing ligand for a water 
molecule, to form aqua complexes that bind to DNA. Since the MC transition are 
(Laporte)-forbidden for octahedral centrosymmetric complexes, they usually give rise 
to very weak absorptions.14 Therefore, the metal-centered states often have to be 
populated from other ones. Complexes 21-29 (Fig. 1.4) are examples of light-activatable 
RuII complexes, some of which (22-26) allow visible or NIR activation, thanks to the 
careful design and choice of ligands,25–28 making them promising candidates for 
applications in photoactivated chemotherapy  

As in the case of RuII complexes, also RhIII complexes undergo light-induced ligand 
exchange to give rise to cytotoxic species (Fig. 1.2c).18,29,30 Despite being the first studied 
group of photoactivatable metal complexes,18 there are only a few published examples 
(compounds 30-32, Fig. 1.5) of photo-responsive RhIII complexes for PACT and this type 
of metal complex is generally much less studied than the ones described previously. 
The potential applicability of RhIII complexes is still limited by the fact that it remains 
unclear if it is possible to adjust their structure towards activation in the desired optical 
window (λ = 650-900 nm). 

 

Fig. 1.5: Rhodium(III) complexes that undergo ligand exchange upon photoirradiation, 
which evokes their binding to DNA. 

 MOLECULAR MECHANISMS FOR THE TOXICITY OF PHOTOACTIVATED METAL 
COMPLEXES. 

The toxicity of metal complexes used for cancer therapy is caused by their binding to 
DNA. Importantly, this reaction does not depend on the presence of oxygen, which 
permits the photoresponsive complexes to be activated also under hypoxic conditions. 
The target for their action is the nuclear DNA and the blueprint for their binding is 
provided by cisplatin, a clinically-used platinum(II) complex (Fig. 1.6a).31  

Inside the cells of the human body, cisplatin undergoes ligand exchange of chloride to 
water, caused by the lower intra- than extracellular concentration of Cl-. This exchange 
leads to aqua-complexes that bind preferentially to the N7-position of guanine in DNA 
(Fig. 1.6b). The binding results in the cross-linking of two guanine residues (Fig. 1.6c). 
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This DNA damage impairs RNA synthesis33,34 and ultimately leads to apoptosis.31 The 
two-point attachment of the complex to DNA is crucial and many monofunctional 
adducts to DNA do not terminate the RNA synthesis.33,34 

N

N7

N3 NH2

N1H

O

R

Pt
Cl

Cl

H3N

H3N

2+
a)

b)

c)

 

Fig. 1.6: Cisplatin as a prototypical DNA-binding metal complex. a) Structure of cisplatin; b) 
nitrogen sites in guanine molecule which can engage in complexes with metals; c) crystal 
structure of the adduct of cisplatin (black) to adjacent guanines (red) in a DNA strand 
(yellow). Adapted from a PDB structure 1AIO32 

The binding of activated metal complexes to DNA and the resulting blocking of RNA-
polymerase activity can be assayed in many ways that differ in their complexity and the 
extent to which they represent the in vivo conditions. Most commonly used methods 
include the following: 

 The reaction of light-activated metal complexes with 9-alkyl-guanine (Fig. 1.6b, 
R = alkyl) as a model compound, followed by isolation and characterisation of 
products.29,35,36 This method provides insights into the binding mechanism, but 
its positive outcome is not an indication if the studied complex will show two-
point binding to dsDNA.  

 The reaction of activated complexes with nucleosides, nucleotides and 
oligonucleotides and spectroscopic analysis of the products.18,30,36–40 

 Binding of complexes to short duplex strands of DNA and subsequent analysis 
of the melting point of the duplex. It is known that the melting point decreases 
for intrastrand binding and increases for interstrand binding.41 

 Reaction of complexes with DNA, followed by the isolation of DNA and 
determination of the metal content, for example by flameless atomic 
absorption spectroscopy (FAAS).33,42,43 

 Reaction of photoactivated complexes with plasmid dsDNA (for example 
pUC18,29,41,44 pUC1925,26 or pSP73KB33 plasmids) and analysis of their mobility 
using gel electrophoresis. It is known that a compound that binds to DNA and 
unwinds the duplex also reduces supercoils in closed circular DNA and thus 
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decreases its mobility on the gel.33 This simple method is very often used as it 
provides information on the affinity to dsDNA, although it is not informative 
with respect to the details of binding on a molecular level. 

 The use of gel electrophoresis to observe lower-mobility cross-linked DNA 
strands resulting from interstrand binding.33,42 The intrastrand cross-links can 
also be studied in cells, using a Comet assay.40 

 Finally, the transcription of DNA by RNA polymerase can be studied using DNA 
templates which were treated with photoactivated metal complexes 
(transcription mapping), providing information about the impairment of 
transcription caused by the binding,33,42 and also the preferred sites for addition 
of complexes to DNA.40 

 CYTOTOXICITY OF PHOTOACTIVATED METAL COMPLEXES 

The PtIV, RuII and RhIII complexes, presented in Fig. 1.3 - Fig. 1.5, were tested for their 
toxicity on several cell lines, both prior and after photoactivation. The overview of the 
published results is presented in Table 1.1, including the cell line type, wavelength of 
light used for activation, measured IC50 values and the phototherapeutic index (PI, a 
ratio of IC50 values for non-irradiated and irradiated complexes). For most of the cell 
lines, cisplatin (Fig. 1.6a) was used as a reference. Since the mechanism of toxicity 
sometimes differs from that of cisplatin,45 cisplatin-resistant cell lines were also often 
employed for the toxicity testing. 
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Table 1.1: Overview of the toxicity of photoactivated metal complexes, prior and after irradiation, on selected cell lines.  
Entry Cell line Complex λ (nm) IC50 irradiated (µM) IC50 non-irradiated (µM) PI Ref 

1 TCCSUP human bladder 
cancer 

1 >375 11.61.7 16.54.2 1.4 46 
2 2 >375 7.31.6 9.42.2 1.3 46 
3 5637 human bladder cancer 3 366 49.328.1 35781 7.3 19 
4 4 366 63.020.2 44043 7.0 19 
5 cisplatin 366 0.780.09 0.760.18 - 19 
6 5637-CDDP human bladder 

cancer, cisplatin resistant 
3 366 66.817.5 >200 >3 19 

7 4 366 79.816.6 >200 >2.5 19 
8 cisplatin 366 3.630.93 3.030.38 - 19 
9 OE19 human oesophagal 

adenocarcinoma 
7 365 4.7 >212.3 >45 39 

10 7 420 8.4 >212.3 >25 39 
11 HaCaT human keratinocytes 3 365 169.3 >287.9 >1.7 47 
12 5 365 100.9 >244.4 >2.4 47 
13 6 365 121.2 >287.9 >2.3 47 
14 7 365 1.4 >212.3 >151 39 
15 7 420 9.5 >212.3 >22 39 
16 9 365 6.1 >244.3 >40 42 
17 9 420 85.5 >244.3 >2.8 42 
18 10 365 131.0 >236.3 >1.8 47 
19 11 365 54.0 >236.3 >4.3 47 
20 12 365 >236.2 >236.3 ND 47 
21 13 365 22.0 144.1 6.5 47 
22 15 365 65.6 >276.8 >4.2 47 
23 17 365 7.1 97.8 14 47 
24 18 365 61.0 108.0 1.8 47 
25 cisplatin 365 144 173 - 42 
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Entry Cell line Complex λ (nm) IC50 irradiated (µM) IC50 non-irradiated (µM) PI Ref 
26 A2780 human ovarian 

carcinoma 
3 365 135.1 >287.9 >2.1 47 

27 5 365 79.6 >244.4 >3.1 47 
28 6 365 99.2 >287.9 >2.9 47 
29 7 365 1.4 >212.3 >151 39 
30 9 365 1.9 >244.3 >128 42 
31 10 365 65.9 >236.3 >3.6 47 
32 11 365 51.0 >236.3 >4.6 47 
33 12 365 63.6 >236.3 >3.7 47 
34 13 365 2.6 26.8 10 47 
35 14 365 2.3 >225 >98 48 
36 15 365 39.8 >276.8 >7 47 
37 17 365 4.2 108.7 26 47 
38 18 365 15.8 31.3 2 47 
39 20 365 3.2 >225 >70 48 
40 cisplatin 365 151.3 152 - 42 
41 A2780CIS human ovarian 

carcinoma, cisplatin resistant 
 
 
 
 
 
 
 
 

3 365 204.9 >287.9 >1.4 47 
42 5 365 108.7 >244.3 >2.3 47 
43 6 365 163.6 >287.9 >1.8 47 
44 7 365 14.5 >212.3 >15 39 
45 9 365 16.9 >244.3 >14 42 
46 10 365 165.2 >236.3 >1.4 47 
47 11 365 59.7 >236.3 >4 47 
48 12 365 >236.3 >236.3 ND 47 
49 13 365 2.9 57.7 20 47 
50 15 365 128.7 >276.8 >2.2 47 
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Entry Cell line Complex λ (nm) IC50 irradiated (µM) IC50 non-irradiated (µM) PI Ref 
51  

 
17 365 5.4 134.9 25 47 

52 18 365 38.2 54.4 1.4 47 
53 cisplatin 365 261 229 - 42 
54 HL60 human leukaemia 9 366 35.088.37 inactive high 49 
55 19 366 20.840.99 inactive high 49 
56 22 >450 1.60.2 >300 >188 25 
57 23 >400 1.2 52.5 44 26 
58 23 >600 7.6 52.5 6.9 26 
59 23 >650 15.8 52.5 3.3 26 
60 24 >400 2.4 47.3 20 26 
61 24 >600 2.3 47.3 21 26 
62 24 >650 5.1 47.3 9.3 26 
63 25 >400 0.160.01 >300 >1880 27 
64 26 >400 0.350.18 3.750.18 11 28 
65 cisplatin >450 3.10.2 3.10.1 - 25 
66 A549 human lung cancer 22 >450 1.10.3 1507 136 25 
67 26 >400 0.110.02 0.620.08 8 25 
68 cisplatin >450 3.40.6 3.50.6 - 25 
69 A549 human lung cancer 

spheroids 
22 >450 21.30.3 >300 >14 25 

70 cisplatin >450 423.6 423.6 - 25 
71 HS-27 human skin 32 >400 122 4109 34 29 
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Since metal complexes in their non-activated form usually show very low toxicity, the 
phototherapeutic indices observed for them is high (Table 1.1). Often, it is not possible 
to determine the precise IC50 for the non-irradiated complex, due to e.g. limitations in 
solubility. In such cases Table 1.1 shows the minimum value of PI. The values were 
obtained in experiments in which cells are grown in the presence of compounds that 
are either pre-irradiated or irradiated in situ for a few minutes20,25-hours19,50. After a 
certain time (usually in the range of hours20-days19,25,50), the cell survival is assessed. 
Typical dose-response curves observed in such experiments are presented in Fig. 1.7. 

  

Fig. 1.7: Examples of toxicity measurements for the photoactivated metal complex. a) light-
dependent toxicity of PtIV complex 3 on human keratinocytes; Adapted with permission 
from ref. 38. Copyright 2006 Wiley-VCH; b) light-dependent toxicity of RuII complex 22 on 
human leukemia cells. Adapted with permission from ref. 25. Copyright 2012 American 
Chemical Society. 

 Platinum(IV) complexes 

The first photoactivated, cytotoxic PtIV complexes carried iodide ligands in cis-
configuration (1 and 2, Fig. 1.3).46 They showed high potency towards human bladder 
cancer cell line, albeit with very low PI (Table 1.1, entries 1 and 2), which probably stems 
from their light-independent activation with glutathione.19 This problem of premature 
activation was solved by the introduction of azide ligands in cis-complexes 3, 4, and 5, 
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for which higher PI values were observed (Table 1.1, entries 3, 4, 6, 7, 11, 12, 26, 27, 41 
and 42). However, these complexes still showed low potency compared to cisplatin 
(Table 1.1, entries 3-5), even on cisplatin-resistant cells (Table 1.1, entries 6-8). 

Improved potencies were observed for the trans-azide complexes (e.g. 6,47 7,39 and 9,42 
Fig. 1.3). High potencies were also observed when an ammonia ligand was substituted 
for methylamine, ethylamine or pyridine, as in complexes 14-16, and 5 and 9 
respectively.42,47 Substitution of pyridine for piperidine in complex 1949 and for thiazole 
in complex 20 showed only subtle influence on the potency (Table 1.1, entries 30, 38 
and 54-55). 

In an attempt at a deeper understanding of the mechanism of cellular toxicity, the group 
of Sadler studied the influence of cellular accumulation and lipophilicity of complexes 
6, 7, 9, 11 and 13-16 on their phototoxicity.48 No correlation was found between the 
polarity and the cellular accumulation.48 Thus, an active mechanism was postulated to 
be at least partially involved in the membrane transport.48 Furthermore, neither 
lipophilicity, nor the cellular accumulation correlated with the toxicity of photoactivated 
complexes, suggesting that other factors, including quantum yield and the mode of 
interactions of activated complexes with cellular targets, may play a role in determining 
the toxicity.48 

Already quite early in the development of the photoactivated metal complexes it has 
been established that they do not show cross-resistance with cisplatin,19 suggesting a 
different mechanism of action. Therefore, some studies investigate the cellular 
processes leading to the cell death upon irradiation. For instance, research performed 
with complex 9 revealed that it did not induce apoptosis, in contrast to cisplatin and 
etoposide.20 As an alternative, the authors suggested autophagic cell death as the 
predominant pathway. It has to be noted however, that experiments on the toxicity of 
complex 8 (Fig. 1.3) bound to up-converting nanoparticles, revealed that an apoptotic 
pathway is most probable in that case.50 

The seminal study on the activity of complex 920 furthermore reported an important 
experiment performed on nude mice bearing xenograft OE19 tumors.20 Results show 
that non-irradiated complex 9 administered at dose as high as ten times the maximum 
tolerated dose of cisplatin did not lead to any behavioural changes, whereas mice 
treated with irradiated complex 9 showed consistently less tumor growth than the ones 
treated with non-irradiated one or just irradiated without any drug administered. The 
outcome of this experiment highlights the potential of light-activated metal-based 
chemotherapeutics. 

 Ruthenium(II) complexes 

The cellular toxicity (Table 1.1, entries 56-70) of RuII complexes (Fig. 1.4) was studied by 
the group of Glazer.25,26 While their exact mechanism of action has not been elucidated 
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yet, these complexes show very high potency, sometimes even higher than cisplatin 
(Table 1.1, entry 56, 57, 60 and 64-67). Complex 22 (Fig. 1.4) stands out due to very high 
activity (Table 1.1) and fast activation, as it requires only 3 minutes of irradiation by visible 
light (λ > 450 nm).25 Furthermore, its potency is superior to cisplatin also on 3-D tumor 
spheroids (Table 1.1, entries 69-70). 

Smart ligand engineering26–28,51 led to the development of complexes 23 and 24 (Fig. 
1.4) showing high potency, fast activation and NIR light responsiveness (Table 1.1, entries 
57-62).26 Finally, the most impressive results, regardless of the type of metal used in the 
complex, were obtained when compound 25, bearing sterically hindered ligands, was 
tested on HL60 cells (Table 1.1, entry 63): a sub-micromolar IC50 value was measured, 
with a phototherapeutic index of >1800. In contrast, the highest PI assessed for a PtII 
complex was in the range of 150.  In summary, the research focused on photoactivated 
RuII complexes delivers many privileged structures and serves as an important 
alternative to the use of PtII complexes.  

 FUNCTIONAL LIGANDS: TARGETED AND DUAL-ACTION METAL-BASED CHEMO-
THERAPEUTICS 

The possibility of using light for local activation of cellular toxicity of metal complexes 
constitutes an important targeting approach to chemotherapy. For several of the 
complexes, additional methods to achieve selective accumulation in tumors have been 
proposed. One such example is compound 33 (Fig. 1.8), which was derived from 
compound 27 (Fig. 1.4) by a modification of the pyridine ligand.36 Two different peptides 
were introduced to the ligand: Arg-Gly-Asp (RGD), which is known to bind to the 
integrins on tumor endothelial cells, and octreotide, which is a cyclooctapeptide 
analogue of somatostatin and binds selectively to somatostatin receptors in the tumor 
cell membrane.  

The ligands present on the photoactivatable metal-based chemotherapeutic agent can 
also be used for therapeutic purposes. This is valid both for ligands that dissociate upon 
photoactivation (in complexes 35 and 36, Fig. 1.8) and for those that stay in the complex, 
such as complex 34, being itself a potent inhibitor of VEGFR3 kinase.36 

The group of Turro presented an example in which the ammonia ligands in complex 21 
(Fig. 1.4) were substituted with 5-cyanouracil (5CNU) ligands, giving rise to complex 35 
(Fig. 1.8).44 5CNU is an inhibitor of pyridine catabolism and an analogue of 5-
fluorouracil, which has been used for many years in cancer treatment. Irradiation of 
complex 35 with λ > 395 nm light led to the release of one equivalent of 5CNU and 
formation of the monoaqua intermediate, which was shown not to bind to DNA. Further 
irradiation resulted in the active diaqua complex. When the photolysis was conducted 
in the presence of linearized pUC18 plasmid, a dose-dependent change of 
electrophoretic mobility was observed, indicative of covalent binding between DNA and 
35.44 Unfortunately, no elucidation of cellular activity was presented and it is unclear if 
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the two toxic effects, the one of liberated 5CNU and the one of diaqua complex, are 
synergistic in nature. 

 

Fig. 1.8: Light-activated metal-based chemotherapeutics that show targeted action (33), 
enable additional treatment modalities constitutively (34) or upon photoactivation (35,36), 
and can be potentially used for fluorescence imaging (37). 

Another case in which the dissociating ligand has biological activity, was presented 
recently by the group of Kasparkova.43 Platinum(IV) complex 36 features two ligands, 
referred to as SBHA, which are based on aliphatic hydroxamic acids and are known to 
inhibit histone deacetylases (HDACs). This inhibition induces the hyperacetylation of 
histone proteins and increases the accessibility of DNA in chromatin. Such an effect, 
besides being already used in cancer treatment,43 could also lead to a higher 
accessibility of DNA to the DNA-damaging drugs.  

In complex 36, the metal reactive centre and the hydroxamic acid act as photolabile 
cages for each other. The complex was not active in the dark, even in the presence of 
cellular reducing agents. Upon irradiation with UV (λ = 365 nm) or blue (λ = 458 nm) 
light, cytotoxic PtII species are released, together with the SBHA ligands that inhibit the 
HDAC activity (Fig. 1.9). The overall cytotoxicity after activation was found to be superior 
to that of related complexes with biologically-inactive ligands.43 This impressive example 
highlights the prospects of combining metal-based photoactivated cancer therapy with 
other chemotherapeutics in one molecule.  
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Fig. 1.9: Cellular toxicity and HDAC inhibition for complex 36. a) phototoxicity of 36 on 
human ovarian A2780 cells before and after irradiation with UV (λ = 365 nm) or blue (λ = 
458 nm) light; b) phototoxicity of cisplatin on human ovarian A2780 cells before and after 
irradiation with UV (λ= 365 nm) or blue (λ = 458 nm) light; c) total HDAC activity in A2780 
cells treated with 36, cisplatin and SBHA. Adapted with permission from ref. 43. Copyright 
2015 Wiley-VCH. 

Finally, the dissociating ligand can be used for yet another purpose, namely fluorescent 
imaging. Such design, which would enable the control over location and efficiency of 
photoactivation, was embodied in complex 37 (Fig. 1.8).33 Indane was used as a 
dissociating ligand and it was found that its fluorescence in the liberated form is ~40 
times higher than in the complex (λexc = 260 nm, λem ~ 290 nm). Already in the dark, 
the complex underwent a slow exchange of the chloride ligands for water. Upon 
irradiation (λ = 365 nm, 60 min), also the indane ligand dissociated and the 
photoactivated species proved to be a mixture of RuII complexes with various ratios of 
Cl and H2O ligands. A binding to DNA was observed for both the non-irradiated and 
activated forms of 37, albeit with much stronger potency to block RNA polymerase 
observed for the complex formed after photoactivation. Although the wavelengths used 
for the imaging are far away from the optical window (λ = 650-900 nm), this system 
shows high potential for improvement if more biocompatible fluorescent imaging 
ligands could be used. 

 SUMMARY 

Metal complex-based photoactivated chemotherapeutics have been studied for almost 
three decades now, with first examples of rhodium(III) complexes reported in the early 
nineties of the previous century. Since then, the attention has shifted to ruthenium(II) 
and platinum(IV) complexes. Metal-based designs stand out in the field of light-
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activated chemotherapy due to their very high phototherapeutic indices (Table 1.1), with 
the ruthenium(II) complex 25 showing an unprecedented value of PI > 1880. Another 
important advantage of metal complexes is the fact that in some cases (Table 1.1) NIR 
light can be used for activation, allowing deep tissue penetration with negligible toxicity. 
Important disadvantages of this class of responsive anti-cancer agents are the following: 
i) the irreversibility of activation, ii) common need for long irradiation times in the range 
of minutes to hours, and iii) limited variety of toxicity mechanisms, which relies almost 
exclusively on dsDNA cross-linking. However, recent developments showed the 
successful expansion of possible mechanisms of cytotoxicity by the combination of 
metal complexes with functional ligands. 

 PHOTOCAGED CHEMOTHERAPEUTIC AGENTS 

Twenty years ago, the first examples of photocaged chemotherapeutics were 
published.52,53 The general design involves an organic or metalorganic cytotoxic agent 
that carries a photoremovable protecting group (PPG) caging its activity. To date, 
development of a wide range of such drugs has been published with studies showing 
very promising results. However, as mentioned above, a general problem of this 
strategy is that the released drug may still cause side effects outside its site of action 
and when being cleared from the body. 

 CAGED METAL COMPLEXES 

Besides the metal complexes described above, research also focused on the 
development of photoactivatable metal complexes that include a photocleavable group 
in the ligand backbone. In this case, the irradiation leads to decomposition of the 
original ligand giving rise to a new complex with enhanced biological activity (Fig. 1.2e).  

An example, in which this strategy was applied to a PtII complex, was published by 
Ciesienski et al.54 The biological activity of the cytotoxic PtII complex could be efficiently 
caged with a tetradentate ligand, that includes a photocleavable ortho-nitrophenyl 
(ONP) group (38, Fig. 1.10). UV irradiation of this complex resulted in complete 
disintegration of the ligand within two minutes (with a quantum yield of ϕ = 0.75) and 
gave complex 38a together with nitroso by-products. The photoactivated product 
showed significantly higher toxicity on MCF-7 cells than the respective prodrug. 
Interestingly, the photoresponsive ligand alone was found to be cytotoxic as well, which 
was even more pronounced upon UV irradiation. These results confirm a mutual caging 
of the metal and the ligand and suggest a synergistic mechanism of action. In order to 
elucidate this mechanism, the electrophoretic mobility of DNA treated with complex 38 
prior and after photoactivation was analysed. Changes in mobility were not observed, 
indicating a different mode of action than that of cisplatin (Fig. 1.6a). Accordingly, the 
binding to a peptide fragment of a transport protein (copper transport protein1), which 
is known to bind to cisplatin and its analogues and to induce the dissociation of its 
ligands, was studied.55 The caged complex did not react with the peptide, in contrast to 
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the activated compound. Reaction of the latter with the peptide led to the formation of 
Pt-adducts. As these results did not provide an explanation of the cytotoxicity of 38a, it 
is of paramount importance to perform further studies that elucidate the mechanism of 
action in order to assess the potential of the described complex as a future 
chemotherapeutic agent. 

 

Fig. 1.10: Structures of platinum complex 38 and its photoactivated product 38a; structure 
of copper complex 39. The photocleavable ONP group is highlighted. 

The authors applied the same strategy to copper complexes, proposing the use of CuII 
as a cytotoxic agent.56–58 By optimization of the ligand structure, complex 39 (Fig. 1.10) 
was designed. The binding affinity between CuII and the ligand is very high, with a 
dissociation constant in the femtomolar range, which is a crucial characteristic for 
possible application as a photocaged prodrug, since human serum albumin binds to 
copper with a very high affinity. UV irradiation of 39 for 15 s was sufficient to release 
43.3% of the copper ions from the complex (quantum yield ϕ = 0.43). Moreover, studies 
on the formation of hydroxyl radicals were performed, as it was proposed56 that this is 
the mechanism behind CuII cytotoxicity.59 In the presence of ascorbic acid and H2O2, 
the intact complex prevented 70% of radical formation compared to free CuII. In 
contrast, the photolysed product caused enhanced hydroxyl radical formation in 
comparison to CuII alone. In addition, studies on the biological activity on different cell 
lines (HeLa, MCF-7 and HL-60 cancer cells) revealed an increase in cytotoxicity of the 
drug after UV irradiation, albeit with a low phototherapeutic index (PI = 2). Moreover, 
control cells that were treated with CuCl2 showed enhanced proliferation. Another study 
confirmed elevated levels of copper in tumor tissues,60 giving rise to the question if CuII 
complexes are suitable candidates for cancer therapy. In conclusion, it was shown that 
introduction of a photocleavable group into the ligand backbone is a feasible strategy 
to create metal complexes that undergo a change in activity after irradiation. With 
regard to the described copper complex, it is, however, doubtful to which extent 
copper, usually used as a coating of intrauterine devices for contraception, represents 
a future drug in cancer therapy. 
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Fig. 1.11: Structures of photocleavable ReI compounds with either NLS or bombesin as 
peptidic moiety. The photocleavable ONP group is highlighted. 

The aim of the research presented by Leonidova et al. was to develop a multifunctional 
light-activatable drug by combining a PDT agent with different biologically active 
groups via a photocleavable linker.61 As it is known that ReI tricarbonyl bis(quinolinolyl) 
(“MC-NH2”, Fig. 1.11) possesses photosensitizing characteristics and allows cellular 
imaging,62 this complex was chosen as a starting point for the synthesis of the novel 
prodrugs. The complex was coupled to either a nuclear localization signalling peptide 
(NLS) or a bombesin moiety via a bifunctional, ONP-derived photocleavable linker 
giving complexes 40a and 41a (Fig. 1.11). Including bombesin in the design of the 
chemotherapeutic enables targeting of cancer cells that overexpress receptors of the 
bombesin family, such as gastrin-releasing peptide receptor (GRPR) on prostate cancer 
cells. Photocleavage studies showed that both 40a and 41a can be completely cleaved 
with UV light with a relatively low irradiation dose (1.2 J cm-1), and a quantum yield 
around 10%. Subsequently, the cytotoxicity of the photocleavable compounds, and their 
analogues 40b and 41b that did not contain a photocleavable linker, was tested on 
several cell lines: (i) HeLa cells, (ii) non-cancerous MRC-5 cells, and (iii) PC3 cells (GRPR-
overexpressing prostate cancer cells). In general, irradiation increased the cytotoxicity 
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of all tested compounds, but in each case also the dark toxicity was elevated compared 
to the ReI complex alone. As expected, bombesin derivatives showed enhanced toxicity 
on PC3 cells. They were, however, not included in further evaluation,61 since both the 
photocleavable compound 41a and the photo-stable compound 41b showed a 
comparable cytotoxicity profile, indicating that only the PDT effect is relevant for toxicity. 
NLS derivatives 40a and 40b, however, showed a lower phototherapeutic index (<2), 
but a significant difference in biological activity of the photocleavable compound 40a 
and non-photocleavable compound 40b was observed. Fluorescence microscopy was 
used to examine the localization of 40a in the cells. The results show that the complex 
is primarily located in the nucleoli, with 25% of the intracellular drug situated in this 
organelle. Overall, 50% was taken up into the cell. Since NLS has a high positive charge, 
it was expected that the peptide interacts with DNA. In fact, gel electrophoresis 
experiments showed that irradiation of 40a leads to the relaxation of supercoiled DNA 
plasmid.61 Interestingly, changes in DNA shape were observed in the dark as well. 
Besides that, the effect on RNA was examined, as it is the major content of nucleoli. 
Experiments showed the formation of RNA agglomerates irrespective of exposure to 
light. This finding provides a possible explanation for the high dark toxicity of the NLS 
derivatives. Finally, the mechanism of cell death was investigated by transmission 
electron microscopy and staining of markers for both apoptosis and necrosis. Clear 
indication for late stage apoptosis and also for necrosis were observed, supporting the 
hypothesis of a dual mechanism of action, including a PDT effect and DNA/RNA 
damage. 

As presented above, Ruthenium complexes are potential agents for chemotherapy. 
Joshi et al.63 published an example of a photoactivatable complex containing a PPG in 
the ligand backbone, which is responsible for the photoactivation step (Fig. 1.12). The 
prodrug was developed based on structure-activity relationship studies of cytotoxic 
complex 42, which indicated that the carboxylate group is crucial for biological activity. 
Thus, the authors decided to cage this functionality with a photocleavable dimethoxy-
ONP group in complex 42a. Photocleavage studies showed almost complete release of 
42 from prodrug 42a after 20 min of light exposure (λ = 350 nm). The biological activity 
was examined on HeLa and on bone cancer (U2OS) cells, confirming the efficient caging 
of cytotoxic activity, as complex 42a did not show toxic effects on neither cell line in the 
dark. In contrast, after irradiation with λ=350 nm light, a clear increase in cytotoxicity 
was observed with a potency comparable to the one of 42 in the dark (IC50[42aactivated]= 
17 µM; IC50[42]= 16-31 µM). However, complex 42 also showed enhanced cytotoxicity 
after irradiation, attributed to the RuII complex acting as a PDT agent. Nevertheless, the 
cleavage of the PPG upon irradiation was considered the crucial step in the 
photoactivation process.63 As the mechanism of (photo-)toxicity still needs to 
established, further analysis is awaited but, in principle, this work shows the successful 
photocaging of a metal complex applicable in the field of cancer therapy. 
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Fig. 1.12: Structure of active RuII complex 42 and photocaged derivative 42a. The 
photocleavable ONP-based moiety is highlighted. 

Another example of a photoactivatable PtII complex, in which the platinum itself is not 
involved in the photochemical reaction, was published by Mitra and co-workers,64 who 
employed curcumin as a ligand. Curcumin is a naturally-occurring compound with anti-
inflammatory and anti-cancer properties.65 Unfortunately, it is poorly soluble in water, 
unstable under aqueous conditions and shows low bioavailability.66 Curcumin is 
furthermore characterized by its preferential cytosolic localization in cells. Therefore, a 
combination of curcumin with a platinum complex could lead to selective targeting of 
mitochondrial DNA, instead of nuclear DNA.64 Moreover, combined therapy with 
curcumin promises an additional PDT effect, as irradiation of curcumin results in the 
formation of reactive oxygen species (ROS).67 With this aim in mind, the authors 
designed complex 43 (Fig. 1.13), which provided significantly higher stability for 
curcumin (bold, Fig. 1.13). Photoactivation studies showed efficient release of both 
curcumin and a cisplatin analogue from the complex after irradiation (λ = 400-700 nm), 
while in the absence of light no curcumin was released. Furthermore, eight hours of 
light exposure led to single and double adducts to GMP, whereas in the dark the 
addition was only observed after 30 hours. DNA-crosslink formation was shown to be 
in agreement with these findings, as irradiation led to Pt-DNA adducts of mainly (98%) 
bifunctional character.64 In addition, DNA melting point studies showed that 43 has no 
influence on the melting point in the dark, whereas after photoactivation a similar shift 
to the one measured with cisplatin (1 K) was observed and elevated levels of platinum 
were detected in ICP MS (inductively coupled plasma mass spectrometry) analysis of 
the light-treated sample. Subsequently, the cytotoxic activity was examined on different 
cancerous and non-cancerous cell lines employing an MTT assay. Results showed a 
minimal phototherapeutic index of 11 with IC50[dark] > 200 µM and IC50[irradiated] = 12-
18 µM determined on cancer cells. Interestingly, curcumin alone had a comparable 
cytotoxic potency to the irradiated samples (IC50[curcumin] = 10-13 µM). Next, the PDT 
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effect of the photoactivatable prodrug was analysed on HaCat cells (immortalized 
transformed skin keratinocytes). As expected, ROS were detected only after light 
exposure. Further experiments revealed that 83% of the cells exposed to both the drug 
and light were in stage of early apoptosis, whereas only 13% of the cells in the dark 
showed similar morphology. Moreover, more than half of the irradiated cells were 
arrested in sub G1 phase. It was also shown that light exposure (λ = 457 nm) led to 
formation of nicked circular form of DNA when a model plasmid was treated with 43. 
This effect could be significantly reduced (up to 50%) by the addition of certain singlet-
oxygen quenchers, which indicated that mainly the hydroxyl radicals were involved in 
the process. Finally, fluorescence microscopy proved that complex 43 is primarily 
located in the cytosol and additionally revealed a higher cellular uptake of 43 compared 
to cisplatin. In conclusion, a photoactivatable complex with dual cytotoxic activity was 
designed and evaluated. Coordination to platinum led to enhanced stability of curcumin 
and therefore increased its potential for applications in cancer therapy.  

 

Fig. 1.13: Platinum complex 43 with curcumin (highlighted) as a ligand. 

 CAGED ORGANIC CHEMOTHERAPEUTIC AGENTS 

This section focuses on photocaged organic cytotoxic agents. In the general design, a 
known cytotoxic agent is linked to a photocleavable protecting group (PPG), and in 
some cases a moiety for specific tumor targeting is introduced as well. When deciding 
which position in the original drug the PPG is to be introduced, one should consider 
structure-activity relationships of the drug to ensure efficient caging of the biological 
activity, in order to obtain a prodrug with minimal cytotoxic activity, whereas the 
corresponding activated drug shows high activity  

Apart from a few exceptions,68–70 all the published designs use an ONP moiety, or its 
analogue, as a caging group. The advantage of this PPG is the high uncaging quantum 
yield and the fact that it can be easily introduced into the structure of bioactive 
compounds.71 However, the deprotection is achieved only upon irradiation with a 
wavelength around λ = 350 nm, which presents a major drawback, due to the low 
tissue-penetration and high toxicity of UV light. Another limitation is the possible 
formation of toxic nitroso byproducts upon cleavage.72 To expand the available 
wavelength range and to allow NIR-light release, some approaches use upconverting 
nanoparticles50,73 or combine the photocleavable group with a photosensitizer.68,69 
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 Cytotoxic drugs with DNA alkylating activity 

 

Fig. 1.14: Prodrugs 44a, 44b, and 45 and the mechanism of their photoactivation. The 
photocleavable ONP-based moiety is highlighted. 

One of the first photocaged chemotherapeutics was reported by Reinhard and 
Schmidt,52 who presented derivatives of phosphoramide mustard (44a,b and 45, Fig. 
1.14). Phosphoramide mustard is the active metabolite of cyclophosphamide and is 
cytotoxic due to its ability to alkylate DNA. In order to photocage the active compound, 
an ONP moiety (Fig. 1.14, in bold) was used as a PPG, allowing cleavage and release of 
the active drug with UV irradiation (λ = 300-400 nm). In vitro DNA alkylation studies of 
the prodrugs 44a,b and 45, using 4-(4-nitrobenzyl)pyridine as a model for DNA (NBP 
assay), were performed in order to analyze the efficiency and the rate of photocleavage. 
In all cases, an increased alkylating activity was observed after photoactivation, with the 
water-soluble prodrugs 44a and 44b showing the fastest cleavage and highest 
alkylating activity. Unfortunately, the published data is not sufficient to draw conclusions 
about the toxicity of the caged compounds and to determine the phototherapeutic 
index.  

Tietze et al. also exploited the idea of constructing a photocaged DNA alkylating agent, 
using analogues of Duocarmycin (46a-c and 47a,b, Fig. 1.15), which is a natural 
antibiotic.74 Through the introduction of an ONP-based moiety in the seco drug (Fig. 
1.15) the authors obtained five light-activatable prodrugs. An in vitro human tumor 
colony-forming ability test with human bronchial carcinoma cells (A459) was used to 
analyze the photochemical and cytotoxic properties and revealed complex 47a as a 
promising candidate for photoactivatable chemotherapy. For this derivative, the 
phototherapeutic index (after irradiation with λ = 365 nm light for 30 min) of PI > 3000 
was determined. A surprising result found in this study is that the prodrugs that contain 
a free carboxylic acid in the benzyl position of the ONP derived group (46c, 47b) 
showed even higher toxicity before irradiation than after. As an explanation for this 
enhanced toxicity, an active transport mechanism of this compound to the active site 
was proposed,74 but this presumption was not investigated further. 
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Fig. 1.15: Duocarmycin and the respective seco-drugs. Photolabile prodrugs 46a-c and 
47a,b derived from the seco-drugs. The photocleavable ONP-based moieties are 
highlighted. 

 Antimetabolites for cancer therapy 

Wei et al. reported a photoprotected chemotherapeutic based on the antimetabolite 
5-fluorouracil (compound 48, Fig. 1.16).53 5-Fluorouracil (5-FU) inhibits the thymidylate 
synthase and acts as a false building block in the DNA synthesis after the in vivo 
attachment of a deoxyribose and subsequent monophosphorylation. The protecting 
group (dimethoxy-ONP, bold in 48, Fig. 1.16) was linked to 5-fluorodeoxyuridine via a 
carbamate linker in 5’ position of the drug, preventing the phosphorylation. Besides 
photochemical studies, which showed the cleavage of all compounds upon irradiation 
with λ = 300-400 nm light, in vitro cytotoxicity studies were carried out on E. coli cells 
showing a “slight growth inhibition”53 when treated with the non-irradiated compound, 
which was compared to growth that “was almost completely inhibited”53 after irradiation 
with λ = 350 nm light. It is, however, arguable to what extent the growth inhibition of 
bacterial cells is representative for cytotoxic activity on human tumor cells. 
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Fig. 1.16: Photocaged prodrugs of 5-Fluorouracil. 5-Fluorouracil is highlighted in gray and 
the photocleavable ONP-based moieties are highlighted in bold.  

Another prodrug design based on 5-FU was published by Lin et al.75 Compound 49 
(Fig. 1.16) is composed of three parts: the 5-fluorouracil prodrug (tegafur),76 a porphyrin, 
and a linker based on the ONP scaffold. The porphyrin was included in the design 
because of its affinity for tumor cells.77 An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
ditetrazolium bromide) assay with MCF-7 mammary cancer cells was performed in 
order to assess the biological activity. In the dark, compound 49 caused 7% cell death. 
After activation with UV light (λ = 350 nm) 67% cell death was observed. In comparison, 
tegafur alone induced 91% cell death at the same concentration. As porphyrin is known 
to have cytotoxic effects after light activation due to the production of reactive oxygen 
species, an analogue of 49 with a non-cytotoxic uracil, instead of the tegafur, was tested 
in the assay to investigate the effect of porphyrin on cell viability. From the result (6% 
cell death with the control compound) it can be concluded that the toxicity of prodrug 
49 stems mainly from the release of active 5-FUl. 

The group of Zhang published another 5-FU prodrug, compound 5078 (Fig. 1.16), caged 
with an ONP moiety in 1-position of the pyrimidine, which prevents the attachment of 
a deoxyribose in vivo. A cyclic peptide (Cys-Asn-Gly-Arg-Cys, with a disulfide bond 
between the two cysteines), which is known to recognize a specific tumor marker 
overexpressed on the surface of tumor blood vessels, was linked to the molecule to 
provide selective targeting.79 Photoactivation studies showed that after the exposure of 
compound 50 to light (λ= 365 nm for 6 hours), 60% of the caged 5-FU was released, 
along with unknown byproducts. Overall, 80% conversion of the prodrug was observed. 
However, this method of analysis has limitations as the assay was performed in 
acetonitrile, which is not always representative for physiological conditions. 
Unfortunately, no studies on the biological activity of the released drug and the 
byproducts were presented, making it difficult to evaluate the therapeutic potential of 
the designed prodrug.  

A further chemotherapeutic from the group of antimetabolites is the folic acid analogue 
methotrexate (MTX, Fig. 1.17), which is not only used in cancer therapy but also plays 



BEYOND PHOTODYNAMIC THERAPY: LIGHT-ACTIVATED CANCER CHEMOTHERAPY 
 

 35 
 
 
 
 
 
 
 

an important role in the therapy of rheumatic diseases.80 At concentrations used in 
cancer therapy, it inhibits dihydrofolate reductase, thus hindering the formation of 
thymidine for DNA synthesis. Choi et al.81 described the attempt to design a light-
activatable prodrug of MTX. The concept involved the creation a dendrimer 
nanoconjugate, with both the drug and folic acid (FA, Fig. 1.17) attached to it, to 
specifically target tumor cells overexpressing the folic acid receptor. As a starting point, 
a 5th generation (G5) polyamidoamine (PAMAM) dendrimer was used; MTX and FA were 
covalently attached to the surface of the dendrimer via a photocleavable linker based 
on ONP (51, Fig. 1.17). The release of MTX from the nanoconjugate upon irradiation (λ 
= 365 nm) was studied, and the results confirmed a complete uncaging of the drug 
after 6 min of irradiation. Unfortunately, when the inhibition of the dihydrofolate 
reductase was analyzed, the results indicated that the caged compound 51 is nearly as 
potent as free MTX. Also in vitro cytotoxicity studies of the nanoconjugate 51 and the 
released drug using FA-receptor-overexpressing KB cells (a sub-line of HeLa cells) 
confirmed that 51 is nearly as cytotoxic as free MTX. Furthermore, prolonged irradiation 
(14 min) even decreases the biological activity of the drug, probably due to degradation 
of MTX. In conclusion, an efficient photocaging of MTX was not accomplished, but 
further tests, performed by the authors, indicated that a shorter linker between the 
dendrimer and the methotrexate might decrease the dark toxicity.  

 

Fig. 1.17: Structures of folic acid (FA), methotrexate (MTX), and dendrimer conjugate 51. The 
photocleavable ONP-based moiety is highlighted. 

 Anthracyclines 

The strategy applied to MTX (vide supra) has been applied with more success by the 
same group for the photocaging of doxorubicin (Fig. 1.18).82 Doxorubicin (Dox) is a very 
potent anticancer drug from the class of anthracyclines, whose cytotoxic activity is 
mainly attributed to intercalation with DNA and inhibition of topoisomerase II, which 
prevents replication and transcription.83 Furthermore, a mechanism of action based on 
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the formation of free radicals has been proposed.84 Unfortunately, the therapy with Dox 
is limited by severe adverse effects, such as cardiotoxicity.85 Similarly to the approach 
discussed above, the active drug and FA were attached to the surface of a G5-PAMAM 
dendrimer via a photocleavable linker. As an attachment point in Doxorubicin, the 
amino group was chosen. Additionally, a fluorescein moiety was added to the 
nanoconjugate to allow the study of cellular binding and uptake of nanoparticles. Three 
different types of Dox-containing nanoconjugates (compounds 52 - 54, Fig. 1.18) have 
been synthesized. Photochemical studies confirmed the time-dependent release of Dox 
from 52 after irradiation with UV light (λ = 365 nm, max. 14 min). Furthermore, in order 
to investigate the influence of the conjugated FA on the uptake of the nanoparticle into 
FA-receptor overexpressing cells, competitive binding assays with the fluorescein-
containing compounds 53 and 54 and FA were performed on KB cells. The results 
suggested a ligand-specific uptake of 53, which was further confirmed by confocal 
microscopy. Finally, in vitro analysis of the biological activity of conjugate 52 showed 
that the prodrug is inactive prior to irradiation, while 80% reduction of cell growth was 
observed after activation with UV light (λ = 320-400 nm) for 30 min. In comparison, 
free Dox inhibited 85% of cell proliferation, and after 30 min irradiation the activity 
decreased to 70% inhibition, presumably due to light-induced inactivation. Although 
further investigation is required, for instance on the cytotoxicity of the dendrimer 
conjugate with FA alone, this work presents a promising approach to increase selectivity 
and reduce the toxicity of doxorubicin.  

Another design for a photocaged prodrug of doxorubicin was proposed by Ibsen et al. 
(compound 55, Fig. 1.18).86 To provide a handle for further functionalization, a biotin 
moiety was attached via a short PEG chain to the ONP group, which was introduced on 
the amine group of Dox. Studies on the photocontrolled activation of 55 showed that 
the active compound was released after UV irradiation (λ = 330-380 nm), and the 
amount of uncaged product was linearly dependent on the UV exposure. Under the 
described conditions (1.9 mW cm-2), a release rate of 1.8 µM min-1 was determined. Next, 
the uptake into cells and cellular localization of compound 55 was investigated using 
PTK2 epithelial cell line. The localization of the compounds was analyzed by 
fluorescence microscopy, exploiting the red fluorescence of doxorubicin and its caged 
derivative. The test showed that free doxorubicin accumulated in the nucleus and bound 
to the DNA, whereas the prodrug was mainly located in the cytosol surrounding the 
nucleus. Moreover, it was observed that free Dox caused abnormal-appearing mitosis 
in contrast to the prodrug, which did not affect mitosis even though it was administered 
at a ten-fold higher concentration. Irradiation (λ = 330-380 nm) of the cells treated with 
the photocaged drug resulted in an accumulation of red fluorescence in the nucleus. 
The same phenomenon was observed when the cells were treated with the pre-
irradiated prodrug. Furthermore, cytotoxicity studies were carried out on human 
bronchial cancer cells (A549). The results showed a 200-fold decrease in potency of the 
photocaged drug (IC50 = 250 µM) in comparison to free doxorubicin (IC50 = 1.2 µM), 
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indicating an efficient caging of the cytotoxic activity. In order to analyze the efficiency 
of photoactivation, the prodrug was exposed to UV light (λ = 330-380 nm) for different 
periods of time prior to incubation with the cells. After 60 min of irradiation, the IC50 
value decreased to 3.5 µM. Finally, metabolic studies using human liver microsomes 
were performed, and no metabolic activation of the prodrug to doxorubicin was 
detected. Two other metabolites were identified, whose biological activity remains to 
be analyzed, although it is known that similar compounds are significantly less toxic 
than doxorubicin.87 

 

Fig. 1.18: Structure of doxorubicin (Dox) and its photactivatable prodrugs 52-57. The 
photocleavable ONP-based moieties are highlighted in bold. 
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Fig. 1.19: Schematic setup of in vivo experiments examining the activation of prodrug 55 in 
mice tumors. Reproduced with permission from ref. 88. Copyright 2013 Wiley-VCH. 

In the subsequent publication,88 the same group examined the in vivo activation of the 
prodrug and the light penetration of a λ = 365 nm LED/fiber optic delivery system in 
tumor tissue (ex vivo). Towards this end, suspensions of A549 cells were injected into 
the left and right flanks of five athymic nude nu/nu mice, and the tumors were allowed 
to grow until they reached a size of 1 cm3 (1 month of growth) in order to obtain enough 
tumor mass for ex vivo and in vivo studies. The light penetration studies showed an 
attenuation of radiation of 0.38 over a 0.2 mm path length in the tumor tissue. This 
attenuation not only stems from absorption but also from light scattering. Having 
measured the light penetration from different angles, and taking into account the 
previously determined uncaging rates, the authors estimated that, using their setup, 
circa 5.7% of the prodrug in the tumor surroundings might be activated based on a 
tumor diameter of 9 mm. Subsequently, in vivo experiments were carried out. It should 
be noted that the addition of a solubilizing agent (Captisol® Cyclodextrin) was required 
in order to dissolve the prodrug 55 in water for injection. For pharmacokinetic studies, 
the concentration of doxorubicin was determined in the blood serum and urine after 
injection of 55 into two mice. Results showed a circulation half-life of 10 min, and no 
prodrug was found in the urine collected over 24 hours. Furthermore, no free 
doxorubicin was detected in either urine or serum at any time, which supports the 
findings of previous studies that no metabolic activation of the prodrug to active 
doxorubicin is manifest. Thereafter, the activation of 55 in tumors of two living mice was 
investigated (Fig. 1.19). Ten minutes after injection of the prodrug, one of the tumors 
was irradiated with λ = 365 nm light for 30 min from the center of the tumor using a 
LED optic fiber. Quantification of free doxorubicin in the tumor tissues indicated a six-
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fold higher concentration in the tumors that were irradiated than in the ones that were 
not exposed to light. Trace amounts of Dox were found in the control tumor, but as no 
doxorubicin was detected in circulation of the mice, the authors assumed that some of 
the UV light reached the control tumor leading to an uncaging of the prodrug. This 
assumption seems logical since the distance between the two tumors was only 10 mm. 
In summary, a very promising candidate for photoactivatable chemotherapy was 
presented by Ibsen et al. and further studies on the in vivo cytotoxic activity of the 
prodrug are awaited. 

 

Fig. 1.20: Results of analysis of the activity of compound 56: a) quantification of Dox 
fluorescence in the dark and after irradiation using flow cytometry; b) confocal images of 
JH-EsoAd1 cells treated with 56 with and without irradiation. Adapted with permission from 
ref. 89. Copyright 2012 Royal Society of Chemistry. 

Yet another photocaged prodrug of Dox was presented by the group of Dcona.89 In 
this approach, the drug was connected to 5-((2-aminoethyl)amino)naphthalene-1-
sulfonic acid (EDANS, Fig. 1.18, highlighted in gray in compound 56) via an ONP-
containing linker giving compound 56 (Fig. 1.18). The attachment of EDANS hinders the 
cellular uptake of the drug and therefore cages its activity. The authors refer to this 
unique strategy as “photocaged permeability”. After photocleavage studies that showed 
the time-dependent release of Dox upon irradiation with UV light (λ = 365 nm), the 
effect of the attachment of EDANS was investigated using JH-EsoAd1 cells (a Barrett’s 
esophagus-associated adenocarcinoma cell line). The cell penetration of 56 prior to and 
after photoactivation was analyzed by flow cytometry and confocal microscopy (Fig. 
1.20). Both tests showed a significant increase in cellular doxorubicin fluorescence after 
exposure to light (Fig. 1.20). Lastly, an MTT assay with the same cell line was performed 
in order to examine the biological activity. In the assay, free Dox showed an IC50 value 
of 1.0±0.4 µM. In contrast, prodrug 56 did not inhibit cell growth at all up to the highest 
concentration tested (16 µM), whereas irradiation (λ = 365 nm) of 56 led to significant 
increase in activity with an IC50 value of 1.6±1.0 µM. Therefore, it can be concluded that 
photocaging of Dox was successful, but further investigation of the dark toxicity of 56 
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is needed in order to evaluate the caging efficiency. The use of photocaged 
permeability might become a general strategy in designing photocaged drugs. This 
strategy could be especially useful when it is impossible to identify an easily modified 
functionality which is responsible for the activity of the original drug and whose 
photocaging would yield a light-activatable compound. 

More recently, the same group published another approach to photoactivate caged 
Dox, using upconverting nanoparticles (UCNP) (compound 57, Fig. 1.18).73 This strategy 
has the advantage that photoactivation can be performed with NIR light, which allows 
much deeper tissue penetration and lower toxicity (see Fig. 1.21). Dox was modified with 
a photocleavable linker containing a glutamate (Fig. 1.18, highlighted in gray), which is 
used to bind to the surface of the nanoparticles. As the anthraquinone structure of 
doxorubicin is also a good ligand for coordination to the UCNP, it was necessary to 
form a saturated complex of MnII with Dox prior to the loading on nanoparticles. 
Irradiation with NIR light resulted in a 40% release of Dox after 60 min. A surprising 
finding is that absorption spectra of the released drug suggested that free Dox, and not 
the MnII-complex, was released. It is possible that the liberated Dox is able to bind to 
the surface of the UCNP, which provides an explanation for the incomplete uncaging. 
Unfortunately, no cytotoxicity studies were performed, limiting an assessment of this 
approach for the use in photoactivated chemotherapy.  

 

Fig. 1.21: Mechanism of drug release: Incoming light (λ = 980 nm) excites the upconverting 
particles, which release light (λ = 360 nm) that leads to cleavage of the photocleavable 
linker and release of Dox. Adapted with permission from ref. 73. Copyright 2015 Royal 
Society of Chemistry. 

 Protein kinase inhibitors 

A relatively new group of cancer therapeutics are protein kinase inhibitors (PKI), which 
are primarily used in individualized therapy.90 The work of Peifer and co-workers91 
recently focused on the development of photoactivatable PKIs, including imatinib92 and 
vemurafenib.93 Imatinib (Fig. 1.22) inhibits several protein kinases, such as Abelson 
murine leukemia viral oncogene homolog 1 (ABL1) and platelet-derived growth factor 
receptor (PDGF-R). In silico molecular modeling studies on ligand-protein interactions 
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of the inhibitor and PDGF-Rβ were performed in order to identify suitable positions to 
introduce a PPG. Inspired by the results of this study, and having performed preliminary 
photocleavage studies, the authors defined the amide function as most suitable for 
modification. The photochemical properties were tested of two derivatives, with 
different PPGs, a coumarinymethyl- (58) and an dimethoxy ONP (59) group, attached 
to the amide function. Results showed that after irradiation with λ = 365 nm light for 12 
min, only 10% of 58 was activated, whereas 10 min were sufficient to efficiently release 
imatinib from prodrug 59. Therefore, only the biological activity of compound 59 was 
investigated further. For this purpose, an enzymatic PDGF-Rβ assay was performed, 
showing that imatinib is able to inhibit PDGF-Rβ with an IC50 value of 0.059 µM, while 
the caged prodrug 59 is less potent, giving an IC50 value of 5.8 µM. After activation of 
the prodrug with light (λ = 365 nm, 10 min) biological activity was restored (IC50 = 0.089 
µM). Notably, the authors state that the remaining activity of prodrug 59 stems from 
contamination with uncaged imatinib. Therefore further studies are required to prove 
the potential of the designed drug, as a higher phototherapeutic index is desirable for 
efficient photocaging. Additionally, only the inhibition of one drug target was examined 
to analyze the biological activity and the final cytotoxicity may differ from the potency 
to inhibit PDGF-Rβ. 

 

Fig. 1.22: Structures of imatinib and its prodrugs 58 and 59. The photocleavable groups are 
highlighted. 

An elaborate work on the development of another photocaged PKI, derived from 
vemurafenib, was published by the same group.94 This serine/threonine kinase inhibitor 
targets the BRAFV600E mutant and is used for personalized therapy of cancer. Similarly 
to the example described above, suitable positions for the introduction of a PPG were 
identified by analysis of the binding mode, using molecular modeling. Both NH moieties 
were defined to be suited for this purpose. Consequently, three derivatives of 
vemurafenib were synthesized, utilizing an 4,5-dimethoxy-ONP group for photocaging 
(Fig. 1.23, compounds 60-62). Experiments using UV light (λ = 365 nm) revealed efficient 
photocleavage of all three derivatives with 90% release of the drug after less than 1 min 
of irradiation. Thereafter, the biological activity of the three derivatives in comparison 
to vemurafenib was examined. Determination of the binding affinity towards BRAFV600E 
showed that vemurafenib has the highest affinity (KD = 10 nM), but also compounds 61 
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and 62 featured a moderate binding affinity (KD = 77 nM and KD = 79 nM, respectively). 
In contrast, derivative 60 showed the lowest affinity with a KD value of 440 nM. 
Additionally, the selectivity of 60, 62 and vemurafenib for the target kinase over 140 
other kinases was tested. Under the test conditions (10 µM concentration), vemurafenib 
inhibited more than 70% activity of 32 kinases. However, prodrug 62 inhibited 13 kinases 
and prodrug 60 inhibited only two kinases. Subsequently, cellular growth inhibition of 
different melanoma cell lines carrying the BRAFV600E mutation was analyzed. As 
expected, vemurafenib showed high cytotoxic activity on these cells (IC50 = 0.17 µM for 
SKMel13 cells), whereas the caged prodrugs exerted cytotoxic activity only at higher 
concentrations: IC50 = 4.3 µM for 61 and IC50 = 2.6 µM for 62 (both results for SKMel13). 
In line with the affinity studies, compound 60 did not show any cytotoxic effects under 
the test conditions. After irradiation, all compounds showed an increase in cytotoxicity 
(IC50 = 1.5 µM for 60, IC50 = 0.46 µM for 61 and IC50 = 0.35 µM for 62). The authors also 
tested the biological effects of the products formed from the photocage part of the 
molecule upon irradiation. To that end, a non-toxic, Boc-protected alanine and the 
corresponding photoprotected derivative were chosen as model compounds. The 
control assay showed that photoactivation of the caged compound resulted in growth 
inhibition, but at much higher concentrations than for compounds 60-62. Thus, the 
authors conclude that the effects of the PPG can be discarded. As a last assay to confirm 
the biological activity of the designed prodrugs, the influence on BRAFV600E signaling 
was tested, using the phosphorylation of ERK (extracellular signal-regulated kinase) as 
a marker. At concentrations higher than 0.01 µM, vemurafenib blocked the 
phosphorylation completely. In comparison, even concentrations of the prodrug higher 
than 10 µM did not lead to a full inhibition of BRAF signaling. After exposure to UV light, 
all prodrugs showed similar activity to vemurafenib, whose activity was not influenced 
by irradiation. 

 

Fig. 1.23: Structures of vemurafenib and the designed prodrugs 60-62. The photocleavable 
ONP-based moieties are highlighted. 
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 Inhibitors of tubulin (dis-)assembly 

The group of Noguchi et al. worked on the development of photoactivatable prodrugs 
of paclitaxel.70 Paclitaxel is a clinically-used mitosis inhibitor which blocks the 
disaggregation of microtubules in G2 phase. One major disadvantage is the low 
solubility of this natural product and the requirement for solubilizing agent Cremophor 
EL, which accounts for hypersensitivity reactions. The first photactivatable paclitaxel 
derivative published by the Noguchi group (63, Fig. 1.24) held a coumarinyl moiety as 
a PPG, and showed the same problem of water insolubility.95 Therefore, the group 
focused on improving the design of the PPG in order to enhance the water solubility of 
the prodrug. For this purpose, additional positively charged groups were introduced 
into the coumarinyl moiety. Employing this PPG, the two prodrugs 64 and 65 (Fig. 1.24) 
were synthesized. Both derivatives were at least 400,000-fold more water soluble than 
paclitaxel. However, compound 64 is not stable in the dark and therefore is not a 
suitable candidate for photoactivated chemotherapy.70 In contrast, compound 65 
showed excellent dark stability and was used for further examination. Photocleavage 
studies with a pulse laser (λ = 355 nm) showed immediate release of derivative 66, 
which was converted to paclitaxel via spontaneous intramolecular O-N acyl migration. 
The delay in paclitaxel formation after irradiation (t1/2= 15.1 min) could present a 
problem in selectivity in vivo. Moreover, with this setup the yield of liberated paclitaxel 
was only 24% after 4 min irradiation time. The reason for this low recovery rate is 
probably the high instability of the prodrug. This assumption is supported by the fact 
that the PPG alone decomposed completely after 0.5 min of irradiation. However, 
irradiation with λ = 365 nm with a UV lamp with weaker intensity resulted in a much 
higher yield of paclitaxel (69%), with 50% conversion after 4 min. Still, further analysis 
of the photoactivation is necessary as the formation of an unknown byproduct was 
observed, which probably stems from decomposition of the PPG. In conclusion, a water-
soluble prodrug of paclitaxel was synthesized, allowing the administration of the drug 
without solubilizing agents. Unfortunately, no information about the cytotoxicity of the 
prodrug is available, and extensive studies on the biological activity in the dark and after 
exposure to light are essential to assess the potential of the prodrug for 
photoactivatable chemotherapy. 
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Fig. 1.24: a) Structures of prodrugs 63-65; b) release mechanism of paclitaxel from 
compound 65 via intermediate 66. The photocleavable coumarinyl moieties are highlighted. 
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Fig. 1.25: Photoactivated analogues of combretastatin A4.69 a) structures of combretastatin 
A4, its prodrug 67, pseudo-prodrug 68, and fluorescent probe 69. Rh = rhodamine. The 
photocleavable aminoacrylate linker is highlighted; b) mechanism of drug release: Upon 
irradiation, the photosensitizer produces reactive singlet oxygen, which leads to the 
cleavage of the aminoacrylate linker. 

Bio et al. developed a new approach that combines photoactivated chemotherapy with 
PDT.69 Towards this end, they combined the tubulin assembly inhibitor combretastatin 
A4 (CA4) with a core-modified porphyrin (CMP) via an aminoacrylate linker. Upon 
irradiation with λ = 690 nm, CMP produces singlet oxygen species, which does not only 
have a cytotoxic effect by itself but also leads to the cleavage of the linker and 
subsequent release of CA4 (Fig. 1.25b). Three different (pseudo) prodrugs were 
synthesized in order to analyze the biological activity of the construct (Fig. 1.25a): (i) the 
target compound 67, (ii) compound 68, with a non-cleavable linker and (iii) compound 
69, containing fluorescent rhodamine instead of CA4. First, the inhibition of tubulin 
polymerization was analyzed in vitro. CA4, paclitaxel and a probe without any active 
compound were used to define the inhibitory activity of compound 67 and 68. While 
CA4 completely inhibited tubulin polymerization, the tested derivatives showed only a 
limited inhibition (6% for 67, 9% for 68). Unfortunately, no data for the inhibitory activity 
of the activated compounds are available. Secondly, the cytotoxicity of the 67 and 
pseudo-prodrug 68 was examined on MCF-7 cells using an MTT-assay. Results show 
that, without activation, the two tested compounds are less toxic than CA4 (IC50[CA4] = 
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9 nM, IC50[67] = 164 nM, IC50[68] = 1802 nM). After exposure to light (λ = 690 nm), both 
compounds showed higher cytotoxicity (IC50[67] = 28 nM, IC50[68] = 1063 nM). As 
pseudo-prodrug 68 cannot release CA4 the authors assume that the increase in 
cytotoxicity only stems from the PDT effect. In comparison, the increase in cytotoxicity 
of light-activated prodrug 67 is higher than of compound 68, which indicates a dual 
mechanism of action. This assumption is supported by fact that the dose response curve 
has a different shape than the dose response curve of CA4.69 Next, the bystander effect 
of photoactivated compound 67 was examined in order to investigate the mechanism 
of action. As reactive oxygen species have a short half-life, the PDT effect only affects 
the cells that are exposed to light and no neighboring cells, whereas released CA4 is 
able to have cytotoxic effects on surrounding cells as well. Results showed that 67 
inhibited growth of surrounding cells after light activation, while the CMP 
photosensitizer alone damaged only the irradiated cells. The in vivo cleavage of the 
photocleavable linker was analyzed with a FRET probe. Compound 69 was injected into 
a mouse and the fluorescence of released rhodamine was measured as a function of 
irradiation time. As the irradiation time increased from 10 to 30 minutes, an increase in 
fluorescence was observed indicating the light-induced cleavage of the linker. Yet, it is 
worth mentioning that the rate of non-selective in vivo activation remains to be 
examined. Last, the in vivo antitumor efficacy was analyzed (Fig. 1.26). For this 
experiment, colon 26 cells were injected into BALB/c mice to generate sc tumors. Five 
different probes were tested: (1) control; (2) prodrug 67 + CA4, non-irradiated; (3) 
pseudo-prodrug 68 + CA4, irradiated; and (4) and (5) prodrug 67 in different 
concentrations, irradiated. On three consecutive days the respective compounds were 
administered via intraperitoneal injection and after 1.5 h the tumors were irradiated with 
a diode laser (λ = 690 nm). The antitumor efficacy was evaluated based on the tumor 
size. All probes showed an inhibition of tumor growth compared to the control group 
(Fig. 1.26). The combination of CA4 with non-irradiated prodrug 67 possessed least 
antitumor efficacy, followed by the combination of CA4 with irradiated pseudo-prodrug 
68. The higher activity stems from the PDT effect recognizable by the signs of necrosis. 
Surprisingly, the tumors of mice that were treated with prodrug 67 and with light (group 
4 and 5) were smaller than the ones of mice exposed to the PDT effect of 68 and the 
same concentration of CA4 administered separately (group 3).  



BEYOND PHOTODYNAMIC THERAPY: LIGHT-ACTIVATED CANCER CHEMOTHERAPY 
 

 47 
 
 
 
 
 
 
 

 

Fig. 1.26: Results of antitumor efficacy experiments presented as tumor growth curves. (1) 
tumor volume of control mice; (2) tumor volume of mice treated with photoactivatable 
prodrug 67 and CA4 without irradiation; (3) tumor volume of mice treated with pseudo-
prodrug 68 and CA4 with irradiation; (4) and (5) tumor volume of mice treated with 
photoactivatable prodrug 67 in different concentrations with irradiation. Adapted with 
permission from ref. 69. Copyright 2013 American Chemical Society. 

Later, a similar design was published by the same group (Fig. 1.27).68 It employed 
fluorescent phthalocyanine (PC) as a photosensitizing agent, allowing in vivo fluorescent 
imaging. A prodrug with a photocleavable aminoacrylate linker (70) and one pseudo-
prodrug with a non-cleavable linker (71) were synthesized. Furthermore, 
poly(ethyleneglycol)-poly(D,L-lactide) (PEG-PLA) micelles were utilized in order to 
enhance selective targeting via the EPR effect, to extend circulation time and to 
solubilize the prodrug.96 After characterization of the micelles, the effects on tubulin 
polymerization were examined. Both compounds showed a significantly lower tubulin 
inhibition than CA4 at the same concentration (70: 23 %, 71: 17% of CA4 activity at 3 
µM). Similar results were observed when testing the in vitro cytotoxicity on MCF-7 cells. 
Prior to irradiation, compounds 70 and 71 were less toxic than CA4 (IC50[CA4] = 9 nM, 
IC50[70] = 173 nM, IC50[71] = 916 nM), whereas exposure to light (30 min, λ = 690 nm) 
led to a significant increase in cytotoxicity (IC50[70] = 6 nM, IC50[71] = 34 nM). The 
bystander effect was also analyzed: in the probe treated with pseudo-prodrug 71 only 
the cells that were irradiated were damaged, whereas in the probe treated with prodrug 
70 all the cells were damaged upon irradiation. Next, the in vivo distribution and the 
effect of the micelle formulation was evaluated. To that end, PEG-PLA micelles 
containing the compounds were prepared, together with solutions in 5% Cremophor 
EL used as a control. The formulations were injected retro-orbitally in Balb/c mice with 
sc tumors created via injections of colon-26 cells. Imaging of the phthalocyanine 
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fluorescence at different time points showed accumulation of each formulation in the 
tumor regions, but the micelles seemed to persist longer in the tumor compared to the 
formulations with Cremophor EL. Finally, the antitumor efficacy was examined, using 
the same type of mice. The following samples were tested: (1) CA4, non-irradiated; (2) 
pseudo-prodrug 71, irradiated; (3-5) prodrug 70 in different concentrations, irradiated 
with different energy of light, and (6) control. 24 hours after retro-orbital injection of 
one of the samples into each mouse, the tumors were irradiated with a diode laser (λ 
= 690 nm) for 30 min. The tumor size was taken as an indication for efficacy of the 
treatment. As expected, the tumors from the control group showed most extensive 
tumor growth. In comparison, the tumors in mice treated only with CA4 were 
significantly smaller. It is noteworthy that the PDT effect of irradiated pseudo-prodrug 
71 inhibited tumor growth more than CA4 in the first three days, but afterwards tumors 
grew back at a similar rate like in the control group. In contrast, the tumor size in groups 
(3)-(5) treated with irradiated prodrug 70 shrank to unmeasurable size until day 15. In 
conclusion, the authors developed a new strategy to combine PDT and in vivo optical 
imaging with photoactivated chemotherapy, activatable with far-red or NIR light, which 
presents a major advantage of this approach. However, the requirement of oxygen for 
the PDT effect and bond cleavage is unfavorable as the internal volume of most tumors 
is hypoxic. Further mechanistic studies are awaited to explain the outstanding antitumor 
effects, which exceeded the combination of the cytotoxic effect of CA4 and the 
photosensitizer phthalocyanine or core modified porphyrin respectively. 

 

Fig. 1.27: Structures of 70 and 71. PC=phthalocyanine. The photocleavable aminoacrylate 
linker is highlighted. 
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Table 1.2: Overview over photocaged organics including corresponding phototherapeutic indices 
Original cytotoxic 

agent 
Target/Mechanism of 

action 
Compound PI  λ (nm) Methods Ref 

PtII complex DNA 38 - UV In vitro cytotoxicity study on MCF-7 
cells 

54 

38 > 11 400-700 In vitro cytotoxicity study on HaCaT, 
BT474, T47D, and Hep3B cells 

64 

CuII Production of ROS  39 2 UV In vitro cytotoxicity study on MCF-7, 
HeLa HL-60 cells 

56–
58 

ReI complex Production of ROS 40a 2 350 In vitro cytotoxicity study on MRC-5 
and HeLa cells 

61 

41a > 5 350 In vitro cytotoxicity study on MRC-5, 
PC3 cells, and HeLa cells 

RuII complex DNA 42a > 6 350 In vitro cytotoxicity study on HeLa 
cells and U2OS cells 

63 

Phosphoramide 
mustard 

DNA (alkylation) 44a-b, 45 - 300-400 In vitro alkylating studies, no IC50 
values  

52 

Duocarmycin DNA (alkylation) 46a-c, 47a-b ≤ 3000-82000 
(for 47a) 

UV-A In vitro cytotoxicity study on A549 
cells 

74 

5-Fluorouracil/ 
Tegafur 

Antimetabolite 
(pyrimidine analogue) 

48 - 350 In vitro cytotoxicity study on E. coli 
DH5α cells 

53 

49 7% vs. 67% cell death 350 In vitro cytotoxicity study on MCF-7 
cells 

75 

50 - 365 No studies on biological activity 78 
Methotrexate Antimetabolite (folic 

acid analogue) 
51 Cytotoxicity of prodrug 

in same range as for free 
MTX 

365 In vitro cytotoxicity study on KB cells 81 
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Original cytotoxic 
agent 

Target/Mechanism of 
action 

Compound PI  λ (nm) Methods Ref 

Doxorubicin DNA, topoisomerase II 52 No activity vs 80% 
reduction of cell growth 

365 
 

In vitro cytotoxicity study on KB cells 82 

55 71 330-380 In vitro cytotoxicity study on A549 
cells 

(No IC50 values from in vivo studies) 

86 

56 > 10 365 In vitro cytotoxicity study on JH-
EsoAd1 cells 

89 

57 - 980 No studies on biological activity 73 
Imatinib Several protein kinases 58, 59 65 (for 59) 365 Inhibition of PDGF-Rβ 91 

Vemurafenib BRAFV600E mutant 60 No toxicity vs IC50= 1.5 
µM 

365 In vitro cytotoxicity study on 
melanoma cell line SKMel 13 (carrier 

of BRAFV600E mutation) 

94 

61 9 
62 7 

Paclitaxel Inhibition of tubulin 
disaggregation 

64, 65 - 365 No studies on biological activity 70 

Combretastatin A4 Inhibition of tubulin 
assembly 

67 6  690 In vitro cytotoxicity study on MCF 7 
cells (No IC50 values obtained from 

in vivo studies) 

69 

70 29 690 In vitro cytotoxicity study on MCF 7 
cells 

(No IC50 values obtained from in 
vivo studies) 

68 
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 SUMMARY 

In summary, a wide range of prodrugs that release an active chemotherapeutic upon 
irradiation have been designed and synthesized as shown in an overview in Table 1.2. 
This concept has been employed since the late nineties of the 20th century and can be 
applied to a variety of drugs with different cytotoxic mechanisms ranging from relatively 
unselective DNA alkylation/intercalation to selective inhibition of mutated protein 
kinases. In most cases, it was possible to achieve a very high phototherapeutic index 
which is crucial in order to reduce unwanted drug effects. Photoprotecting groups 
(PPGs) derived from ONP are the most often employed. However, this type of PPG is 
not optimal for biological applications due to the need for UV light and relatively long 
irradiation times for the activation. The fact that ONP-derived PPGs are nonetheless 
widely used probably stems from their well-established synthetic accessibility and 
versatility. In order to circumvent the mentioned drawbacks of ONPs, new PPGs and 
the use of up-converting nanoparticles is being studied and is expected to provide 
solutions for NIR light activation. Another prospect is offered by the wavelength-
selective deprotection of multiple PPGs,97 which could allow the use of multiple 
chemotherapeutics and their selective activation in space and time. However, a 
weakness of the PPG-based approach is the irreversibility of activation. Undoubtedly, 
side effects will be reduced but the activated drug will still be able to damage healthy 
tissues of the body after leaving its site of action. For this reason, recently another 
modality is being developed using photoswitchable drugs, which offers not only an “on” 
but also “off” switching of the cytotoxic activity and will be described in the next section. 

 PHOTOSWITCHABLE CHEMOTHERAPEUTIC AGENTS 

In the following section, we present the design and studies on biological activity of 
photoswitchable chemotherapeutics. This recent approach to controlling biological 
activity of drugs with light came to be known as “photopharmacology” and has been 
recently defined with its strategies, challenges and opportunities.98,99 In contrast to 
photocleavable prodrugs, only a few examples of photoswitchable chemotherapeutics 
have been published. One major advantage over the use of photocleavable drugs is 
that the activation of photopharmacological agents is reversible, which may lead to a 
significant reduction in adverse drug reactions. In general, this strategy uses molecules 
that can be efficiently excited to the more active form and spontaneously reisomerize 
to the less active isomer. Therefore, the half-life of the active form is of crucial 
importance. On one hand, this form has to be stable enough to exert the desired effect, 
on the other hand the inactivation should succeed as soon as possible to prevent 
cytotoxic effects on other organs. This approach is particularly useful in the case of 
cytotoxic drugs that accumulate in (excreting) organs and are only slowly metabolized 
and endogenously inactivated. 

To date, three different groups published studies on photoswitchable CA4 analogues. 
It is known that the cis form of CA4 is biologically active,100 and isomerization of the 
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olefinic bond results in a significant loss in activity. Exchanging the stilbene structure for 
an isosteric azobenzene leads to a photoswitchable analogue of CA4 (Fig. 1.28). 
Azobenzenes are well-established photoswitches for biological applications101 due to 
synthetic accessibility and robustness of photoswitching. Generally, the trans isomer is 
thermodynamically more stable than the cis isomer. Upon irradiation with an 
appropriate wavelength, it is possible to switch the molecule from the trans to the less 
stable cis form. The equilibrium ratio between cis and trans isomer under irradiation is 
called the “photostationary state” and is aimed to be as high as possible for medical 
applications. Isomerization back to the trans state will then proceed spontaneously or 
can be accelerated by exposure to light of a suitable wavelength. The photochemical 
properties of azobenzene derivatives, including the wavelength dependence of the 
switching and the half-life of the unstable isomer can be influenced by careful choice 
of substituents.  

 

Fig. 1.28: General structure and isomerization of the designed photostatins. 72: aza-
analogue of CA4, 73: aza-analogue of CA4 phosphate. 

Following this strategy, Borowiak et al. synthesized various analogues of CA4, called 
“photostatins” (Fig. 1.28).102 All derivatives could be switched to the active cis form using 
UV and blue light (λ = 380-420 nm), whereas irradiation with light of longer wavelength 
or dark thermal adaptation resulted in back-isomerization to the trans form. The half-
lives for the thermodynamically unstable cis-isomers ranged from 0.8 to 119.0 min (72: 
6.2-8.4 min). Evaluation of the biological activity of compounds 72 and 73 was 
performed on different cell lines, including MDA-MB-231 (breast adeno carcinoma 
epithelial cells), HeLa cells, and Jurkat (T cell lymphoma cells) (Fig. 1.29). Results showed 
a significant increase in cytotoxicity of the derivatives when exposed to light (λ = 390 
nm, different pulse schemes), with IC50 values in the low micromolar range, which is 
comparable to the potency of CA4 phosphate. Further studies confirmed toxic effects 
of activated compound 72, such as membrane disintegration, depletion of nuclear DNA 
content, and cleavage of PARP into catalytic fragments serving as an indication for 
apoptosis. In contrast, under dark conditions such effects were not apparent at the same 
concentrations. Subsequently, the authors investigated the influence of 72 on tubulin 
organization. Irradiation and treatment with 72 lead to an arrest in G2/M phase, typical 
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for tubulin inhibitors. In the dark, and also after applying a “rescue regime” involving a 
light pulse at λ = 390 nm (activation) followed by a λ = 515 nm (inactivation) pulse, the 
G2/M phase arrest was significantly reduced. Additionally, a scintillation proximity assay 
(SPA assay) of competitive binding of radiolabeled colchicine and 72 confirmed that 
photoactivation results in competitive binding of 72 to the colchicine binding site on 
tubulin with an EC50 of 30 µM. In comparison, CA4 showed an EC50 of 0.16 µM. Similarly, 
the cis isomer showed an inhibitory effect (IC50 = 5 µM) on tubulin polymerization of 
purified tubulin whereas the trans isomer was not active (IC50 ˃˃ 40 µM). These findings 
were supported by immunofluorescence imaging of tubulin in living HeLa cells in the 
presence of 72 and by analysis of tubulin organization using EB3 which was labeled with 
a fluorescence tag. Finally, several in vivo studies were performed. Firstly, the cell cycle 
of transgenic Caenorhabditis. elegans (C. elegans) embryo cells in the presence of 
compound 72 was analyzed. A fluorescent group was attached to cell membrane 
marker PH and histone H2B allowing tracing of the different stages of mitosis. Cells that 
were exposed to light (λ = 405 nm) in the presence of 72 were arrested in metaphase, 
while neighboring cells that were not irradiated showed normal mitosis. Furthermore, 
cells that were exposed to an inactivating light pulse of λ = 514 nm right after 
photoactivation with λ = 405 nm did not show variance in the normal cell cycle either. 
Next, the biological activity in living mice was evaluated. For this purpose, dissected 
cremaster muscles of the mice were superfused with a solution of the test substance. In 
this case, the CA4 phosphate analogue 73 was used because of its higher solubility in 
water. The muscles were either irradiated with λ = 390 nm or kept in the dark as a 
control. As further controls, other muscle samples were perfused with buffer and then 
underwent the same treatment. Subsequently, the tissue was removed for 
immunohistochemistry analysis using anti-α-tubulin antibody. Similarly to the previous 
results, the samples that were exposed to λ = 390 nm showed disassembly of 
microtubules, whereas in the dark control normal microtubule organization, consistent 
with the control tissues without active compound, was observed.  
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Fig. 1.29: Overview of selected bioactivity studies performed with compound 72 and 73. a) 
cell cycle analysis of MDA-MB-231, HEK293T and HeLA cells treated with 72 (2 µM for MD-
MB-231 cells); b) treatment of MDA-MB-231 cells with 72 for 20 h with subsequent staining 
of α-tubulin and DNA; c) mitotic progression of transgenic C. elegans embryos bathed in 
72 and targeted with millisecond pulses of respective wavelengths when entering to 
metaphase; d) cremaster muscle tissue of living mice was superfused with 73 (40 min, 50 
µM), illuminated or kept in dark subsequently stained for α-tubulin and nuclei.  

The research of Engdahl et al. focused on the evaluation of bioactivity of the same CA4 
analogue 72.103 An in vitro turbidity assay with isolated tubulin was performed in order 
to analyze the light dependent effect of 72 on tubulin (de-)polymerization. After 
exposure to light of an appropriate wavelength, 72 showed similar disruptive effects like 
CA4 on tubulin polymerization but with slightly lower potency.103 In the dark, no such 
effects were observed. In the subsequent experiment, the cytotoxicity on HeLa cells was 
examined. For this purpose, the viability of cells that were incubated with compound 72 
for five days and irradiated with λ = 400 nm light was determined by means of an MTT 
assay. Irradiation led to complete cell death in the samples with concentrations of 72 of 
more than 500 nM. In the control samples, which were not exposed to light, compound 
72 did not have toxic effects at concentrations up to 100 µM and irradiation alone did 
not have any effects on cell viability either. 

Studies on the same photoswitchable derivative were also published by Sheldon et al.104 
Interestingly, photoswitching analysis gave results that are not in agreement with results 
published by Borowiak et al.102 In fact, the half-life of the cis isomer was determined as 
75-100 min in contrast to 6.2 min reported previously under the same conditions. 
Similarly to studies conducted by Engdahl et al.,103 the effect on tubulin polymerization 
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was examined in vitro. In general, results are in line with those previously published. The 
differences in potency were defined more precisely showing an IC50 for pre-irradiated 
72 of 5.1 µM compared to the more potent CA4 with IC50 = 1.9 µM. In the absence of 
light, 72 was 2.8 times less potent than the activated form. Besides the experiments with 
isolated tubulin, the authors conducted cytotoxicity studies with human umbilical vein 
endothelial cells (HUVECs) and MDA-MB-231 cells. The results of the assay on MDA-
MB-231 were consistent with those published by Borowiak et al.102 As CA4 is known to 
have vasculature-disrupting effects, the use of HUVECs is a reasonable addition to the 
cytotoxicity studies carried out before. Different pulse patterns of irradiation were 
applied for 48 h in order to confirm the spontaneous isomerization from the activated 
cis back to the trans from. The light pulses (λ = 380 nm) were applied according to the 
following scheme: (i) one 1 min pulse every hour, (ii) one 1 min pulse every two hours, 
(iii) one 1 min pulse at the beginning of the experiment. As anticipated, the toxic effects 
of 72 decreased with increasing pulse intervals, For the first pulse pattern (one pulse 
per hour), the toxicity was 22 times higher compared to the dark control. Nevertheless, 
the activated aza analogue of CA4 (72) (IC50 = 0.4-0.6 µM) was not as potent as its 
parent drug (IC50 = 0.002-0.004 µM). The authors hypothesize that this difference in 
potency stems from metabolic instability of the aza analogue. As it is known that 
azobenzenes react with glutathione (GSH) in a phase II metabolism reaction,105 the 
stability of 72 was evaluated revealing that both isomers are decomposed by GSH. 
Further LC-MS/MS investigation on the progression of the reaction with activated 72 
confirmed degradation of the cis isomer and indicated the formation of a 
rearrangement product of the same mass but not accordant with the trans isomer. 
Furthermore, the transient emergence of a peak characteristic for GSH adduct was 
observed.  

In summary, aza analogues of CA4 present promising drugs for photoactivated 
chemotherapy, standing out due to the possibility of being activated and also 
deactivated. Undoubtedly, the designed compounds are a useful tool for cell biology. 
However, the weak potency of the activated cis form compared to CA4103 and its 
presumably low metabolic stability104 might present a problem for the clinical use. In 
addition, the need of λ ≤ 400 nm light to activate is not optimal for medical application 
in humans. 
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Fig. 1.30: HDAC inhibitor SAHA and prodrug 74. a) Binding mode and structure of SAHA; 
b) structure of photoswitchable HDAC inhibitor 74. Reproduced with permission from ref. 
106. Copyright 2015 Wiley-VCH. 

A further photoswitchable cytotoxic drug with an azobenzene moiety was published by 
Szymański et al.106 This work presents the design and analysis of 12 derivatives of the 
histone deacetylase (HDAC) inhibitor SAHA (vorinostat, Fig. 1.30). HDAC inhibitors are 
relatively new drugs in cancer therapy. It is assumed that the cytotoxic effects are based 
on the inhibition of the deacetylation of chromatin. Normally, this deacetylation ensures 
close packing of DNA, which makes it less accessible to transcriptions factors and 
therefore to gene expression. Thus, inhibition of HDACs results in unregulated 
transcription, which may cause apoptosis.107,108 The hydroxamic acid moiety of the 
HDAC inhibitors is crucial for the biological activity, as it binds to the zinc ion inside the 
enzyme’s catalytic pocket. Several experiments on the photoswitching properties and 
inhibitory potency on different HDACs demonstrated that compound 74 was the most 
promising as a photoswitchable drug. Firstly, a high photostationary state (percentage 
of instable cis isomer at equilibrium under irradiation with λ = 365 nm, at c ≈ 2 mg mL-

1 in DMSO) of 92% was measured. Secondly, analysis of the inhibition of several human 
HDACs showed that the cis isomer is the more active one (e.g. for HDAC2: IC50[cis] ≈ 
0.56 µM, IC50[trans] ≈ 21.65 µM, IC50[SAHA] ≈ 0.18 µM, Fig. 1.31a and b), which was not 
the case for most of the remaining compounds. Thirdly, derivative 74, as well as the 
whole range of other aza-derivatives, was shown to be metabolically stable towards 
reaction with GSH, which is the predominant biotransformation reaction of 
azobenzenes.98 Next, the reversibility of isomerization of compound 74 was analyzed. 
Several cycles of alternate photoactivation to cis and deactivation to trans form were 
executed, followed by a quantification of HDAC1 activity at the end of each cycle. Results 
show a reversible inhibition with 59% residual activity in presence of the cis isomer, 
compared to 90% activity in the presence of the trans isomer (Fig. 1.31c). Subsequently, 
an enzymatic activity assay with HDAC2 was performed to confirm the applicability of 
the previous findings to the in situ isomerization. For this purpose, the enzyme was 
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incubated with the cis form. After 30 min, the sample was exposed to white light 
provoking the isomerization to the trans form and causing a significant increase in 
activity (Fig. 1.31d). Finally, the cytotoxic effects on HeLa cells of both isomers were 
examined. As expected, incubation with the cis form lead to almost complete cell death, 
whereas the trans form did not show significant cytotoxic effects at equal concentration 
(100 µM) (Fig. 1.31e). Notably, in both cases an increase in histone acetylation indicating 
the inhibition of HDAC was observed. Further data analysis confirmed that inhibition of 
the HDACs by 74 is competitive and not irreversible. In conclusion, this research 
presents a promising candidate for a photoswitchable chemotherapeutic and further 
analysis of the biological activity is awaited in order to clarify the significance of the 
varying inhibitory effects on different HDAC isoforms and the in vivo efficiency.  

 

Fig. 1.31: Studies on the performance of compound 74 as HDAC inhibitor. The IC50 curves 
in a) HDAC1 and b) HDAC2 recombinant enzymes of trans and cis forms of the inhibitor; 
c) inhibition of HDAC1 activity (black) with 50 nM of inhibitor 74 and reversible 
photochromism (gray) after 4 isomerization cycles; d) in situ photoisomerization of 74, after 
30 min of incubation of the cis form (1 μM) with HDAC2, with white light. The formation of 
product was monitored at the indicated times; e) HeLa cell viability was measured after 16 
h of incubation with various concentrations of each isomeric form of the inhibitor, a)–e) the 
data is presented as mean values of three independent measurements with their respective 
standard deviations. Reproduced with permission from ref. 106. Copyright 2015 Wiley-VCH. 
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Fig. 1.32: Structures of bortezomib and its analogues 75-80. 

Another approach towards the development of photoswitchable chemotherapeutics 
was presented by Hansen et al.109 This research presents the design and evaluation of 
photoswitchable proteasome inhibitors based on bortezomib. Proteasomes are 
complexes of proteolytic enzymes responsible for the degradation of ubiquitinated 
proteins in order to maintain cell homeostasis. Especially in tumor cells, protein synthesis 
rate is very high and misfolded proteins are abundant, thus inhibiting proteasomes may 
lead to accumulation of misfolded proteins and trigger apoptosis.110 With the aim to 
preserve the biological activity and affinity to the target, the core structure of 
bortezomib was kept unchanged and a selection of substituted azobenzene moieties 
was attached to the molecule, giving six different aza-analogues (compounds 75-80, 
Fig. 1.32). Photoisomerization studies verified that it is possible to switch every derivative 
from the trans to the cis form by using light (λ = 365 nm) and that relaxation to the 
trans form occurs spontaneously with half-lives ranging from 3.8 to 7.7 h. Furthermore, 
the metabolic stability towards reaction with GSH was examined. Presence of cytosolic 
concentrations of GSH did not show significant influence on the absorption spectrum 
and photoswitching properties of compound 75, used as a model compound. In order 
to confirm the expectation that the linear trans form fitted better into the active site of 
the proteasome complex and thus has a higher activity than that of the cis form, the 
biological activity was examined. RAJI cell lysates were incubated with the different 
concentrations of respective cis and trans isomers of compounds 75-80 and afterwards 
the binding affinity was determined by using fluorescent probes to quantify the vacant 
binding sites. Results showed that, in fact, the trans isomer has a higher affinity than the 
cis isomer (up to three times, depending on binding site and derivative), with IC50 values 
in the same range as the parent drug bortezomib. Furthermore, differences in binding 
affinity to the distinct binding sites were revealed. Similarly to bortezomib, the 
photoswitchable derivatives tend to have a higher affinity for proteasome binding sites 
β1 and β1i over β5. Finally, an MTT assay with HeLa cells was used to analyze the 
cytotoxic activity. Differences in dose-activity relation of the cis and trans isomers were 
observed with only minor changes in IC50 values. To summarize, this research again 
proves the concept that photoisomerization may change the biological properties of a 
drug. The designed bortezomib analogues, however, require further optimization to 
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increase the difference in activity of the respective isomers. Beyond that, the fact that 
the trans form is the active isomer is not optimal for application as a photoswitchable 
chemotherapeutic as explained above. 

 

Fig. 1.33: Structure of ligands L81 and L82 before and after photoactivation. 

Presa et al. published two photoswitchable Platinum(II) complexes employing a 1,2-
dithienylethene moiety (compounds L81 and L82, Fig. 1.33) as a photoswitchable ligand.111 
Upon UV irradiation, the open form of the diarylethene switch isomerizes to the closed 
form, as shown in Fig. 1.33. The closed form is stable in the dark and isomerization back 
to the open form proceeds after irradiation with visible light. Preparation of the 
corresponding PtII complexes was performed via the reaction of two equivalents of the 
photoswitchable compounds with one equivalent of cis-[PtCl2(DMSO)2] giving trans-
[Pt2Cl4(DMSO)2(L81)] and trans-[Pt2Cl4(DMSO)2(L82)] respectively. In the following we 
refer to these complexes as 81 and 82. UV-Vis spectroscopy was employed to analyze 
the photochemical properties of the ligands and the respective complexes. 
Characteristic absorption bands for the open form of L81 and L82 were observed prior 
to irradiation. After exposure to λ = 365 nm, new bands of π-π* transitions (L81: λ= 378 
nm and 550 nm and L82: λ= 381 nm and 592 nm) of the closed form appeared. Similar 
results were obtained for the corresponding PtII complexes, with the difference that 
absorption bands were bathochromically shifted. Subsequently, the interactions of 
complexes 81 and 82 with DNA were analyzed using a competitive binding assay with 
ethidium bromide on calf thymus DNA. Evaluation of the data revealed that 81 has a 
higher affinity to DNA than 82. The authors suggest that this is caused by electronic 
repulsion of the fluorine atoms with the phosphate backbone of DNA. More 
importantly, the closed forms showed higher affinity than the respective open forms 
(6.5-fold binding affinity difference for 81, and 5.5-fold for 82). This was explained by 
the fact that the open form is more bulky than the closed form and thus is more sterically 
hindered to bind to the double helix.111 In addition, electronic properties of the ligand 
after ring closure may be favorable for the binding. Next, DNA binding of the complexes 
was examined by analyzing electrophoretic mobility of plasmid DNA. Incubation with 
cisplatin, taken as a model compound, has a shortening effect on relaxed circular DNA 
and therefore increases the electrophoretic mobility. In contrast, 81 and 82 presumably 
lead to an unwinding of double helix supercoiled DNA, which decreases its mobility.111 
Overall, this effect is more distinct for the closed forms of the complexes and also more 
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pronounced for complex 82. Subsequently, the cytotoxic effects of the photoswitchable 
compounds on six different cancer cell lines were analyzed. Cells were incubated with 
the open and the closed forms of 81 and 82. In contrast to results of the studies on DNA 
binding, neither the closed nor the open form of complex 81 had cytotoxic effects on 
any of the cell lines. On the other hand, the closed isomer of complex 82 showed 
inhibitory effects on the growth of most studied cell lines, whereas the open form was 
significantly less active. This difference in activity decreases over time, but is still visible 
after 72 hours of incubation. (Results for DMS53 [small lung cancer cells]: after 48 h 
incubation, IC50 [closed] = 34 µM, IC50 [open] = 76 µM; after 72 h incubation, IC50 [closed] 
= 30 µM, IC50 [open] = 55 µM). Even though the closed from of 82 showed highest 
activity, it is still up to eight times less potent than cisplatin. Finally, the cellular 
localization of the different compounds was analyzed, exploiting the fact that the 
photoswitchable complexes show fluorescence. Confocal microscopy showed that all 
complexes are able to enter the cell. The cellular localization is in line with the results of 
the cytotoxicity studies, since the closed form of 82 is the only compound which is co-
localized with the nucleus, while the other – less cytotoxic – complexes are located in 
vesicular structures. In conclusion, a new strategy in the design of photoswitchable 
chemotherapeutics has been developed. Broad cytotoxicity studies performed in the 
course of this research show the strong dependency of biological activity on the type 
of cell line used for examination. The relatively small differences in activity of the two 
isoforms and the fact that the active (closed) form is stable in the dark and will not be 
deactivated outside the site of action in the body are possible weaknesses of the 
designed PtII complexes. 

Taken together, the reported studies prove the principle of photoswitchable 
chemotherapeutic agents and highlight the advantage of reversible activation. To date, 
aza analogues of CA4 are the most investigated examples of this approach. A possible 
obstacle for the application of these compounds in the clinic might be the dependence 
on λ = 380-400 nm light. Further investigation is also needed in order to determine the 
half-lives of the respective compounds, as this is of paramount importance for future 
application. 

 CONCLUSIONS 

This chapter provides an overview of the current status of light-activated 
chemotherapeutic agents that are not relying on the PDT mechanism and therefore do 
not require oxygen for their activation. While these compounds are not yet in clinical 
use, we believe that a systematic overview of the field will contribute to its further 
development. Towards this end, we have categorized the main strategies used for the 
design of light-responsive anti-cancer drugs and we have discussed their intrinsic 
advantages and disadvantages. 



BEYOND PHOTODYNAMIC THERAPY: LIGHT-ACTIVATED CANCER CHEMOTHERAPY 
 

 61 
 
 
 
 
 
 
 

One of the main challenges for the future development of this class of drugs, which 
also represents a major bottleneck for their clinical implementation, is the low 
transparency of biological tissue to the UV light used to activate most of the compounds 
presented herein. This is especially true for photocaged and photoswitchable design. 
The future application of photocaged compounds is strongly depending on the 
development of low-energy-light addressable photocleavable protecting groups 
(PPGs)97,112,113 and it is anticipated that the new developments in this field will lead to 
molecular designs of photoactivated chemotherapeutics with high clinical relevance. 
What remains to be seen is the extent to which chemotherapeutics can be efficiently 
caged with the new PPGs and what the intrinsic toxicity of the photoreaction products 
is. Likewise, the implementation of photoswitchable drugs relies on the application of 
red-light switchable molecules, which started to emerge in the recent years.114–117 

Another challenge, which is specific to the use of photoswitchable drugs, is the limited 
structural space which is covered with the currently employed photoswitches. At this 
point, azobenzenes seem to be the photoswitch of choice, but in other applications of 
photopharmacology98,99,101 also diarylethene118,119 and spiropyran120 switches have been 
employed successfully and could provide additional benefits for chemotherapy in the 
future. While the reversibility of activation has been established, this field is still relying 
on an implementation of efficient strategies to achieve high phototherapeutic indices. 
This problem is connected to the relatively small photoinduced change in molecular 
properties, as compared to the one observed in photocaged drugs and photoactivated 
metal complexes. Nevertheless, we believe that the photoswitchable chemotherapeutics 
have great potential for clinical applications, taking full advantage of the reversible 
activation. 

The three approaches described here may serve their purpose in different therapeutic 
scenarios, and with the knowledge of their strengths and limitations one will be able to 
choose the correct approach for a given problem. Considering this, we predict a shining 
future for the photoresponsive chemotherapeutic agents. 

 

 LIST OF ABBREVIATIONS 
5CNU - 5-cyanouracil 
5-FU - 5-fluorouracil 
5’GMP - 5’-guanosine monophosphate 
ALK - anaplastic lymphoma kinase 
Arg - arginine 
Asp - aspartic acid 
Boc - tert-butyloxycarbonyl 
bpm – bipyrimidine 
bpy - bipyridine 
CA4 - combretastatin A4 
CMP - core modified porphyrin 



CHAPTER 1 
 

 62 
 
 
 
 
 
 
 

dG - deoxy guanosine 
DMSO - dimethyl sulfoxide 
Dox - doxorubicin 
dsDNA - double-stranded DNA 
EB3 - end binding protein 3 
EDANS - 5-((2-Aminoethyl)amino)naphthalene-1-sulfonic acid  
EGFR - Epidermal growth factor receptor 
EPR - enhanced permeability and retention 
ERK - extracellular rignal-regulated kinase 
FA - folic acid 
FAAS - flameless atomic absorption spectroscopy  
FITC - fluorescein isothiocyanate 
FRET - fluorescence resonance energy transfer 
G5-PAMAM - 5th generation polyamidoamine 
Gly - glycine 
GRPR - gastrin-releasing peptide receptor 
GSH - glutathione 
HDAC - histone deacetylase 
His - histidine 
IC50 - half maximal inhibitory concentration 
IC90 - concentration at 90% of maximal inhibition  
ICP MS - inductively coupled plasma mass spectrometry 
IL - intraligand 
IR - infrared 
λexc - absorption wavelength 
λem - emission wavelength 
LC - liquid chromatography 
LED - light emitting diode 
LMCT - ligand-to-metal charge transfer 
L-Trp - L-tryptophan 
Met - methionine 
MLCT - metal-to-ligand charge transfer 
MO - molecular orbital 
MS - mass spectrometry 
MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-ditetrazolium bromide 
MTX - methotrexate 
NBP - 4-(p-nitrobenzyl)pyridine 
NIR - near infrared 
NLS - nucleus localization signaling 
NOE - nuclear overhauser effect 
ONP - ortho-nitrophenyl 
PBS - phosphate buffer saline 
PC - phthalocyanine 
PDGF-R - platelet-derived growth factor receptor 
PDT - photodynamic therapy 
PEG - polyethyleneglycol 
PEG-PLA - poly(ethyleneglycol)-poly(D,L-lactide) 
Phen - phenantroline 
PI - phototherapeutic index 
PKI - protein kinase inhibitors 
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PPG - photocleavable protecting group 
PS - photosensitizer 
py - pyridine 
RES - reticuloendothelial system 
RGD - tripeptide Arg-Gly-Asp 
Rh - rhodamine 
ROS - reactive oxygen species 
SAHA - suberoyl-anilide-hydroxamic acid 
SBHA - suberic bishydroxamic acid 
SPA - scintillation proximity assay 
TDDFT - time-dependent density functional theory 
UCNP - up-converting nanoparticles 
UV - ultra-violet 
VEGFR - Vascular endothelial growth factor receptor 
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Chapter 2: 
 
PASSERINI MULTI-COMPONENT 

REACTION FOR THE SYNTHESIS OF 

VISIBLE-LIGHT CLEAVABLE 

SCAFFOLDS 

 

Photoactivated targeted pharmacotherapy holds great promise for improving the 
effectiveness and safety of drug treatment. However, its application is still largely 
limited by the requirement of UV light for the activation, which is strongly absorbed 
by biological tissue and may have toxic effects. In order to tackle this challenge, we 
describe here our efforts to develop a general methodology for the synthesis of visible 
light responsive molecular structures that could be used for targeted photoactivated 
therapy. 
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 INTRODUCTION 

Light-activated pharmacotherapy, used for example for the treatment of cancer or 
microbial infections, has gathered increasing interest over the last few years.1,2 Most of 
the published examples are based on known, biologically active molecules of which the 
activity is caged by the attachment of a photocleavable protecting group.3,4 Irradiation 
of this type of constructs leads to selective release of the active compound with high 
spatiotemporal resolution. Compared to the use of photoswitches, this approach has 
the advantage that photo-activation restores the original structure, affording significant 
differences in activity before and after light exposure. In contrast, incorporation of a 
photoswitch often requires modulation of the pharmacophore which may go along with 
loss in activity or less pronounced differences in activity upon irradiation.5 However, the 
applicability of the photocaging strategy is still limited as well, for example due to the 
fact that in most cases UV or blue light is needed for activation which is strongly 
absorbed in biological tissue and may even have cytotoxic effects. Therefore, new red- 
or near-infrared (NIR) light cleavable groups are needed in order to advance the 
development and clinical implementation of photoactivated pharmacotherapy.6,7 

Chapter 1 gave an overview of photoactivatable cytotoxic agents for cancer 
chemotherapy developed to date. The illustrated cases are mostly based on ortho-nitro 
phenyl-derived groups, which can be cleaved with maximum λ = 400 nm light. Others 
are based on coumarin photocages,8 responsive to light of higher wavelength, but still 
not within the desired optical window between λ = 600 – 900 nm, which would be 
suitable for biological applications. Agents that can be activated with light within this 
wavelength range were prepared by coupling to upconverting nanoparticles (UCNP), 
allowing the conversion from incoming, lower energy (higher wavelength) light to light 
of higher energy (lower wavelength) which in turn can activate the cytotoxic agents.9 
This approach enables the use of red- or NIR light, but its application is still limited as 
it requires the administration of an additional moiety (UCNP) that needs to reach the 
target.10 Moreover, very intense irradiation is needed due to low efficiency of the 
upconversion. Similarly, implementation of two-photon excitation is hindered by the 
same limitation. Two-photon induced photorelease relies on the simultaneous 
absorption of two photons of longer wavelength generating higher energy excited 
states that result in photocleavage.3,11 Even though this technique allows the use of NIR 
light, the high light intensities needed and the fact that only few molecular structures 
display a sufficient two-photon uncaging cross section restricts the application. 
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Fig. 2.1: Design strategies used for increasing the photocleavage quantum yield and shifting 
the activation wavelength to red- or NIR part of the spectrum. 

In order to tackle this challenge and to develop light-responsive photocleavable groups 
independent of nanoparticles, different molecular structures have been investigated as 
photocaging groups, among them the boron-dipyrromethene (BODIPY) scaffold. 
BODIPYs are well established as (fluorescent) dyes and widely used in e.g. microscopy 
and molecular biology.12–14 More recently, this class of compounds has also been 
explored for the application as photocleavable group.15 Strategic modifications of the 
core structure allowed to increase the quantum yield of photodeprotection and shift 
the activation wavelength to red light.16,17 Those modifications include (i) 2,6-
dihalogenation, (ii) boron-alkylation, and (iii) extension of the delocalized π-electron 
system (Fig. 2.1). It has to be noted, however, that these modifications may significantly 
decrease the stability as well as solubility of the respective molecules. To date, examples 
of carboxylic acids, phenols and amines, but also other small molecules (e.g. carbon 
monoxide, methanol, chloride), caged with different BODIPY-based groups, have been 
reported, showing the versatility of this photocage and its high potential for the use in 
photoactivated pharmacotherapy.17–22 

Inspired by those promising results, our goal was to broaden the applicability of this 
photoprotecting group and establish a modular photocaging strategy based on a multi-
component reaction. This modular approach would permit the conjugation of a 
biologically active compound with e.g. a targeting group via a photocleavable linker 
(Fig. 2.2c). Multi-component reactions (MCR), such as the Passerini MCR, enable the 
synthesis of such a structure in just one step (Fig. 2.2a-b), improving atom-economy 
and saving time and resources normally spent in the several synthetic steps and 
purification of intermediates.23–25 The Passerini MCR is particularly privileged as it 
provides an ester linkage which affords a good leaving group for light-induced 
uncaging.  
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Fig. 2.2: Schematic comparison of a multi-step synthesis and a one-step multi-component 
reaction; a) a multi-step synthesis requires several independent reaction step with isolation 
and purification of intermediates; b) a multi-component reaction allows the conjugation of 
multiple different substrates in one step; c) general approach for the synthesis of light-
activatable bioactive compounds (blue), conjugated to a targeting group (green/black) via 
a photocleavable linker (red). 

The Passerini MCR has been proven useful for various purposes ranging from the 
synthesis of functional polymers or providing quick access to a library of compounds, 
for instance for drug discovery.26,27 Also in our group, it has been successfully applied 
to synthesize different photocages of carboxylic acids, as this functionality is very 
abundant in biologically active compounds, oftentimes as part of the pharmacophore.28 
For this purpose the aldehydes of different photo-reactive groups, such as ortho-
nitrophenyl or coumarines, were reacted with different carboxylic acids and isocyanides 
affording the corresponding photocaged products. Furthermore, Passerini MCRs 
incorporating a BODIPY scaffold were reported by the group of Vendrell.29 However, 
those conjugates were designed as fluorescent probes and do not undergo photolysis. 
Encouraged by this previous study, our aim was to establish a synthetic strategy that 
allows the conjugation of two different structures via a visible-light-responsive 
photoprotecting group. 
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Fig. 2.3: Proposed reaction mechanisms of the Passerini MCR. a) concerted mechanism; b) 
ionic mechanism. 
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In the Passerini MCR, the three components – isocyanide, aldehyde (or ketone) and 
carboxylic acid – react to form α-acyloxyamides following a mechanism which is still not 
fully elucidated.30 It is generally accepted that the first step is the activation of the 
carbonyl group from the aldehyde or ketone via the formation of a hydrogen-bonded 
adduct with the carboxylic acid (Fig. 2.3) promoting the nucleophilic attack of the 
isocyanide in the next step. This reaction step is assumed to proceed via a concerted 
mechanism, in which the isocyanide, while functioning as a nucleophile, also acts as an 
electrophile, as it is simultaneously attacked by the carbonyl oxygen of the carboxylic 
acid (Fig. 2.3a). Alternatively, it was suggested that in more polar solvents the reaction 
proceeds via an ionic step, as shown in Fig. 2.3b.31 Finally, an intramolecular Mumm 
type rearrangement affords the final acyloxyamide. The Passerini MCR stands out due 
to the high functional group tolerance, which stems from the selective reactivity of the 
reagents involved.32 Another advantage is that the reaction generally does not require 
dry conditions, or special experimental setups and reagents.25,33 

The aim of the research reported in the following was to establish a Passerini MCR as a 
reaction of choice for the one step synthesis of photolabile conjugates bearing a 
targeting moiety and releasing an active substance upon irradiation. This chapter 
describes our efforts to test the scope and limitations of this approach. 

 RESULTS AND DISCUSSION 

In the first step, the BODIPY core structure was synthesized following an adapted 
literature procedure and the afforded ester was subsequently hydrolyzed to the alcohol 
(Fig. 2.4).18,34,35 In order to incorporate the BODIPY structure in a Passerini MCR 
analogous to the reported examples, it was necessary to install an aldehyde 
functionality. Hence, alcohol 2 was oxidized to aldehyde 3 using Dess-Martin 
periodinane (DMP). The corresponding synthetic procedure is based on literature 
reports and was optimized in our group as previously reported.35,36 Additionally, with 
the aim to obtain red-light activatable structures, two more aldehydes were synthesized 
as reported previously: iodinated BODIPY 4 and BODIPY 5 with an extended 
chromophoric system (Fig. 2.5).  

 

Fig. 2.4: Synthesis of BODIPY aldehyde 3 
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Consequently, we proceeded with the synthesis of a library of possible Passerini reaction 
products, exploring the possibilities to connect different carboxylic acids with various 
isocyanides. The reaction was performed in dichloromethane or chloroform at 40 ⁰C for 
several days. 

 

Fig. 2.5: Molecular structures of aldehydes 3, 4 and 5 and the schematic representation of 
corresponding reaction products. 

The molecular structures of all the derivatives is depicted in Fig. 2.6. In total five different 
derivatives of aldehyde 3 were synthesized, isolated and characterized. Reaction with 
different aromatic, aliphatic and even sterically hindered isocyanides and different 
carboxylic acids successfully afforded the final products 6 – 10, albeit in low yields 
ranging from 10% to 38%, whereas no conversion to the desired products 11 and 12 was 
observed in the reactions with 2-isocyano-N-(prop-2-yn-1-yl)acetamide (Table 2.1). 
Possibly, the electron-withdrawing effect of the amide functionality in the α-position 
reduces the nucleophilicity of the isocyanide leading to decreased reactivity. However, 
as reported in following chapters (chapter 4 and 5) this specific isocyanide generally 
does react with another aldehyde and different carboxylic acids in a Passerini MCR.37  

After the successful synthesis of compounds 6 – 10, we further explored the reactivity 
of the iodinated analogue (compound 4) of aldehyde 3. We were pleased to see that 
the reaction proceeded similarly to the reaction with the non-iodinated aldehyde, 
leading to product 13 in 10% yield. In contrast, the MCR with aldehyde 5, carrying an 
extended π-electron system afforded only trace amounts of desired product 14.  
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Fig. 2.6: Overview of the different Passerini products based on the BODIPY core structure 
and different carboxylic acids and isocyanides. The structures in grey were only obtained in 
trace amounts. 

As shown in Table 2.1, the isolated yields of the novel compounds account for only up 
to 48%. It has to be noted, that all reactions were performed on a small scale (15-20 
mg of aldehyde) and thus losses during purification are relatively high and the isolated 
yields are not representative for the conversion. The discrepancy between observed 
conversion and isolated yield was particularly pronounced in the synthesis of compound 
8. Hence, with the aim to minimize this problem and possibly increase the isolated yield, 
we attempted to upscale it twice. Unfortunately, a clear drop in conversion to the 
desired product was observed consequently. Presumably, this outcome stems from 
difficulties to provide identical reaction conditions on a larger scale. It is particularly 
challenging to obtain the exact same substrate concentrations in the reaction mixture 
as evaporation of the solvent (dichloromethane/chloroform) cannot be completely 
prevented, especially on a smaller scale, resulting in a more concentrated reaction 
mixture. This effect may play a substantial role regarding the irreproducibility of the 
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reaction since it is known that the substrate concentration may significantly influence 
the reaction outcome of MCRs.38  

Compound Isolated yield λmax (nm) ε  
(x103 M-1 cm-1) 

Half-life 
(min)* 

Remarks 

6 22% 523 53 97.6  
7 24% 523 61 66.6  
8 19% 520 36 61.4  
9 10% 526 - - aggregation 
10 38% 521 54 60.3  
11 0 - - -  
12 0 - - -  
13 48% 553 54 8.1  
14 33% 665 - 64.0** unstable 

Table 2.1: Isolated yields and photochemical properties of compounds 6 – 14. * Half-life of 
the respective compound upon irradiation with λ = 532 nm (compounds 6-8, 10, 13) or λ 
= 650 nm (compound 14). ** Due to the instability of compound 14 under the experimental 
conditions, decrease in absorption may partially stem from light-independent 
decomposition 

For further investigation of the parameters affecting the product formation in this 
reaction, we set up two test reactions for the synthesis of product 8, with 3 mg of 
aldehyde 3, 2 eq. of acetic acid and 2 eq. tert-butyl isocyanide: one reaction with 
dichloromethane as a solvent and one reaction under neat conditions. In addition, we 
added 1,3,5-trichlorobenzene as an internal standard to be able to draw a direct 
comparison of the reaction outcomes, as illustrated in Fig. 2.7. After two days, no 
conversion to the desired product was observed in the reaction performed under neat 
conditions, whereas clear product signals (amongst others: 7.97 ppm, 2.92 ppm, 2.83 
ppm) were detected when adding dichloromethane as solvent. Comparison of the 
product and substrate signals indicates ca. 70% conversion to product versus the 19% 
isolated yield from earlier experiments. Overall, both factors, namely relatively high 
losses during product purification on small scale and difficulties in repeating and 
reproducing reaction conditions on larger scale, probably lead to low isolated yields. 
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Fig. 2.7: 1H NMR spectrum of two reaction mixtures for the synthesis of compound 8 with 
0.37 eq. of 1,3,5 trichlorobenzene as internal standard (7.31 ppm). The signals of aldehyde 
3 are highlighted in orange and the signals of product 8 in green. a) reaction under neat 
conditions; b) reaction with deuterated dichloromethane as solvent. 

With the purified conjugates in hand, we consequently investigated their photochemical 
properties. Towards this end, we acquired the UV-Vis absorbance spectra at different 
concentrations for the determination of the extinction coefficients of all derivatives. 
Furthermore, after confirming the stability of the compounds under the experimental 
conditions (25% acetonitrile in phosphate buffer pH 7.4), we irradiated the respective 
samples with λ = 532 nm (compound 14: λ = 650 nm) light and followed the 
photocleavage by UV-Vis spectrometry. Table 2.1 summarizes the results of the 
photochemical analysis of all synthesized conjugates and Fig. 2.8 illustrates the results 
exemplified for the evaluation of compound 6. As anticipated, all analyzed derivatives 
absorb visible light with absorbance maxima above 520 nm (Fig. 2.9). Moreover, the 
findings confirm that 2,6-dihalogenation and extension of the conjugated π-electron 
system indeed shift the absorbance maxima to higher wavelengths. 



PASSERINI MULTI-COMPONENT REACTION FOR THE SYNTHESIS OF VISIBLE-LIGHT CLEAVABLE SCAFFOLDS 
 

 79 
 
 
 
 
 
 
 

  

Fig. 2.8: Photochemical analysis of compound 6 (25% acetonitrile in phosphate buffer, pH 
7.5); a) UV-Vis absorption spectrum at different concentrations; b) absorbance at λmax (523 
nm) at different concentrations; c) collection of UV-Vis absorption spectra recorded over 9 
min in the dark, d) absorbance at λmax (523 nm) over 9 min in the dark; e) collection of UV-
Vis absorption spectra upon irradiation with λ = 532 nm for the indicated times; f) 
absorbance at λmax (523 nm) upon irradiation with λ = 532 nm for the indicated times.  

Kinetic analysis of the decrease in absorbance at the corresponding absorption maxima 
allowed the determination of the half-life upon irradiation with 532 nm light. 
Unfortunately, the tested solution of compound 9 was not stable and showed 
aggregation under the experimental conditions. This behavior is not unexpected, since 
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BODIPY scaffolds tend to aggregate due to π-π stacking.39,40 In addition, the long alkyl 
chain of 9 enhances the lipophilicity of the molecule decreasing the water solubility and 
hence the stability in aqueous medium. Moreover, compound 14 carrying an extended 
chromophoric system was not stable either. Therefore, it was not possible to accurately 
determine the extinction coefficient and the half-life upon light-induced cleavage.  
 

 

Fig. 2.9: UV-Vis absorbance spectra for all synthesized derivatives at 20 µM concentration 
in a mixture of acetonitrile and phosphate buffer (pH 7.4). The irradiation wavelengths λ = 
532 nm (green) and λ = 650 nm (red) are highlighted. 

Generally, the photocleavage proceeded considerably slower than anticipated with half-
lives longer than 1 h. Only compound 13 stood out as it shows much faster light-induced 
cleavage (Table 2.1). In fact, 13 cleaves ca. 7.5 times faster than its non-halogenated 
analogue 8. This result is in agreement with published reports describing the influence 
of halogenation of the BODIPY core on the photoreactivity.17 Taking into account that 
2,6-dihalogenation, and in particular 2,6-diiodination, substantially increases 
intersystem crossing efficiency,41 it is assumed that the triplet excited state plays a critical 
role in the light-induced cleavage of BODIPY derivatives and therefore accounts for the 
higher photoreactivity of iodo-BODIPYs. In addition, it has to be noted that compound 
13 is characterized by a 1.5 times higher extinction coefficient and absorbance at 532 
nm (Fig. 2.9), which indicates a possible explanation for the higher photoactivation 
efficiency. 

 CONCLUSIONS 

In summary, we used a Passerini MCR to successfully synthesize various photocleavable 
conjugates responsive to visible light irradiation. Towards this end, we used a BODIPY 
scaffold as a light-responsive core structure. Employing a Passerini MCR allowed to 
connect two different molecular structures, one bearing a carboxylic acid and another 
one bearing an isocyanide group, in one step, saving time and resources. To our delight, 
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the synthesized compounds cleaved upon irradiation with visible light, even though 
photocleavage was slower than expected. Among all the conjugates, iodinated 
compound 13 emerged as most promising photocage, since it is clearly the most 
photoreactive structure among all the examined derivatives.  

Even though the scalability of the reaction remains problematic and needs to be 
optimized for future applications, we were able to demonstrate the use of MCRs for the 
synthesis of visible-light responsive conjugates. By further extension of the substrate 
scope, the presented strategy can be used for the efficient synthesis of photocaged 
bioactive compounds connected to targeting moieties or anchoring groups in a one-
step procedure. In conclusion, this approach provides a valuable step towards the 
development of new agents for photoactivated and targeted drug therapy. 
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 EXPERIMENTAL SECTION 

 GENERAL INFORMATION 

Starting materials, reagents and solvents were purchased from Sigma–Aldrich, 
Acros and Combi-Blocks and were used without any additional purification. 
Anhydrous solvents for the reactions were purified by passage through solvent 
purification columns (MBraun SPS-800). The reaction progress was monitored by 
Thin Layer Chromatography (TLC). TLC analyses were performed on commercial 
Kieselgel 60, F254 silica gel plates with fluorescence-indicator UV254 (Merck, TLC 
silica gel 60 F254). For detection of components, UV light at λ = 254 nm or λ = 365 
nm was used. Flash column chromatography was performed with Silicagel, pore size 
60 Å, 40-63 µm particle size. 
Nuclear Magnetic Resonance spectra were measured with an Agilent Technologies 
400-MR (400/54 Premium Shielded) spectrometer (400 MHz). All spectra were 
measured at room temperature (22–24 °C). The multiplicities of the signals are 
denoted by s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad 
signal). All 13C-NMR spectra are 1H-broadband decoupled. High-resolution mass 
spectrometric measurements were performed using a Thermo Fisher scientific LTQ 
OrbitrapXL spectrometer with ESI ionization. The ions are given in m/z-units. 
Melting points were recorded using a Stuart analogue capillary melting point SMP11 
apparatus. For spectroscopic measurements, solutions were measured in a 10 mm 
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quartz cuvette. UV/Vis absorption spectra were recorded on an Agilent 8453 UV-
Vis spectrophotometer with diode array detection. Temperature-control was 
exerted through a Peltier based temperature controlled cuvette holder 
(QuantumNorthwest). 
Irradiation experiments were performed with a λ = 530 nm (3x LXML PM01, optical 
power 810 mW, λmax = 526 nm, FWHM 35.1 nm) and λ = 650 nm (3x LXML PD01, 
optical power 1200 mW, λmax = 652 nm, FWHM 26.4 nm) LED system (Sahlmann 
Photochemical Solutions). 

 SYNTHETIC PROCEDURES AND COMPOUND CHARACTERIZATION 

 

 1: (5,5-Difluoro-1,3,7,9-tetramethyl-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-
10-yl)methyl acetate 
Compound 1 was prepared by a modification of literature procedures.34,35 2-Chloro-
2-oxoethyl acetate (0.60 mL, 5.6 mmol) was added to a solution of 2,4-
dimethylpyrrole (1.0 mL, 9.3 mmol) in dry DCM (40 mL) under a nitrogen 
atmosphere. The reaction mixture was stirred in the dark at room temperature for 
24 h. Subsequently, the flask was opened and triethylamine (3.2 mL, 28 mmol) was 
added. The resulting mixture was allowed to stir for 15 min. Then, the flask was again 
put under nitrogen atmosphere and boron trifluoride diethyl etherate (5.2 mL, 42 
mmol) was added. After one hour, another portion of triethylamine (3.2 mL, 28 
mmol) and boron trifluoride diethyl etherate (5.2 mL, 42 mmol) was added. Then, 
silica was added to the flask and the solvents were evaporated. Compound 1 was 
purified by flash column chromatography (pentane/Et2O, 2:1 v/v). The product was 
obtained as red-gold crystals (440 mg, 25% yield). Rf = 0.7 (DCM); Mp. 184-187 oC; 
1H NMR (400 MHz, CDCl3): δ 2.13 (s, 3H), 2.36 (s, 6H), 2.53 (s, 6H), 5.30 (s, 2H), 6.08 
(s, 2H); 19F NMR (376 MHz, CDCl3): δ -146.43 (dd, J = 65.1, 32.5 Hz); HRMS (ESI+) 
calc. for [M+H]+ (C16H20BF2N2O2): 321.1580, found: 321.1585. 1H spectrum in 
agreement with published data.18  
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 2: (5,5-Difluoro-1,3,7,9-tetramethyl-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-
10-yl)methanol  
The compound was prepared by modification of a literature procedure.18,35 A 
mixture of aq. NaOH solution (1.9 mL, 0.10 M) and MeOH (9 mL) was stirred for 10 
min and then added to a solution of compound 1 (150 mg, 0.47 mmol) in DCM (4.5 
mL). The reaction mixture was stirred for 4 h in the dark at room temperature. Next, 
H2O was added to the reaction mixture and the product extracted with DCM (3x). 
The combined organic layers were washed with 1 N aq. HCl and brine, and dried 
with MgSO4. The product was obtained as a red precipitate (101 mg, 78% yield). Rf 
= 0.3 (DCM); Mp. 247-249 oC; 1H NMR (400 MHz, CDCl3): δ 2.51 (s, 6H), 2.52 (s, 6H), 
4.91 (s, 2H), 6.08 (s, 2H); 19F NMR (376 MHz, CDCl3): δ -146.52 (dd, J = 65.3, 32.4 
Hz). HRMS (ESI+) calc. for [M+H]+ (C14H18BF2N2O): 279.1475, found: 279.1488. 1H 
spectrum in agreement with published data.18  

 

 3: 5,5-Difluoro-1,3,7,9-tetramethyl-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-
10-carbaldehyde 
To a suspension of Dess–Martin periodinane (135 mg, 0.36 mmol) in dry THF (12.5 
mL), a solution of compound 2 (50 mg, 0.18 mmol) in dry THF (12.5 mL) was slowly 
added at 0 oC. After 10 min, the reaction mixture was allowed to warm to room 
temperature and was left to stir overnight. Then, AcOEt was added, the mixture was 
washed with brine and dried with MgSO4. The crude mixture was purified by flash 
column chromatography (DCM). Compound 3 was obtained as a violet-green solid 
(30 mg, 60% yield). Rf = 0.8 (DCM); 1H NMR (400 MHz, CDCl3): δ 2.12 (s, 6H), 2.54 
(s, 6H), 6.07 (s, 2H), 10.56 (s, 1H); 19F NMR (376 MHz, CDCl3): δ -146.15 (dd, J = 64.6, 
32.3 Hz), 13C NMR (101 MHz, CDCl3) δ 15.4, 121.8, 128.8, 136.0, 141.5, 158.5, 193.0; 
HRMS (ESI+) calc. for [M+H]+ (C14H16BF2N2O): 277.1218, found 277.1338. 1H NMR 
spectrum in agreement with published data.18 
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 6: 2-(Benzylamino)-1-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'-f] 
[1,3,2]diazaborinin-10-yl)-2-oxoethyl 4-fluorobenzoate  
Compound 3 (10 mg, 0.04 mmol), 4-fluorobenzoic acid (8.5 mg, 0.07 mmol) and 
benzylisocyanide (8.4 mg, 0.08 mmol) were stirred at 40 ⁰C in DCM (1 mL) for 4 d. 
The solvents were evaporated in vacuo and the crude mixture was purified by flash 
column chromatography (pentane/Et2O, 4:1-1:4 v/v). The product was obtained as 
a red solid (4.1 mg, 22%). 1H NMR (400 MHz, CDCl3): δ 2.33 (s, 3H), 2.54 (s, 6H), 
2.58 (s, 3H), 4.42 (dd, J = 14.7, 5.7 Hz, 1H), 4.56 (dd, J = 14.7, 6.3 Hz, 1H), 6.11 (s, 1H), 
6.14 (s, 1H), 6.26 (t, 6.26 (t, J = 6.3 Hz, 1H), 7.09-7.14 (m, 2H), 7.21-7.23 (m, 2H), 7.29-
7.31 (m, 3H), 7.43 (s, 1H), 8.01 (m, 2H); 19F NMR (376 MHz, CDCl3): δ -103.93 (tt, J = 
8.4, 5.4 Hz); 13C NMR (151 MHz, CDCl3) δ 15.0, 15.8, 17.3, 29.9, 44.3, 68.2, 77.2, 115.9 
(d, J = 22.2 Hz), 123.2, 124.0, 125.1, 125.2, 128.0, 128.1, 128.9, 131.4, 132.7 (d, J = 9.5 
Hz), 132.8, 137.4, 142.0, 142.8, 157.3, 158.2, 164.8, 166.1, 166.2 (d, J = 249.8 Hz); HRMS 
(ESI+) calc. for [M+H]+ (C29H28BF3N3O3): 532.2014, found 532.2006. 

 7: 2-((2-((tert-Butoxycarbonyl)amino)ethyl)amino)-1-(5,5-difluoro-1,3,7,9-tetramethyl-5H 
-4λ4,5λ4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)-2-oxoethyl 4-fluoro-benzoate. 
Compound 3 (15 mg, 0.05 mmol), 4-fluorobenzoic acid (11.35 mg, 0.08 mmol) and 
tert-butyl (2-isocyanoethyl)carbamate (13.78 mg, 0.08 mmol) were stirred at 35 ⁰C 
in DCM (1 mL) for 1 d. Evaporation of the volatiles and purification by flash column 
chromatography (pentane/diethyl ether 4:1-1:4 v/v) yielded the product as a red 
solid (7.7 mg, 24%). Rf = 0.1 (pentane/AcOEt, 3:1 v/v); 1H NMR (400 MHz, CDCl3): δ 
1.30 (s, 9H), 2.43 (s, 3H), 2.52 (s, 3H), 2.54 (s, 3H), 2.62 (s, 3H), 3.17-3.33 (m, 2H), 
3.33 – 3.53 (m, 2H), 4.84 (s, 1H), 6.09 (s, 1H), 6.15 (s, 1H), 7.18 – 7.06 (m, 2H), 7.40 (s, 
1H), 7.96 – 8.15 (m, 2H); 19F NMR (376 MHz, CDCl3): δ -104.17 (m), -142.04 – -148.31 
(m); 13C NMR (101 MHz, CDCl3) δ 14.9, 14.9, 15.9, 17.3, 28.3, 40.4, 42.2, 68.3, 80.2, 
116.0 (d, J = 22.2 Hz), 122.9, 123.9, 125.3, 125.3, 132.9 (d, J = 9.5 Hz), 133.8, 141.9, 
142.6, 156.4, 157.3, 158.0, 164.8, 165.0, 166.30 (d, J = 255.3 Hz), 166.7; HRMS (ESI-) 
calc. for [M-H]- (C29H33BF3N4O5): 585.5020, found 585.2514. 
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 8: 2-(tert-Butylamino)-1-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ4,5λ4-dipyrrolo[1,2-c:2', 
1'-f][1,3,2]diazaborinin-10-yl)-2-oxoethyl acetate.  
Compound 3 (15 mg, 0.05 mmol), acetic acid (4.6 µL, 0.08 mmol) and tert-butyl 
isocyanide (9.2 µL, 0.08 mmol) were stirred at 35 ⁰C in DCM (1 mL) for 2 d. 
Evaporation of the volatiles and purification by flash column chromatography 
(pentane/Et2O 4:1-1:4 v/v) yielded the product as a red solid (4.3 mg, 19%). Rf = 0.5 
(pentane/AcOEt, 3:1 v/v); 1H NMR (400 MHz, CDCl3): δ 1.33 (s, 9H) 2.17 (s, 3H), 2.34 
(s, 3H), 2.54 (s, 9H), 5.56 (s, 1H), 6.10 (s, 1H), 6.14 (s, 1H), 7.06 (s, 1H); 19F NMR (376 
MHz, CDCl3): δ -145.26 – -146.88 (m); 13C NMR (101 MHz, CDCl3) δ 14.9, 14.9, 16.1, 
17.1, 20.9, 28.8, 52.6, 67.9, 123.1, 123.7, 133.8, 141.8, 143.2, 146.2, 151.6, 157.1, 157.5, 
164.8, 169.6; HRMS (ESI-) calc. for [M-H]- (C21H27BF2N3O3): 418.2119, found 418.2108. 

 9: 2-(Benzylamino)-1-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'-f] 
[1,3,2]diazaborinin-10-yl)-2-oxoethyl dodecanoate.  
Compound 3 (15 mg, 0.05 mmol), lauric acid (16.2 mg, 0.08 mmol) and benzyl 
isocyanide (9.9 µL, 0.08 mmol) were stirred at 35 ⁰C in DCM (1 mL) for 2 d. 
Evaporation of the volatiles and purification by flash column chromatography 
(pentane/Et2O 4:1-1:4 v/v) yielded the product as a red solid (3.2 mg, 10%). Rf = 0.8 
(pentane/AcOEt, 3:1 v/v); 1H NMR (400 MHz, CDCl3): δ 0.83 – 0. 92 (m, 3H), 1.20 – 
1.34 (m, 16H), 1.57 – 1. 69 (m, 2H), 2.24 (s, 3H), 2.31 – 2.50 (m, 2H), 2.52 (s, 9H), 4.38 
(dd, J = 14.7, 6,0 Hz, 1H), 4.54 (dd, J = 14.7, 6.0 Hz, 1H), 6.07 (s, 1H), 6.12 (s, 1H), 6.17 
(t, J = 6.0 Hz, 1H), 7.17 – 7.23 (m, 2H), 7.22 (s, 1H), 7.25 – 7.34 (m, 3H); 19F NMR (376 
MHz, CDCl3): δ -145.68 – -146.21 (m); 13C NMR (101 MHz, CDCl3): δ 14.3, 14,9, 14.9, 
16.2, 17.2, 22.8, 24.8, 29.1, 29.4, 29.5, 29.5, 29.7, 32.1, 34.1, 44.1, 67.3, 128.0, 128.0, 
128.9, 133.3, 137.4, 166.1, 172.6; HRMS (ESI-) calc. for [M-H]- (C34H45BF2N3O3): 
592.3528, found 592.3517. 

 10: 2-(Benzylamino)-1-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yl)-2-oxoethyl acetate. 
Compound 3 (15 mg, 0.05 mmol), acetic acid (4.6 mg, 0.08 mmol) and benzyl 
isocyanide (9.9 µL, 0.08 mmol) were stirred at 35 ⁰C in DCM (1 mL) for 2 d. 
Evaporation of the volatiles and purification by flash column chromatography 
(pentane/Et2O 4:1-1:4 v/v) yielded the product as a red solid (9.3 mg, 38%). Rf = 0.3 
(pentane/AcOEt, 3:1 v/v); 1H NMR (400 MHz, CDCl3): δ 2.18 (s, 3H), 2.23 (s, 3H), 2.53 
(s, 9H), 4.39 (dd, J = 14.7, 6.0 Hz, 1H), 4.52 (dd, J = 14.7, 6.0 Hz, 1H), 6.07 (s, 1H), 
6.12 (s, 1H), 6.18 (t, J = 6.0 Hz, 1H), 7.18 – 7.22 (m, 3H), 7.27 – 7.32 (m, 3H); 19F NMR 
(376 MHz, CDCl3): δ -145.49 – -146.95 (m); 13C NMR (101 MHz, CDCl3): δ 14.9, 14.9, 
16.1, 17.2, 20.9, 44.2, 67.5, 123.2, 123.9, 124.4, 125.7, 128.0, 128.0, 128.9, 133.1, 137.4, 
142.0, 143.3, 157.3, 157.8, 166.0, 169.6; HRMS (ESI-) calc. for [M-H]- (C24H25BF2N3O3): 
452.1963, found 452.1952. 
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 13: 2-(tert-Butylamino)-1-(5,5-difluoro-2,8-diiodo-1,3,7,9-tetramethyl-5H-4λ4,5λ4-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)-2-oxoethyl acetate  
Compound 4 (20 mg, 0.04 mmol), acetic acid (4.3 µL, 0.08 mmol) and tert-butyl 
isocyanide (8.6 µL, 0.08 mmol) were stirred at 40 ⁰C in a mixture of DCM and 
chloroform (1:1 v/v, 1 mL) for two days. The volatiles were evaporated and the 
product purified by flash column chromatography (pentane/Et2O, 9:1 v/v). The 
product was then dissolved in acetonitrile and the solution was washed with heptane 
(3x) to obtain a red solid (13 mg, 48%) after evaporation of the volatiles. Rf = 0.7 
(pentane/EtOAc, 3:1 v/v); 1H NMR (400 MHz, CDCl3): δ 1.36 (s, 9H), 2.37 (s, 3H), 2.57 
(s, 3H), 2.62 – 2.66 (m, 9H), 5.62 (s, 1H), 7.10 (s, 1H); 19F NMR (376 MHz, CDCl3): δ -
145.36 (ddd, J = 62.3, 31.6, 8.0 Hz); 13C NMR (101 MHz, CDCl3): δ 20.9, 52.8, 52.8, 
68.6, 133.9, 137.7, 144.5, 158.1, 164.4, 168.5, 169.5; HRMS (ESI-) calc for [M-H]- 
(C21H25BF2I2N3O3): 670.0052, found 670.0041. 

 

 14: 2-(tert-Butylamino)-1-(5,5-difluoro-3,7-bis((E)-4-methoxystyryl)-1,9-dimethyl-5H-
4λ4,5λ4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)-2-oxoethyl acetate. 
Compound 9 (15 mg, 29.3 µmol), acetic acid (4.3 µL, 75.2 µmol) and tert-butyl 
isocyanide (8.6 µL, 76.0 µmol) were stirred at 45 ⁰C in DCM (1 mL) in a sealed tube 
for two days. The crude reaction mixture was purified by flash column 
chromatography (DCM – DCM/MeOH, 99:1 v/v). The product was obtained as a 
green solid (6.4 mg, 33%). Rf = 0.2 (DCM); 1H NMR (400 MHz, CDCl3): δ 1.35 (s, 9H), 
2.19 (s, 3H), 2.41 (s, 3H), 2.61 (s, 3H), 3.86 (s, 6H), 5.61 (s, 1H), 6.74 (s, 1H), 6.78 (s, 
1H), 6.94 (d, J = 8.4 Hz, 4H), 7.13 (s, 1H), 7.22-7.32 (m, 2H), 7.54-7.64 (m, 6H); 19F 
NMR (376 MHz, CDCl3): δ -138.49 – -138.04 (m). 
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Chapter 3: 
 
FOLLOWING NANOMEDICINE 

ACTIVATION WITH MRI: WHY, 
HOW, AND WHAT’S NEXT? 

 

Nanomedicines, such as liposomal formulations, play an important role in cancer 
therapy. To support their development, medical imaging modalities are employed for 
following the drug delivery. Encapsulation of MRI contrast agents, which change their 
relaxivity upon co-release with the drug, is a promising strategy for monitoring both 
the biodistribution and payload release from a nanocarrier. This approach is 
successfully applied in preclinical settings to image the activation of liposomes 
responsive to heat, pH changes or sonication. Recent advances include combination 
with different treatments and the implementation of chemical exchange saturation 
transfer imaging to gain spectral resolution over different contrast agents. However, 
this field still faces challenges, such as matching the pharmacokinetic profiles of the 
contrast agents and the liberated drugs.  

 

 

 

 

 

 

 

 

This chapter was published as: 
F. Reeßing, W. Szymański: Following nanomedicine activation with magnetic 
resonance imaging: why, how, and what’s next? Curr Opin Biotechnol. 2019, 58, 9-18.  
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 INTRODUCTION 

Cancer nanomedicine continues to hold great promise for targeted chemotherapy that 
limits harmful side effects while enhancing drug solubility and circulation time.1 It relies 
mostly on the use of lipid- or polymer-based nano-sized carriers filled with a cytotoxic 
payload that is delivered and released in the tumor.2 Drugs that are approved as 
liposomal preparations include for instance doxorubicin, paclitaxel and vincrisitine, with 
numerous others being in advanced phases of clinical trials.3  

The basic principle behind the tumor-selectivity of nanomedicines is the enhanced 
permeability and retention (EPR) effect, whereby the leaky vasculature and decreased 
lymphatic drainage result in the accumulation of the drug in the tumor. However, the 
selectivity can be further enhanced through the use of active targeting moieties (e.g. 
folate or antibodies)4 or control over the site of payload release, using endogenous 
(e.g. pH or enzymes) or exogenous (e.g. light, heat, ultrasound) triggers.5  

In the efforts to capitalize on the promise of triggered drug delivery in nanomedicine, 
the development of medical imaging techniques that enable studying the distribution 
and drug release in vivo is of key importance.6 Here, Magnetic Resonance Imaging (MRI) 
is often the modality of choice, as it offers high resolution with minimal invasiveness 
and no radiation burden.7,8  

 

Fig. 3.1: Approaches to MRI guided liposomal drug delivery; a) incorporation of a contrast 
agent (CA) in the bilayer allows following of the biodistribution of the drug carrier but does 
not provide information about drug release; b) loading of the CA inside the carrier enables 
monitoring the cargo release.  



CHAPTER 3 
 

 92 
 
 
 
 
 
 
 

Incorporation of MRI contrast agents, usually GdIII complexes, into nanomedicines (Fig. 
3.1a) enables their tracking inside the patient body and confirmation of the localization 
in the tumors. However, it provides no information on the efficiency and location of 
drug release, which depends on many factors. For endogeneous triggers, it is not 
certain if the lower pH or increased enzymatic activity in the heterogeneous tumor 
environment are pronounced enough to act as triggers. For exogeneous stimuli, the 
attenuation of the signal in the tissue (in case of ultrasound and light) and the inefficient 
heat transfer (in hyperthermia) may affect the dose of the trigger needed for efficient 
cargo release. 

This chapter gives a critical overview of approaches that are aimed at MR imaging of 
not only the nanocarrier distribution, but also the payload release (Fig. 3.1b). The most 
commonly used strategy is the co-encapsulation of the drug and the contrast agent 
(CA) inside the lumen of the carrier (for an overview of the published systems and their 
characteristics, see Table 3.1). MRI CAs usually operate on the principle of shortening 
the relaxation time of surrounding water protons. When they are encapsulated in the 
liposome, their action is impaired due to the limited diffusion of water through the lipid 
bilayer. Once the CA is released, enhanced water exchange leads to an increase of 
relaxivity that can be measured in an MRI scan. The following sections describe the main 
applications of MRI in monitoring the payload release from nanomedicines triggered 
by heat, ultrasound and low pH, followed by a critical discussion and outlook on future 
directions for the field.  
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Table 3.1: Overview of nanomedicines that incorporate MRI contrast agents for imaging of the payload release 

Ref Trigger Contrast 
agent* 

MRI 
modality 

Change in relaxivity after 
triggering 

Nanocarrier composition Drug Test system 

9–11 Heat, hot 
water 

catheter 

Mn2+ T1 T1 of 30-40% Liposomes: 
DPPC/MSPC/DSPE-PEG200, 

90:10:4 

Doxorubicin Rats with fibro-
sarcoma 

12 Heat, IR 
laser 

Gd-DTPA-
BMA 

T1 (0.47 
T, 1.5 T) 

R1 of 0.70±0.06 mMs-1 Liposomes: 
DSPC/DSPG, 95:5 

 

None Rabbit 

13, 
14 

Heat, 
water 
bath 

Gd-DTPA-
BMA 

T1 (0.5 T, 
1.5 T) 

R1 change from 0.4 to 4.2 
mMs-1 

Liposomes: 
DPPC:DSPC:DPPG2, 50/20/30 

None Mice with BFS-1 
tumor 

15 Heat, hot 
water 
bath 

Gd-DTPA T1 (7 T) 60% reduction in T1 Liposomes: 
DPPC/Brij78, 96:4 

Doxorubicin Mice with EMT-6 
tumor 

16, 
17 

Heat, IR 
laser 

Different 
Gd 

complexes 

T1 (0.47 
T, 3 T) 

T1 decrease up to >6x, 
temperature dependent (in 
vitro), correlation with drug 

release (in vivo) 

Liposomes: 
DPPC/DSPC/DPPG2, 50:20:30 

Doxorubicin 
(in different 
liposomes) 

Rats with BN175 
tumors 

18 Heat, 
HIFU 

Gd-HP-
DO3A 

T1 (0.5 T) R1 change from 1.95 to 4.01 
mMs-1 

Liposomes: 
DPPC/MSPC/DSPE-PEG2000, 

85.3:9.7:5.0 

Doxorubicin Rabbit VX2 tumor 
model 

19, 
20 

Heat, 
HIFU 

Gd-HP-
DO3A 

T1, T2 (3 
T, 7 T) 

T1 ~5x decrease, T2 ~3x 
decrease 

Liposomes: 
DPPC/HSPC/Chol/DPPE-

PEG2000, 50:25:15:3 

Doxorubicin Rats with 9L tumor 
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Ref Trigger Contrast 
agent* 

MRI 
modality 

Change in relaxivity after 
triggering 

Nanocarrier composition Drug Test system 

21–
23 

Heat, 
HIFU 

Gd-HP-
DO3A 

T1 R1 up to 0.12 mMs-1 Liposomes with 111In: 
DPPC/HSPC/Chol/DPPE-
PEG2000/DOTA-DSPE, 

50:25:15:3:1 

Doxorubicin (+ 
ablation 

treatment) 

Rats with 9L and 
rhabdomyosarcoma 

tumors 

24 Heat, 
HIFU 

Gd-BOPTA T1 (4.7 T, 
7 T) 

R1 change from 1.32 (37 °C) to 
6.64 mMs-1 (42 °C) (in vitro). 

R1 of 0.13 in vivo 

Liposomes: 
DSPE/DSPC/DSPE-

PEG2000/Chol, 41:14:2:10 

Doxorubicin Mice with SCC-7 
tumor 

25 Heat, 
HIFU 

Gd-HP-
DO3A 

T1 (3T) R1 up to 0.7 mMs-1, 
correlated with drug release 

Liposomes: 
DPPC/DSPC/chol/DPPE-

PEG2000, 53:22:15:3 

Doxorubicin Rats with 9L tumor 

26 Heat, 
HIFU 

Fe-SDFO T1 (3T) R1 change from 0.8 to 1.35 
mMs-1 

Liposomes: 
DPPC/DSPC/chol/DPPE-

PEG2000, 61:14:15:3 

Doxorubicin Rats with 9L tumor 

27 Heat Mn2+ and 
Gd-HP-
DO3A 

T1 
(NMRD 
profiles) 

Mn: R1 change from 5.1 to 
32.2 mMs-1 

Gd: R1 change from 1.2 to 4.4 
mMs-1 

Liposomes: DPPC/MPPC/ 
/DPPE-PEG2000, 86:10:4 

Doxorubicin in vitro 

28 pLINFU Gd-HP-
DO3A 

T1 (7 T) 35-40% of T1 contrast 
enhance 

Liposomes: DPPC/DSPE-
PEG2000, 95:5 

none Mice with B16 
melanoma 

29, 
30 

pLINFU Gd-HP-
DO3A 

T1 (7 T) T1 contrast to noise ratio 
increase ~4 times 

Liposomes: 
DPPC/DSPC/Chol/DSPE-

PEG2000, 10:5:4:1 

Doxorubicin Murine TS/A breast 
cancer model 

31 pLINFU Eu(HPDO3
A) 

para-
CEST 

Contrast switched on Liposomes: DSPC/DSPE-
PEG2000, 95:5 

None Phantom 
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Ref Trigger Contrast 
agent* 

MRI 
modality 

Change in relaxivity after 
triggering 

Nanocarrier composition Drug Test system 

31 pH Tm(HPDO
3A) 

para-
CEST 

Contrast switched on Liposomes: POPE/tocopherol 
hemisuccinate/chol 44:12:44 

None Phantom 

32 pH Gd-HP-
DO3A and 

others 

T1 (0.47 
T, 7 T) 

R1 changed ~3x when pH 
lowered from 7.2 to 5.5 

Liposomes: POPE/THS/Chol 
(4:1:4) 

None In vitro 

33 pH Mn2+ T1, T2 
(9.4 T) 

R1 increase 12.5 x 
R2 decrease 9.6 x 

Liposomes loaded with As-Mn 
complex 

Arsenic 
trioxide 

GBM16 and GBM44 
cells in vitro 

34 pH Fe 
nanopartic

les 

T2 (3 T) T2 change >9 x FePt nanoparticles on 
graphene oxide conjugated 

with folate 

Toxic Fe ions 
that catalyse 

ROS formation 

Mice with 4T1 tumor 
model 

* Abbreviations used: Gd-DTPA-BMA: Gadodiamide, Gd-DTPA: Gadopentetate dimeglumine, Gd-HP-DO3A: Gadoteridol, Gd-BOPTA: Gadobenate 
dimeglumine, Fe-SDFO: Fe-succinyl deferoxamine, T1: longitudinal relaxation time, T2: transverse relaxation time. 
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HEAT-TRIGGERED DRUG RELEASE FROM THERMOSENSITIVE 
LIPOSOMES (TSL) 

Local induction of hyperthermia is well established to trigger the targeted release of 
drugs from nanocarriers.35,36 This approach employs, as a vehicle for drug delivery, 
thermosensitive liposomes (TSL), whose membrane becomes permeable at a certain 
temperature. TSLs are prepared by adjusting the phase transition temperature (Tm) of 
the liposomal membrane to 39-42 oC, through the incorporation of e.g. DPPC 
(Dipalmitoylphosphatidylcholine) into the bilayer. The Tm needs to be tuned in such a 
way that the liposomes are sufficiently stable at normal temperature but show efficient 
cargo release upon heating.19 At temperatures around the Tm , the lipids of the bilayer 
coexist in both the solid gel phase and the liquid-crystalline phase, leading to defects 
in the membrane and increased permeability.35 These characteristics can be further 
improved by expanding the lipid composition with cholesterol,24 lysolipids36 or 
DPPG2.13,14,16,17  

Heat treatment does not only trigger the targeted release of drugs from TSLs but is also 
known to enhance the antitumor effect,37 due to enhanced permeability and blood 
circulation, among others. It has to be noted that, in contrast to conventional liposomal 
drug delivery systems, the payload of TSL is generally not delivered in an intracellular 
but intravascular fashion, before the liposome is taken up. The various ways of heat 
delivery to the target tissue used in in vivo studies include immersing body parts in a 
warm water bath, insertion of heated catheters, use of IR lasers, microwave irradiation 
or high intensity focused ultrasound (HIFU).  

MR thermometry is regularly used, in particular for monitoring hyperthermia induced 
by HIFU, and dedicated hybrid systems are already established.38,39 However, in the 
conventional setups, MRI only provides information about the local temperature, but 
not about the content release from TSL. Therefore, loading the TSL with a paramagnetic 
CA that is liberated together with the cargo when the Tm is reached has been 
investigated. The underlying concept has already been proven in vivo in the early 2000, 
using either MnII or GdIII-complexes as CA for T1 weighted imaging.9,12 In the following 
years, the respective systems have been optimized and analyzed in depth, regarding 
the release kinetics,18 the correlation between CA and drug liberation (Fig. 3.2a-c, Fig. 
3.3a,b),15,20 and the influence of the time difference between the liposome application 
and hyperthermia treatment11 (Table 3.1). Moreover, the combination of heat-induced 
release of doxorubicin for tumor treatment and thermal ablation has been assessed, 
showing that the shutdown of vasculature due to ablation treatment impairs the 
effectiveness of drug delivery and therefore should be applied after triggering the drug 
release.23 Another report addresses the challenge of simultaneous MR thermometry 
and T1 imaging for monitoring of CA release by introducing an interleaved scan 
protocol.25 Besides manganese and gadolinium-based CAs, also an iron-complex was 
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evaluated as a CA and the respective advantages and disadvantages were evaluated, 
as described later in this chapter. Moreover, the various examples of TSL differ in their 
(phospho-)lipid composition and the corresponding Tm of the liposome membrane.16,19 
Some reports also asses the possibility of multimodal imaging, employing an 111In-
complex integrated in the bilayer of the TSL. In such applications, the release of the MRI 
CA can be observed not only by a change in relaxivity but also by the loss of co-
localization of the SPECT/CT and MRI signal. The exact distribution of doxorubicin and 
liposomal phospholipids can be analyzed by fluorescence imaging and 
autoradiography respectively.21-23  

In summary, MR imaging of thermally induced content release became an established 
method in preclinical research and has high chances to enter the clinical stage soon. 
Recent publications focus on the practical execution of the MRI scan. Even though the 
setups for HIFU treatment under MR guidance are available, the simultaneous MR 
thermometry and analysis of contrast agent release remains challenging and is 
addressed in recent reports.25 

pLINFU-TRIGGERED DRUG RELEASE FROM SONOSENSITIVE 
LIPOSOMES 

As opposed to HIFU, which is used to locally increase the temperature and enable 
payload release from thermosensitive liposomes (see the section on heat-triggered 
drug release), the triggered delivery of the cargo using pulsed low intensity non-
focused ultrasound (pLINFU) relies on mechanical interaction of the nanocontainer with 
acoustic waves.40,41 The use of low energy ultrasound (US) limits the cytotoxicity related 
to cavitation effects and heating, and enables the activation of non-thermosensitive 
nanocontainers.29 The usefulness of pLINFU in drug delivery has been demonstrated in 
vitro42 and in in a pre-clinical setting.43,44 

In a seminal series of publications,28-30 Rizzitelli, Terreno and co-workers evaluated the 
use of MRI to study the pLINFU-induced co-release of doxorubicin and gadoteridol 
from liposomes in vivo. Release of the material resulted in T1 signal increase of 35-40% 
in the tumor in a mouse model.28 In a follow-up study,29 a hybrid protocol was 
established, in which contrast-enhanced MRI was used to guide the payload release 
and morphological MRI enabled the monitoring of the therapeutic effect. Two key 
aspects of the system were studied: (i) using relaxometry (gadoteridol) and 
spectrofluorimetry (doxorubicin), the co-release of both compounds was confirmed in 
vitro, thereby showing that pLINFU does not only increase the water diffusion through 
the liposome membrane but also enables the drug release; (ii) liposomes were found 
to play a crucial role in the permeabilisation of the vascular endothelium by pLINFU, 
likely acting as acoustic resonators. Finally, the same group proposed30 the use of two 
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sequential pulsed US stimuli: one to trigger the release of the drug and the other to 
increase the tumor vascular permeability (sonoporation) and enable the drug diffusion 
to the stroma, leading to an almost complete tumor regression in a breast cancer 
mouse model. 

 

Fig. 3.2: MR and CEST imaging of temperature- (a-c) and pH-triggered (d) release of 
content from liposomes; a) cross-section of a rat in supine position with two tumors, 
overlaid with T1dyn map, which shows the difference between the T1 signal before injection 
and at the end of hyperthermia (H1 and H2 indicate the tumor exposed to heat; NH is the 
non-heated tumor); b) linear regression of doxorubicin concentration (measured by HPLC) 
with T1dyn; c) doxorubicin concentration map calculated from a) using regression from b), 
selective release of doxorubicin in heated tumor is visible; panels a)-c) adapted with 
permission from ref. 17. Copyright 2016, Elsevier; d) T2-weighted and CEST map images of 
a phantom containing liposomes A (pLINFU-sensitive, loaded with Eu-based CEST agent 
with saturation offset of 18 ppm), liposomes B (pH-sensitive, loaded with Tm-based CEST 
agent with saturation offset of 70 ppm) and a mixture thereof. Selective imaging is possible 
when low pH (upper row) or ultrasound (lower row) is applied; panel d) adapted with 
permission from ref. 31. Copyright 2014 Springer. 

A different strategy for visualizing the payload release from liposomes was presented 
by Delli Castelli, Aime and co-workers (Fig. 3.2d).31 It is based on chemical exchange 
saturation transfer (CEST) effect, an emerging MR imaging modality. In CEST,45 the 
localization of molecules that contain labile protons with a specific chemical shift can 
be visualized, through subsequent selective magnetic saturation of those protons, 
allowing their exchange with the pool of water protons, and voxel-by-voxel imaging of 
the saturation. In paraCEST, lanthanide complexes are used that contain water-



FOLLOWING NANOMEDICINE ACTIVATION WITH MRI: WHY, HOW, AND WHAT’S NEXT? 
 

 99 
 
 
 
 
 
 
 

exchangeable protons with chemical shifts that fall outside the range of typical values 
and can therefore be selectively addressed. When paraCEST agents are loaded into 
liposomes, the exchange of protons with bulk water molecules is limited, which 
quenches the CEST signal. Payload release, triggered by insonation, resulted in 
increased signal. Additionally, the lipoCEST effect could be used in parallel to visualize 
drug delivery, using the chemical shift of the intraliposomal water protons. Moreover, 
two different types of liposomes could be addressed and their activation visualized by 
CEST imaging independently of each other, as described in the following section. 

pH-TRIGGERED DRUG RELEASE FROM ACID SENSITIVE 
LIPOSOMES 

The use of increased acidity of the environment as a trigger for drug release from 
nanocarriers is inspired by two effects. Firstly, the interstitial pH in tumors is known to 
be lower than in healthy tissue,46 enabling selective delivery. Secondly, once the 
liposomes are taken up into the cell, the release can be achieved due to higher acidity 
in the endosomal/lysosomal system.47 The formulation of pH-responsive liposomes is 
based on combinations of lipids that undergo phase transition under acidic condition, 
usually based on phosphoethanolamine and anionic amphiphiles with basic sites.48  

The model studies on the release of MRI contrast agent gadodiamide from pH-
responsive liposomes were described by Løkling et al. in a series of papers focusing on 
in vitro studies49 and optimization50,51 of MR properties. Those studies were followed by 
the report from Torres, Terreno and co-workers,32 who evaluated different gadolinium-
based CAs and studied the co-release of the CA and a model fluorescent compound at 
different pH (Fig. 3.3c), by correlating the relaxivity with the fluorescent signal which 
increased because of dequenching upon release. 

A conceptually different approach to pH-triggered theranostics nanomaterials is based 
on systems in which the cytotoxic material, or a precursor thereof, itself exhibits MR 
properties that enable imaging. Zhang, Zhao and co-workers presented33 liposomes 
that nano-encapsulate arsenite-manganese precipitates, in which AsIII ions are used for 
therapy and MnII ions enable T1- and T2-weighted MR imaging. After being taken up 
into cells, the liposomes release the ions in response to acidic environment in 
endosomes/lysosomes, resulting in an increased T1 signal. At the same time, the T2 
signal decreases due to the dissolution of precipitates that possess magnetic 
susceptibility. 

T2-weighted imaging can also be used to study the release of toxic iron ions from iron 
nanoparticles (FeNPs), as shown by Yue, Yu and co-workers34 for a nanoassembly 
comprising FeNPs and graphene oxide functionalized with folic acid for tumor targeting. 
Also here, the endosomal/lysosomal release of iron was envisioned, followed by Fe-
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catalyzed formation of reactive oxygen species from hydrogen peroxide produced by 
mitochondria. A slow decrease in T2 signal was observed in the tumor region in a mouse 
model, indicative for toxic cargo release. 

The CEST imaging approach to study drug delivery from liposomes, used in the pLINFU-
triggered approach (see the section on pLINFU-triggered drug release) has been 
extended also to pH-responsive systems (Fig. 3.2d).31 The use of phosphoethanolamine-
derived lipids enabled the cargo delivery at pH < 6. Interestingly, the use of two different 
lanthanides (Eu and Tm), in sono- and pH-responsive liposomes respectively, enabled 
the study of release from both nanosystems in parallel. This was possible due to the 
different chemical shift of water in the metal complexes, which facilitates selective 
addressing of them with the saturation pulse. 

 

Fig. 3.3: Studies on the release of cargo from heat- (a and b) and pH-responsive (c) 
liposomes. Changes in T1 relaxivity (r1) and fluorescence during heating and subsequent 
cooling of traditional temperature sensitive liposomes (TTSL) and non-temperature 
sensitive liposomes (NTSL). Increased fluorescence indicates the release of doxorubicin, since 
its dilution leads to dequenching; a) the irreversible increase in relaxivity and increase in 
fluorescence shows the release of the CA and doxorubicin; b) the reversible relaxivity 
increase stems from enhanced water permeability of the liposomal bilayer at elevated 
temperature. No increase in fluorescence is observed during heating, indicating that no 
doxorubicin is released. Addition of a detergent (Triton X) to destroy the liposomes leads to 
an increase in fluorescence, proving that the liposomes stayed intact during the 
hyperthermia treatment. Panels a and b adapted with permission from ref. 19. Copyright 
2010, Elsevier; c) fraction of CA and model compound (carboxyfluorescein) released at 
different pH from pH-sensitive liposomes, calculated by increase in relaxivity (squares) and 
fluorescence (circles). Panel c adapted with permission from ref. 32. Copyright 2011, Elsevier. 

DISCUSSION 

The various reports described in this chapter support the feasibility of MRI-monitored 
liposomal drug delivery that relies on different stimuli to trigger drug release. 
Nonetheless, this field is still facing various challenges and there are a few essential 
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topics for consideration. First of all, the basis of the approach lies in the assumption that 
the CA and the drug are released simultaneously. This certainly has to be proven for 
each individual case, since it depends on the physicochemical properties of the two 
compounds.29 These properties should therefore be as similar as possible to guarantee 
simultaneous release. Thus, the choice of the CA has a crucial influence on the imaging 
outcome. Besides the release kinetics, also the distribution and metabolism/excretion 
should ideally coincide. Since these characteristics are different for each compound, 
there is no ideal CA; instead, depending on the co-encapsulated drug, the best 
combination has to be established. Gadolinium complexes, for instance, are normally 
cleared rapidly from the delivery site. Conversely, manganese ions are often retained at 
their point of release owed to their interaction with phospholipids.27 Next to gadolinium 
and manganese, also the use of iron-based contrast agents has been suggested, 
offering the advantage of higher biocompatibility.26 However, the low T1 relaxivity 
compared to the other two types of CA restricts the application as it imposes the use 
of very high concentrations of the iron complexes. 

The incorporation of high quantities of CAs into the liposomes is limited by the resulting 
osmotic pressure. In this respect, the use of uncharged gadolinium complexes (such as 
Gd-HP-DO3A or Gd-DTPA-BMA) is beneficial, as they can be loaded in a higher 
concentration resulting in a higher change in relaxivity before and after release.16 
However, linear uncharged complexes are known to be less stable and hence bear a 
higher risk to release free GdIII ions causing severe side effects.52 One strategy to 
increase the concentration of the CA in the liposomes is to administer the CA and the 
drug independently in two different liposomes.26 Besides boosting the relaxivity change, 
this approach opens the possibility to deliver two incompatible compounds, such as an 
iron-complex as CA requiring acidic pH and doxorubicin as cytotoxic agent. However, 
it gives less control over the actual co-release of CA and drug and renders the system 
less reliable, especially in a complex system such as the human body.  

In general, it is not only crucial to confirm the co-release of the drug and the CA, but 
also to prove that the increase in relaxivity in fact stems from the release of the CA. As 
explained above, the relaxivity of the encapsulated CA is relatively low due to limited 
water exchange. Thus, a higher water permeability of the liposomal membrane 
enhances the relaxation rate without actual release of the CA (Fig. 3.4a).9,12 This way, for 
example mild hyperthermia below the Tm increases the water permeability and can 
induce a signal increase, erroneously indicating drug release. In contrast to signal 
enhancement by CA release, the relaxivity change is reversible, which can readily be 
analyzed in in vitro experiments to exclude the false positive result as exemplified in Fig. 
3.3a-b.19 However, the respective experiments do not provide information about the 
exact mechanism of CA release and do not answer the question if the liposomal carrier 
stays intact after payload delivery. Studies using lipids labeled with 111In for SPECT/CT 
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indicate the accumulation of empty liposomes in liver and spleen and thus suggest that 
their cargo is released via transiently formed pores.22  

 

Fig. 3.4: Consideration points and outlook for the use of MRI in studying the activation of 
triggered nanomedicines; a) relaxivity increase can stem from the release of the CA (yellow 
circle) with simultaneous drug release or only from increased water exchange due to higher 
permeability of the bilayer. The latter is reversible and does not coincide with cargo release; 
b) monitoring of orthogonal payload release using various liposomes responsive to different 
stimuli is possible with CEST imaging due to spectral resolution of the distinct chemical 
shifts of the different CEST contrast agents depicted as yellow and purple circles; c) the 
incorporation of a stimulus-responsive contrast agent into the liposomal bilayer, causing 
disintegration and cargo release from the carrier upon a trigger, allows the unambiguous 
confirmation that the trigger has reached the liposome and is not sensitive to spontaneous 
cargo release. 

Another point to consider is the chronological setup of the treatment.11 Especially when 
external triggers, such as heat, are applied to induce cargo release from the liposomes, 
the initiation of release and acquisition of MR signal have to be timed carefully. This is 
even more important when the pharmacokinetic profiles of the CA and the drug after 
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release differ. The combination with other treatments or imaging modalities represents 
an additional practical challenge.25  

CONCLUSION AND OUTLOOK 

With the proof-of-principle studies in place, and numerous in vivo reports emerging, 
the use of MRI to follow the release of drugs from nano-carriers gains momentum and 
is set to develop into hospital practice. While the nanomedicine field has been argued 
to under-deliver on its enormous promise,6 we believe that methods that allow the 
assessment of the location and efficiency of drug release will provide the boost for 
clinical translation. 

To achieve this, further development of CAs with various properties, which are as similar 
to those of the active substances used nano-carriers, is required. Currently the model 
applications rely almost exclusively on the use of doxorubicin (see Table 3.1) as a drug, 
but numerous other drug preparations are being approved for clinical use, which would 
require different CAs to follow. Considering the recent concerns on the accumulation 
of gadolinium in human tissues after CA-enhanced MRI scans,53 which led to legal 
actions prohibiting the use of most linear gadolinium complexes,54 this becomes an 
important challenge that needs to be met if the use of MRI to follow the distribution 
and activation of nanomedicines is to find a general use in clinics. 

The field would further benefit from the establishment of multifunctional membrane 
constituents that not only bear a contrast enhancing moiety but are also susceptible to 
a trigger resulting in cargo release. This way the imaging of nano-carrier activation 
would be enabled, conveying a higher certainty about accordance of the signal increase 
with liposome responsiveness (Fig. 3.4c).  

Finally, we also highlight here the possibilities offered by the selective delivery of 
different drugs induced by orthogonal stimuli. Since the T1 and T2 relaxivity 
measurement offer practically no spectral resolution, new MRI modalities are needed 
for this purpose. The emerging CEST imaging (Fig. 3.2d) fulfills this requirement, as it 
enables the imaging of separate CA independently of each other due to their distinct 
chemical shift (Fig. 3.4b). 

With the increasing understanding of the intricacies of the drug/CA release from 
nanomedicines, a set of guidelines for the field emerges. In this chapter, we aimed at 
highlighting the opportunities, challenges and pitfalls, hopefully providing an outlook 
for the future development towards clinical practice. 
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Chapter 4: 
 
A LIGHT-RESPONSIVE LIPOSOMAL 

AGENT FOR MRI CONTRAST 

ENHANCEMENT AND CARGO 

DELIVERY 

 

Medical magnetic resonance imaging (MRI) produces high-resolution anatomical 
images of the human body, but has limited capacity to provide useful molecular 
information. The light-responsive, liposomal MRI contrast agent described herein 
could be used to provide an intrinsic theranostic aspect to MRI and enable tracking 
the distribution and cargo release of drug delivery systems upon light-triggered 
activation 
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 INTRODUCTION 

In the clinic, Magnetic Resonance Imaging (MRI) is widely used as a non-invasive 
medical imaging technique that provides anatomical information with excellent 
resolution without exposing the patient to damaging ionizing radiation.1 The contrast in 
MRI stems from the difference in local densities and relaxation times of protons in 
human tissues. In about 30 million clinical scans performed annually worldwide, the 
contrast is further enhanced by the administration of paramagnetic contrast agents 
(CAs), such as gadolinium(III) complexes, which significantly shorten the T1 relaxation 
time of surrounding protons.2–4 This causes a higher intensity in the acquired MR image 
and enables the visualization of the distribution of the CA in the human body.  

Tissue-specific CAs are currently available to image structures that are barely 
distinguishable on a regular scan, such as the vascularization of the brain.5 However, 
due to the low sensitivity of MRI, the requirement of relatively high local concentrations 
(0.01 mM) of CAs for effective signal enhancement presents a major limitation, especially 
regarding the development of CAs for the imaging of disease-specific biomarkers that 
are present at much lower concentrations. Therefore - while structures that are highly 
abundant in the human body, such as fibrin or collagen, can be readily visualized6–10 - 
targeted imaging of less abundant structures, such as receptors or other proteins that 
are associated with certain pathological conditions, remains challenging.  

This problem has been previously addressed through the development of responsive 
CAs, that show increased contrast enhancement upon activation by enzymes leading 
to signal amplification. Other CA that enable diagnostics beyond purely anatomical 
imaging, take advantage of changes in ion or neurotransmitter concentration as well as 
changes in pH, temperature or redox potential, inter alia.4,10–16 Even though the 
effectiveness of this strategy has been proven for these targets, certain limitations to 
this approach remain: for instance, the untimely and/or off-target activation, as the 
conditions for the activation of the responsive CAs are frequently also present outside 
the lesion(s) in normal, healthy tissues.  

In this respect, local activation of a CA with light could be used as a general strategy 
for improved MRI contrast enhancement. Of note, the use of photons as CA activators 
does not interfere with endogenous physiological processes.17 Moreover, light can be 
delivered with a very high spatiotemporal resolution and is biocompatible within a 
broad wavelength range.18,19 Due to these advantages, the research fields focusing on 
the use of light for biomedical applications, e.g. for the selective activation of drugs 
(photopharmacology),20 in photodynamic therapy,21 or for the activation of genetically 
engineered ion channels (optogenetics),22 are expanding very quickly fueled by truly 
promising results.  

The research presented in this chapter aims to establish a general strategy for signal 
amplification in contrast-enhanced MRI, which could be used for selective imaging of 
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low-concentration targets. This strategy envisions the use of targeted light-emitting 
systems that locally activate the MRI CA through the production of photons, resulting 
in signal amplification. A key advantage of this approach is that the use of light for 
activation would provide a CA that is readily adaptable to various targets, by changing 
the light-emitting component in contrast to the systems described above that are 
limited to one specific target.  

 DEVELOPMENT OF A VIOLET-LIGHT-ACTIVATABLE 
LIPOSOMAL AGENT FOR MRI CONTRAST ENHANCEMENT 
AND DRUG DELIVERY 

As a key step towards this general goal, the synthesis and evaluation of a photoactivated 
MRI CA that changes its relaxivity in response to irradiation with violet light is described 
here. Furthermore, it is demonstrated how this liposomal CA can simultaneously be 
used as a responsive cargo delivery system.23  

For the successful design of a photoactivatable CA, it is crucial to consider the molecular 
characteristics influencing its relaxivity. As defined in the Solomon-Bloembergen-
Morgan theory,24 these characteristics are: (i) the tumbling time, and thus the size of a 
CA, (ii) the number and (iii) the residence time of water molecules coordinated to the 
gadolinium complex.8 Especially, the molecular control over of the first two features is 
straightforward and can be used for the design of responsive CA, as shown in various 
molecular approaches.25 In order to prove the concept of light-responsive contrast 
agents, we designed a CA that, upon light-activation, converts from a relatively large 
nanoscopic complex to a single small molecule. This conversion is accompanied by a 
marked change in tumbling time, which results in a significant change in relaxivity. A 
related strategy has been successfully used in an enzyme-based approach by Aime and 
co-workers for the development of an MRI CA responsive to matrix metallo-proteinase 
2.26  

We constructed the light-responsive MRI contrast agent by linking a gadolinium 
complex, via a photocleavable group, to a lipophilic alkyl chain, which functions as an 
anchoring group for liposomes (Fig. 4.2). We hypothesized that irradiation of such 
liposomes would induce photocleavage and subsequent release of the GdIII complex 
with an additional free carboxylic acid group (Fig. 4.2). Besides the relaxivity change due 
to modulation of the tumbling time, also the hydration state of the GdIII complex is 
expected to change, since the liberated carboxylate moiety may coordinate to the 
gadolinium ion replacing one water molecule from the complex. Altogether, these 
processes lead to a lengthening of the T1 relaxation time and therefore to a signal 
reduction. Since it is generally preferred to obtain an increase in signal upon activation, 
we envision a ratiometric approach, analyzing the T1 and T2 relaxation time for future 
applications, following the example of Aime et al..27 
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Fig. 4.1: Design principle for light-activated MRI contrast agents for imaging (a, b) and 
theranostics (c, d); a) the GdIII complex for T1-signal enhancement is incorporated into the 
bilayer of liposomes. Upon irradiation with λ = 400 nm light, the GdIII complex is released, 
causing a decrease in T1 relaxation rate; b) the liposomes selectively penetrate into tumor 
tissue due to the enhanced permeability and retention (EPR) effect. A targeting moiety (here 
an antibody) binding to the tumor cells bears a light-emitting system that leads to the 
release of the GdIII complex from the lipid bilayer of the liposomes; c) upon light irradiation, 
the liposomes release the GdIII complex with concurrent release of the payload incorporated 
in their aqueous lumen; d) the liposomal CA can be used for site-selective drug delivery 
using local irradiation as a stimulus to release the liposome cargo. The response to light 
can be monitored by MRI due to a change in relaxivity.  
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Fig. 4.2: Molecular structure of the GdIII complex of compound 1 (Gd-1) and its photo-
product Gd-2. Gd-1 bears a GdIII complex and an anchoring group for liposomes connected 
via a photocleavable linker. Upon light exposure, the compound cleaves and the GdIII 
complex is released.  

 RESULTS 

 Synthesis 

To achieve an efficient, short and high-yielding synthesis, we used a Passerini 
multicomponent reaction (MCR) for creating the photoactive scaffold28 that could in 
subsequent transformations be modified with a liposome-anchoring group and a 
chelator for gadolinium. For this key step in the synthesis, nitroveratryl aldehyde, 4-
bromo-butanoic acid and isocyanide 2 were reacted to afford the core structure 3, 
bearing an alkyne functionality. This alkyne was then reacted in a variant of the 
copper(I)-catalyzed azide-alkyne Huisgen cycloaddition29 with azide 5,30,31 in 
dichloromethane, which ensured the solubility of both substrates. Subsequently, the 
GdIII ligand 732 was introduced into compound 6 through a nucleophilic substitution. 
Being aware of the recent concerns about the accumulation of gadolinium in tissues 
due to the release from complexes with linear ligands,33 we aimed at increasing the 
complex stability by choosing a cyclic ligand over the less stable linear variant.34 
Deprotection of the tert-butyl groups gave the multifunctional compound 1, whose 
structure includes a photoreactive moiety, a ligand for GdIII and two alkyl chains for 
docking into the liposomes.  
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Fig. 4.3: Summary of synthetic route towards compound 1. Key steps are the Passerini MCR 
for the synthesis of the photoactive scaffold, a copper(I)-catalyzed azide-alkyne 
cycloaddition for attachment of the alkyl chains and a nucleophilic substitution for 
introduction of the gadolinium ligand. 

 Liposome preparation 

The liposomes were prepared by hydrating a dry lipid film of an equimolar mixture of 
compound 1 and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) with TBS buffer 
(pH 7.5) to give a concentration of 2.5 mM for each component. Repeated cycles of 
freezing, thawing and ultrasonication produced small, unilamellar vesicles (SUVs), to 
which a solution of gadolinium(III) chloride was added to form the lanthanide complex. 
By adding GdIII to the pre-formed liposomes, we assume to form the complex with the 
molecules whose hydrophilic head group face to the outside only, resulting in the 
photo-triggered release of the GdIII complex solely to outside and not the lumen. After 
removal of unselectively bound GdIII ions by dialysis, cryoTEM (Fig. 4.4a), dynamic light 
scattering analysis (see experimental section) and EDX spectroscopy (Fig. 4.4c,b) were 
applied to confirm the formation of SUVs and accumulation of gadolinium in the 
liposomes. No free GdIII was observed in the medium and the ratio of phosphorus to 
gadolinium signal was analyzed and determined to be 1:1.76 (Gd/P). The final 
concentration of gadolinium in the sample was 0.95 mM (150 ppm), as determined by 
inductively coupled plasma-optical emission spectrometry (ICP-OES), indicating that the 
complex was formed with 38% of all available ligands. Assuming that no free GdIII is 
present (as indicated by a photometric assay, see experimental section) and that the 
complex was only formed with the ligands facing outside, it can be calculated that ca. 
76% of all the available ligands coordinate to a GdIII ion. 
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Fig. 4.4: CryoTEM and EDX analysis of the MR-active liposomes; a) cryoTEM image of 
dialyzed liposomes, containing 50% DOPC and 50% compound 1, with 1 eq. of GdCl3 
added; b) EDX spectrum of an area of liposome aggregation after addition of 2 equivalents 
of GdCl3 and subsequent dialysis; c) EDX spectrum of the background of the same sample 
as in b). The absence of gadolinium signal in c) indicates the selective binding of GdIII to the 
liposomes. 

 Fast-Field-Cycling NMR relaxometry 

Fast Field Cycling (FFC) NMR relaxometry is a method that allows the determination of 
the spin-lattice relaxation time (T1) over a range of proton Larmor frequencies and is 
commonly used in the molecular evaluation of MRI CAs.35–40 Here, we used FFC NMR 
relaxometry to study the synthetic reproducibility, stability and photoresponsiveness of 
the liposome formulation. 

Robustness of the method used for liposome preparation was evaluated by comparing 
the relaxation rate of three independently prepared samples and high uniformity was 
observed (Fig. 4.5b, Fig. 4.13a, samples 1-3). Subsequently, the stability of the liposomes 
over time was assessed. Storage of sample 3 at 4 ⁰C for one week led to a decrease in 
relaxation rate of only 3% (measured at 10 MHz), and even after four weeks merely 7% 
decrease was observed (Fig. 4.5b). Importantly, the shape of the recorded nuclear 
magnetic resonance dispersion (NMRD) profiles persisted over time (Fig. 4.13b, 
experimental section), confirming the stability of the nanoscopic complex, as could be 
derived from the characteristic increase in relaxivity at proton Larmor frequencies above 
7 MHz.41  
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Fig. 4.5: Stability and relaxometric analysis of the liposomes containing Gd-1 under dark 
and irradiation conditions. a) Average NMRD profile curves of samples 1-3 before and after 
irradiation with light (λ = 400 nm) for indicated time. The results show the average of three 
measurements of independently prepared samples; b) The relaxation rates measured at 10 
MHz of three independently prepared samples (1-3). The relaxation rate of sample 3 did 
not change substantially over up to 28 days of storage; c) Average decrease in relaxivity 
recorded at 10 MHz compared to decrease in absorbance at λ = 365 nm (analyzed for one 
sample). 

Next, we examined the effect of irradiation with light at λ = 400 nm on the relaxivity to 
evaluate whether the contrast agent showed the desired photoresponsiveness. The data 
confirmed that irradiation results in a marked decrease in relaxivity within 1 h of 
irradiation (Fig. 4.5a,c). Already after 10 min, a change Δr1 of 21% (measured at 10 MHz) 
was observed, which is comparable to values reported for other light-switchable 
paramagnetic metal complexes.42–44 Moreover, the decrease in relaxivity coincided with 
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a change in the shape of the NMRD profile. The increase at higher field strength (>7 
MHz), which is characteristic for nanoscopic contrast agents, diminishes with increasing 
irradiation time, suggesting that the GdIII complex converged to a small molecule.26 
These results indicated the successful uncaging of the GdIII complex from the liposome. 
With prolonged irradiation (60 min in total), the decrease in relaxivity could be further 
enhanced to 49% of the initial value (from 10.7 mM-1 s-1 to 5.2 mM-1 s-1). Likewise, the 
relaxation rate at 4.7 T, which is closer to the operating field of (pre-) clinical MRI 
scanners, was shown to clearly decrease from 4.8 s-1 to 1.9 s-1 (corresponds to 39% of 
the initial value) after 60 min irradiation (Fig.4.15, see experimental section). 

To confirm that the decrease in relaxivity stems from the photocleavage of compound 
Gd-1 docked into the liposome bilayer, we compared the kinetics of the relaxivity 
decrease (measured by FFC relaxometry) and the uncaging process, followed by UV-
Vis spectroscopy. Towards this goal, we followed the changes in absorbance at λ = 365 
nm, the absorption maximum of the intact ortho-nitro-phenyl moiety, under the 
assumption that the decrease is quantitatively correlated with photocleavage.45–48 As 
anticipated, absorption at λ = 365 nm diminished upon exposure to λ = 400 nm light, 
which coincided with a decrease in relaxivity (Fig. 4.5c). The lifetimes for these two 
processes were determined to be 23.6 min for change in relaxivity and 25.1 min for the 
photocleavage. These findings confirm that the change in relaxivity indeed results from 
the photocleavage of compound 1. 

A major concern of the application of gadolinium-based CAs is the instability of the GdIII 
complex, as free GdIII has unwanted long-term toxic effects on the human body.3 While 
cyclic complexes are generally considered to be stable,4,34,49 we nevertheless 
investigated the stability of our GdIII complex upon irradiation, employing a photometric 
assay in which xylenol orange is used as a sensitive indicator for the presence of free 
GdIII ions.50 The results showed that the complex stability is not affected by light as there 
is no substantial increase in free GdIII concentration after 1 h of irradiation with light at 
λ = 400 nm (Fig.4.16b, see experimental section). 

 Cytotoxicity studies 

In order to validate the applicability of the presented contrast agent in a biological 
setting, we evaluated the potential toxicity of the liposomal formulation towards human 
umbilical vein endothelial cells (HUVEC), human normal epithelial cells and M1 
macrophages. Since the photocleavage of ortho-nitro phenyl-based photo-protecting 
groups is a complex process with a multitude of products,51 we aimed to ascertain that 
there are no toxic effects of the formulation throughout the course of cleavage. To this 
end, cell death was evaluated by flow cytometry using the Annexin V-FITC/PI method, 
which did not indicate any cytotoxic effect of the liposomes that contained Gd-1 in their 
bilayer, as compared to the control with cell medium (Fig. 4.6). Similarly, irradiation of 
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the photoresponsive liposomes prior to addition to the cells did not enhance cell death 
either, indicating that no toxic products are formed upon photocleavage.  

 

Fig. 4.6: Assessment of cytotoxic effects of liposomes containing Gd-1 evaluated by flow 
cytometry using Annexin V-FITC/PI method. The photoresponsive liposomes appear not to 
exert any obvious cytotoxic effects on HUVEC, normal epithelial cells or M1 macrophages, 
neither in the dark, nor after irradiation with λ = 400 nm for up to 60 min. The medium 
and medium supplemented with 70 µM Taxol were used as negative and positive control, 
respectively.  

 Cargo release from liposomes 

Next, we explored the possibility of using the liposomal CA for MRI-guided drug 
delivery, as outlined in Fig. 4.1c. To this end, we examined the effect of the 
photocleavage on the liposome structure and integrity. In particular, we evaluated 
whether cleavage of compound Gd-1 destablizes the lipid bilayer and thereby promotes 
the release of the liposome cargo, or if the liposomes stay intact without releasing their 
content.  

To address this question, we probed the changes in permeability of the liposomes under 
irradiation, using calcein as a model for drugs that can be delivered as liposomal 
preparations. Calcein is a fluorescent dye that can be encapsulated at high, self-
quenching concentrations in the aqueous lumen of liposomes. Release of calcein from 
the liposomes results in increased fluorescence.52–54 After storage for 1 h in the dark, 
the fluorescence intensity of the liposomes decorated with compound Gd-1 and loaded 
with calcein at self-quenching concentration (0.1 M) only marginally increased (Fig. 4.7), 
showing the stability of the nano-container in the dark. In contrast, upon irradiation with 
λ = 400 nm light, a clear increase in fluorescence was observed, indicating that 
photocleavage process destabilizes the integrity of the lipid bilayer of the liposomes. 
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Unfortunately, it was not possible to determine the exact release rate due to 
photobleaching of calcein under irradiation.55 Dynamic light scattering (DLS) analysis 
showed re-organization of the liposomes, leading to a net decrease in size (Fig.4.18, 
experimental section). Altogether, the cargo release upon irradiation, concurrent with 
the change in magnetic relaxivity, may be exploited for using this light-responsive 
liposomal MRI CA also for theranostic purposes. 

 

Fig. 4.7: Evaluation of the effect of photocleavage on liposome integrity. Fluorescence 
intensity (λex = 480 nm, λem = 520 nm) of 50% DOPC/50% compound 1 liposomes loaded 
with calcein at self-quenching concentration (0.1 M), measured as a technical triplicate. 
Upon irradiation, liposome membrane integrity is reduced as is evident from an increase in 
fluorescence due to calcein release. 

 DISCUSSION AND CONCLUSION 

The described research presents the proof of principle for an activated MRI contrast 
agent with intrinsic capability for drug delivery, offering prospects for diagnostics and 
image-guided therapy. In this context, we developed and evaluated a light-responsive 
liposomal gadolinium complex and we demonstrated that its exposure to light results 
in a marked decrease in relaxation rate, indicating the conversion of a nanoscopic GdIII 
complex into a small molecule. Various experimental techniques, including cryoTEM 
imaging, EDX spectroscopy and FFC relaxometry, supported the concept we proposed 
for constructing light-responsive MRI CAs. 
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The increase in the permeability of the liposomes upon light exposure, as demonstrated 
by calcein release, opens new possibilities to employ this CA for theranostic 
applications. To date, there are only few examples of agents combining MR-imaging 
with pharmacotherapy,23,56 e.g. by incorporating MRI CAs into nanoparticles for the 
assessment of the integrity of the latter. Other promising approaches include the 
thermo-sensitive release of MRI contrast agents and therapeutics from liposomes and 
a combination of GdIII complexes with porphyrins for photodynamic therapy.57,58 Our 
strategy, however, stands out due to the prospect of using internal light-emitting 
targeting moieties for activation, which makes the drug release system unbiased and 
independent of external stimuli.  

In further perspective, we envision to use a two-step approach in which the patient is 
first injected with a disease-specific antibody (or derivate thereof) equipped with a 
bioluminescent enzyme-substrate system. After its injection, the conjugate is allowed to 
selectively accumulate in the lesion(s). Subsequently, the corresponding substrate of the 
light-producing enzyme is injected that is converted at the site of the lesion only, 
resulting in the localized generation of photons. In turn, these photons locally enhance 
MRI contrast of the light-activatable CA injected in a second step. The relaxivity of the 
presented example decreases upon light-activation, which could possibly be 
distinguished from clearance of the CA by a ratiometric approach, as mentioned 
earlier.27 Deliberate timing of the scans and stepwise administration of the respective 
components would result in distinguished resolution. Possible luminescent tools, that 
could be used for the activation of the CA, are luciferin/luciferase systems, which have 
been optimized for in vivo bioluminescence imaging.59,60 In addition, the expression of 
horseradish peroxidase in mammalian cells has been explored aiming at local prodrug 
activation in vivo.61 Both enzyme families are often used in in vitro biomedical research, 
providing a good base for the development of suitable bioluminescent targeting 
moieties. Altogether, this method may be useful to reduce the side effects in systemic 
chemotherapy for the treatment of localized malignant disease. 

For the clinical development of the CA reported here, it is crucial to shift the activation 
wavelength from λ = 400 nm to above 600 nm in order to maximize tissue penetration 
of the light, while reducing wavelength associated toxicity.18 Recent developments in 
green and red light-responsive photocaging groups, such as BODIPY-based PPGs, 
which will be discussed in the following section, suggest that possibilities for efficient 
activation within a clinical setting are emerging.62–67 With regards to the use of our 
system for MRI guided drug delivery, a bathochromic shift in activation wavelength 
would open up the possibility to use clinically established light delivery systems,68–70 
commonly used in photodynamic and photothermal therapies, for triggering the local 
drug release. Moreover, the introduction of polyethyleneglycol (PEG) chains is also 
currently being studied in our laboratories in order to increase the stability and 
circulation time of the liposomes in the body.71  
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 TOWARDS RED-LIGHT-ACTIVATED MRI CONTRAST 
ENHANCEMENT AND DRUG DELIVERY 

As outlined above, light-responsive MRI contrast agents have the potential to become 
a tool for obtaining molecular information about biological processes with high 
resolution. The research presented in the first part of this chapter focused on the 
development of MR-trackable liposomes that change relaxivity upon irradiation with λ 
= 400 nm (violet) light. Since light of this wavelength is strongly absorbed in the body, 
we aimed to bring this proof-of-principle study closer to application by establishing an 
analogous system responsive to red or near-infrared (NIR) light, which shows 
significantly deeper tissue penetration. A BODIPY moiety introduced in chapter 2 (Fig. 
4.8, shown in orange) seemed to be a promising molecular scaffold to replace the 
ortho-nitro phenyl structure of the previous design. The activation wavelength for 
BODIPY-based photocleavable groups typically lies above λ = 500 nm and can be 
shifted bathochromically even further by extension of the chromophoric system with 
e.g two styryl groups (Fig. 4.8 in red).72 

 

Fig. 4.8: Molecular design of compound 8, a red-light-responsive, photocleavable MRI 
contrast agent that can be incorporated into the bilayer of liposomes. 

Since prior research (chapter 2) indicated that Passerini MCRs employing BODIPYs with 
extended π-systems is challenging and low yielding, we chose to take another synthetic 
approach for this project. Specifically, we decided to attach two alkyl chains as 
anchoring group for liposomes as para substituent of the styryl groups (Fig. 4.8, shown 
in dark blue) and the GdIII ligand in meso-position of the BODIPY (Fig. 4.8, shown in 
light blue). Photochemical activation of the BODIPY core is expected to release the GdIII 
complex, resulting in a similar change in relaxivity as observed for the system described 
above. 
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 RESULTS AND DISCUSSION 

Fig. 4.9 illustrates the envisioned synthetic route towards the red-light-activatable 
amphiphilic molecule 8 starting from acetylated BODIPY 9 (see chapter 2). This 
compound was reacted with aldehyde 1073 in a Knoevenagel condensation to yield the 
corresponding BODIPY-derivative with an extended conjugated π-electron system and 
two lipophilic chains for the incorporation of the compound into the bilayer of 
liposomes. Similarly to the difficulties we encountered when we aimed to establish 
reproducible synthetic procedures for MCRs with BODIPYs (chapter 2), the isolated yield 
varied from 6 - 57% under identical reaction conditions. Notably, initial problems 
regarding the instability of the product during purification via silica column 
chromatography were solved by addition of a base (triethylamine) to the eluents, which 
led to a general increase in isolated yield but still could not solve the problems of 
irreproducibility. Subsequent hydrolysis of the ester yielded compound 11.  

Previous work in our group had shown that photocleavage of similar BODIPYs with 
efficient release of an amine can be achieved, when the corresponding amine is 
connected via a carbamate linkage in meso position.62,63 Since our aim was to use light 
to trigger the release of an GdIII complex for MRI signal alteration, we synthesized a 
suitable ligand bearing an amine functionality (compound 13, Fig. 4.9a).74 In order to 
install the carbamate functionality for connecting compounds 11 and 13, two strategies 
can be envisioned: either the alcohol or the amine can be activated with e.g. para-nitro-
phenyl chloroformate, followed by reaction with the respective amine or alcohol, as 
illustrated in Fig. 4.9b-d. Inspired by prior research,62 we first proceeded with the 
activation of the alcohol. After optimization of the reaction conditions, activated 
carbonate 15 could be obtained in moderate yield. However, subsequent coupling to 
compound 13 was not successful and therefore we explored the alternative approach. 
Hence, GdIII ligand 13 was reacted with para-nitro-phenyl chloroformate to afford 
carbamate 16. Unfortunately, even after thorough screening of numerous reaction 
conditions using various bases and equivalents of substrates, at room temperature or 
40 ⁰C in different solvents, together with addition of a coupling reagent (DMAP) and 
the use of microwave irradiation (see Table 4.1), we did not succeed to obtain 
compound 14 in more than trace amounts.  
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Fig. 4.9: Synthetic approaches to afford compound 8. a) Synthesis of BODIPY 11 with 
extended chromophoric system and of GdIII ligand 13 bearing an amine group, b-d) 
Attempted strategies for the coupling of compound 11 and 13, or their derivatives, with a 
carbamate functionality as a linker. 
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Table 4.1: Screened reaction conditions for the coupling of compound 11 and 16. 

Entry eq. 11 eq. 16 Solvent Base (eq) Additive Temperature Outcome 

1 
2 
3 
4 

1 
1 
1 
1 

1 
1 
1 
1 

DCM 
DCM 
DCM 
DCM 

DIPEA (8 eq) 
NaOMe (1.5 eq) 

K2CO3 (8 - 50 eq) 
NaH (0.75-10 eq) 

- 
- 
- 
- 

rt 
rt 
rt 
rt 

traces 
traces  

no product 
no product 

5 
6 
7 
8 

1 
1 
1 
1 

1 
1 
1 
1 

DCM 
DCM 
DCM 
DCM 

DIPEA (8 eq) 
NaOMe (1.5 eq) 

K2CO3 (8 eq) 
NaH (1.5 eq) 

- 
- 
- 
- 

40 ⁰C 
40 ⁰C 
40 ⁰C 
40 ⁰C 

traces 
traces 

no product 
traces 

9 1 5 DCM NaH (1.5-3 eq) - rt traces  

10 1.5-3 1 DCM NaH (2-4 eq) - rt no product 

11a,b 1 1 DCM - DMAP (0.1 eq) a:rt, b:40 ⁰C no product 

13a,b 
14a,b 
15a,b 
16a,b 

1 
1 
1 
1 

1 
1 
1 
1 

THF 
THF 
THF 
THF 

DIPEA (8 eq) 
NaOMe (1.5 eq) 

K2CO3 (8eq) 
NaH (1.5 eq) 

- 
- 
- 
- 

a:rt, b:40 ⁰C 
a:rt, b:40 ⁰C 
a:rt, b:40 ⁰C 
a:rt, b:40 ⁰C 

no product 
no product 
no product 
no product 

17 
18 

1 
1 

1 
1 

THF 
THF 

n-BuLi 
LDA 

- 
- 

rt - 40 ⁰C 
rt - 40 ⁰C 

no product 
no product 

19a,b 1 1 THF - DMAP (0.1 eq) a:rt, b:40 ⁰C no product 

20a,b 1 1 THF - - mw (a:80, b:110 ⁰C) no product 

21a,b 1 1 THF DIPEA (8 eq) - mw (a:80, b:150 ⁰C) no product 

22a,b 
23a,b 

1 
1 

1 
1 

1,4-Dioxane 
1,4-Dioxane 

DIPEA (8 eq) 
NaOMe (1.5 eq) 

- 
- 

a:rt, b:40 ⁰C 
a:rt, b:40 ⁰C 

no product 
degradation 
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Entry eq. 11 eq. 16 Solvent Base (eq) Additive Temperature Outcome 

24a,b 
25a,b 

1 
1 

1 
1 

1,4-Dioxane 
1,4-Dioxane 

K2CO3 (8eq) 
NaH (1.5 eq) 

- 
- 

a:rt, b:40 ⁰C 
a:rt, b:40 ⁰C 

degradation 
degradation 
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In order to tackle the problem of low conversion, we decided to investigate another 
way to introduce the carbamate functionality, namely by reacting amine 13 with 
triphosgene, followed by addition of the alcohol. For assessment of the best possible 
synthetic procedure, we used the unsubstituted BODIPY alcohol 9 as a model substrate. 
Treatment of amine 16 with triphosgene for 1-3 h with subsequent reaction for 1 h with 
the alcohol that has been pre-treated with NaH, in a one-pot procedure, gave the best 
results, even though the conversion to product was generally still quite low (Fig. 4.11, 
see experimental section). With those optimized conditions, we explored the scope of 
the reaction by testing different alcohols that are precursors of PPGs, such as 6-
nitroverartryl alcohol or 7-(diethyl-amino)-4-hydroxymethylcoumarin, both of which 
gave even better results in terms of conversion. Finally, we reacted alcohol 11 with 
compound 13 in the same procedure and were delighted to observe conversion to the 
desired conjugate 14, as confirmed by high resolution mass spectrometry (see Fig. 4.12, 
experimental section) performed on a fraction isolated from silica gel chromatography. 
Using this sample, we employed UV-Vis spectroscopy to test if irradiation with red light 
induces photolysis of the molecule: While in the dark no changes in the UV-Vis 
absorption spectrum were observed (Fig. 4.10a), irradiation with λ = 650 nm led to a 
clear decrease in absorbance (Fig. 4.10b). After deprotection of the tert-butyl protecting 
groups and GdIII complexation, we aim to incorporate the molecule into liposomes and 
assess its potential as a red-light sensitive probe for contrast enhancement and cargo 
delivery. 

 

Fig. 4.10: Uncaging of compound 14 followed by UV-Vis spectroscopy (solvent: 5% MeOH 
in acetonitrile). a) UV-Vis absorption spectra of compound 14 in the dark at indicated time 
points; b) UV-Vis absorption spectra of compound 14 after irradiation with λ = 650 nm for 
indicated time.  

 CONCLUSION 

We designed and synthesized a red-light-responsive system, based on a BODIPY 
scaffold, as a promising tool for prospective in vivo use in biological systems. We 
optimized key steps in the synthetic route, such as the carbamate formation, and were 
able to prove the red-light responsiveness of the synthesized precursor of the final 
molecule. Unfortunately, the synthesis of this type of derivatives still remains challenging 
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and low-yielding. The respective molecules typically only need low-energy light for their 
excitation to the excited state, due to a smaller HOMO-LUMO gap. With regard to 
extended π-conjugated systems as the one at hand, the energy difference between 
HOMO and LUMO is smaller due to both: a rise in energy level of the HOMO and 
decrease of the LUMO. This leads to higher susceptibility of the molecule for 
nucleophilic as well as electrophilic attack and hence reduced stability, possibly 
explaining the observed problematic reactivity. 

Despite the challenges encountered in the research described herein, we are still 
convinced that the future of light-activatable therapeutic or imaging systems lies in the 
development of red- or NIR-light responsive probes. As an alternative to shifting the 
activation wavelength of the light-responsive moiety, one could envision the use of 
upconverting nanoparticles (UCNP) instead of a liposomal formulation, in combination 
with a comparable photolabile group as used in the first section of this chapter. This 
way, incoming light of lower energy will be upconverted by the nanoparticles and may 
ultimately serve to cleave the photolabile molecule and release the contrast agent.75,76 
This system, however, would only allow imaging of the light activation without additional 
therapeutic drug delivery.  
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 EXPERIMENTAL SECTION 

 GENERAL INFORMATION 

Starting materials, reagents and solvents were purchased from Sigma–Aldrich, 
Acros, Fluka, Fisher Scientific, TCI, Combi blocks, Strem Chemicals and were used 
as received. Solvents for the reactions were of quality puriss., p.a.. Anhydrous 
solvents were purified by passage through solvent purification columns (MBraun 
SPS-800). For aqueous solutions, deionized water was used. Thin Layer 
Chromatography analyses were performed on commercial Kieselgel 60, F254 silica 
gel plates with fluorescence-indicator UV254 (Merck, TLC silica gel 60 F254). For 
detection of components, UV light at λ = 254 nm or λ = 365 nm was used. 
Alternatively, oxidative staining using aqueous basic potassium permanganate 
solution (KMnO4) or aqueous acidic cerium phosphomolybdic acid solution 
(Seebach’s stain) was used. Drying of solutions was performed with MgSO4 and 
volatiles were removed with a rotary evaporator. Flash column chromatography was 
performed with Silicagel, pore size 60 Å, 40-63 µm particle size. 
Nuclear Magnetic Resonance spectra were measured with an Agilent Technologies 
400-MR (400/54 Premium Shielded) spectrometer (400 MHz) or Bruker Avance 600 
NMR Spectrometer (600MHz). All spectra were measured at room temperature (22–
24 °C). The multiplicities of the signals are denoted by s (singlet), d (doublet), t 
(triplet), q (quartet), m (multiplet), br (broad signal). All 13C-NMR spectra are 1H-
broadband decoupled. High-resolution mass spectrometric measurements were 
performed using a Thermo scientific LTQ OrbitrapXL spectrometer with ESI 
ionization. The ions are given in m/z-units. Melting points were recorded using a 
Stuart analogue capillary melting point SMP11 apparatus. For spectroscopic 
measurements, solutions in Uvasol® grade solvents were measured in a 10 mm 
quartz cuvette. UV/Vis absorption spectra were recorded on an Agilent 8453 UV/Vis 
spectrophotometer with diode array detection. Temperature-control was exerted 
through a Peltier based temperature controlled cuvette holder 
(QuantumNorthwest). Fluorescence measurements were performed on a BioTek 
Synergy H1 microplate reader. ICP-OES analysis was performed on a Perkin Elmer 
Optima 7000 DV spectrometer. NMRD profiles were recorded on a Stelar 0.25 T FFC 
relaxometer SMARtracer. 
Irradiation experiments were performed with a λ = 400 nm (3x Roithner VL-400-
Emitter, optical power 1000 mW, λmax = 400 nm, FWHM 11.9 nm) and λ = 650 nm 
(3x LXML PD01, optical power 1200 mW, λmax = 652 nm, FWHM 26.4 nm) LED system 
(Sahlmann Photochemical Solutions). 
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 SYNTHETIC PROCEDURES AND COMPOUND CHARACTERIZATION 

 

 2: 2-Isocyano-N-(prop-2-yn-1-yl)acetamide 
Compound 2 was prepared by a modification of a literature procedure.77,78 A 
mixture of methyl isocyanoacetate (7.82 mmol, 711 µL) and propargylamine (15.6 
mmol, 1.00 mL) was stirred at room temperature overnight. The formed solid was 
filtered off and washed with Et2O to provide compound 2 as light brown powder 
(759 mg, 78%). Rf = 0.63 (pentane/AcOEt, 1:1 v/v); Mp. 109°C; 1H NMR (400 MHz, 
DMSO-d6): δ 3.15 (t, 4J = 2.4 Hz, 1H, CCH), 3.88 (dd, 3J = 5.6 Hz, 4J = 2.4 Hz, 2H, 
CH2NH), 4.35 (s, 2H, CH2NC), 8.61 (br s, 1H, NH). 1H NMR spectrum is in agreement 
with published data.77 
 

 

 3: 1-(4,5-Dimethoxy-2-nitrophenyl)-2-oxo-2-((2-oxo-2-(prop-2-yn-1-ylamino)ethyl) 
amino)-ethyl 4-bromobutanoate 
A solution of compound 2 (1.62 mmol, 200 mg), 6-nitroveratraldehyde (1.34 mmol, 
285 mg) and 4-bromobutyric acid (1.62 mmol, 270 mg) in chloroform (2.7 mL) was 
stirred at room temperature for 48 h. The volatiles were evaporated and the product 
was purified by flash column chromatography (pentane/AcOEt, 8:2 to 2:8 v/v) to 
give a white powder (373 mg, 56%). Rf = 0.18 (pentane/AcOEt, 1:1 v/v); Mp. 142-
143°C; 1H NMR (400 MHz, DMSO-d6): δ 2.03-2.12 (m, 2H, CH2CH2Br), 2.51-2.66 (m, 
2H, CH2CH2CH2Br), 3.09 (t, 4J = 2.4 Hz, 1H, CCH), 3.48-3.63 (m, 2H, CH2Br), 3.74 (d, 
3J = 6.0 Hz, 2H, CH2NH), 3.82-3.85 (m, 2H, CH2CC), 3.87 (s, 3H, CH3O), 3.90 (s, 3H, 
CH3O), 6.60 (s, 1H, CHO), 7.14 (s, 1H, ArH), 7.64 (s, 1H, ArH), 8.38 (t, 3J = 5.2 Hz, 1H, 
NH), 8.60 (t, 3J = 6.0 Hz, 1H, NH). 13C NMR (100 MHz, DMSO-d6): δ 28.1, 28.3, 32.3, 
34.3, 42.1, 56.6, 56.8, 70.8, 73.6, 81.3, 108.7, 111.9, 124.7, 141.8, 149.0, 153.2, 167.7, 
168.6, 171.5. HRMS (ESI+) calc. for [M+H]+ (C19H23N3O8Br): 500.0663, found: 
500.0652. 
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 4: 1-(Dodecan-2-yloxy)-3-(dodecyloxy)propan-2-ol 
NaH (60% in mineral oil, 8.58 mmol, 206 mg) was added to dodecan-1-ol (18.0 
mmol, 3.35 g) at 100 °C. After stirring for 30 min, epichlorohydrin (4.2 mmol, 0.39 
g) was added dropwise and the mixture was stirred at 100 °C overnight. H2O was 
added to quench the reaction, followed by DCM (50 mL). The aqueous phase was 
extracted with DCM, the collected organic phases were washed with brine and dried 
over MgSO4. Evaporation of volatiles and purification with flash column 
chromatography (pentane/AcOEt, 95:5 v/v) gave the product as a pale yellow solid 
(572 mg, 32%). Rf = 0.69 (pentane/AcOEt, 95:5 v/v); Mp. 30-32 °C; 1H NMR (400 
MHz, CDCl3): δ 0.88 (t, 6H, CH3), 1.26-1.29 (m, 36H, CH3(CH2)9), 1.57 (m, 4H, 
CH2CH2O), 2.50 (d, 1H, OH), 3.41-3.51 (m, 8H, (CH2OCH2)2CHOH), 3.92-3.96 (m, 1H, 
CHOH); 13C NMR (100 MHz, CDCl3): δ 14.1, 22.7, 26.1, 29.3, 29.5, 29.6, 29.6, 29.7, 
31.9, 69.5, 71.7, 71.8. 1H NMR spectrum is in agreement with published data.79 

 

 S1: 1-(Dodecan-2-yloxy)-3-(dodecyloxy)propan-2-yl methanesulfonate 
A solution of methanesulfonyl chloride (1.46 mmol, 167 mg) in DCM (1 mL) was 
slowly added to a solution of compound 4 (1.17 mmol, 500 mg) and triethylamine 
(1.46 mmol, 148 mg) in DCM (3 mL) at room temperature. The mixture was stirred 
for 2 h. AcOEt was added and the organic phase was washed with H2O and brine 
and dried (MgSO4). Evaporation of volatiles gave the product as a pale yellow solid 
(484 mg, 82%). Mp. 57°C (lit. 58-59 °C);31 1H NMR (400 MHz, CDCl3): δ 0.88 (t, 6H, 
CH2CH3), 1.24-1.32 (m, 36H CH3(CH2)9), 1.54-1.57 (m, 4H, CH2CH2O), 3.08 (s, 3H, 
SO2CH3), 3.41-3.51 (m, 4H, CH2CHOHCH2), 3.60-3.67 (m, 4H, CH2CH2O), 4.81 (q, 
1H, CHOH). 1H NMR spectrum is in agreement with published data.31  
 

 

 5: 1-(2-Azido-3-(dodecan-2-yloxy)propoxy)dodecane 
Compound S1 (0.79 mmol, 400 mg) and NaN3 (6.30 mmol, 410 mg) were dissolved 
in DMF (3 mL) and the reaction mixture was stirred at 100 °C overnight. AcOEt was 
added and the organic phase was washed with H2O and brine and dried (MgSO4). 
Evaporation of the volatiles gave the product as a yellow oil (294 mg, 82%). Rf = 
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0.53 (AcOEt); 1H NMR (400 MHz, CDCl3): δ 0.88 (t, 6H, CH3), 1.26-1.30 (m, 36H, 
CH3(CH2)9), 1.54-1.60 (m, 4H, CH2CH2O), 3.43-3.57 (m, 8H, CH2OCH2CHAzide 
CH2OCH2), 3.65-3.71 (q, 1H, CHAzide). 1H NMR spectrum is in agreement with 
published data.31 

 

 6: 2-((2-(((1-(1,3-Bis(dodecyloxy)propan-2-yl)-1H-1,2,3-triazol-4-yl)methyl)amino)-2-oxo 
ethyl)amino)-1-(4,5-dimethoxy-2-nitrophenyl)-2-oxoethyl 4-bromobutanoate. 
The compound was prepared by a modification of a literature procedure for a 
different target.29 To a solution of compounds 3 (0.12 mmol, 61 mg), and 5 (0.15 
mmol, 66 mg) were added DIPEA (5.5 µmol, 0.72 mg) and acetic acid (5.5 µmol, 
0.33 mg) in DCM (220 µL) followed by copper(I) iodide (3 µmol, 0.6 mg). The 
reaction mixture was stirred at room temperature overnight. The product was 
purified by flash column chromatography (pentane/AcOEt, 1:9-0:1 v/v) to obtain the 
product as a yellow oil (67.7 mg, 58%). Rf = 0.80 (AcOEt); 1H NMR (400 MHz, CDCl3): 
δ 0.88 (t, 3J = 6.0 Hz, 6H, (CH2)11CH3), 1.26-1.28 (m, 40H, CH3(CH2)9), 1.53 (m, 4H, 
(CH2)9CH2CH2O), 2.19 (q, 3J = 7.0 Hz, 2H, CH2CH2Br), 2.60-2.73 (m, 2H, 
CH2CH2CH2Br), 3.39-3.54 (m, 5H, CH2Br, (CH2)10CH2O), 3.81 (d, 3J = 8.0 Hz, 4H, 
CH2CH-TriazoleCH2), 3.96 (s, 3H, OCH3), 3.89 (dd, 2J = 16.0 Hz, 3J = 6.0 Hz 2H, 
HNCOCH2NH), 4.01 (s, 3H, OCH3), 4.06 (dd, 2J = 16.0 Hz, 3J = 6.0 Hz, 2H, 
HNCOCH2NH) 4.51 (m, 2H, TriazoleCH2NHCO), 4.85 (m, 1H, CHTriazole), 6.74 (s, 1H, 
ArCHO), 7.13 (t, 3J = 6.0 Hz, 1H, NH), 7.20 (s, 1H, ArH), 7.38 (t, 3J = 6.0 Hz , 1H, NH), 
7.60 (s, 1H, ArH), 7.70 (s, 1H, ArH); 13C NMR (100 MHz, CDCl3): δ 14.2, 22.8, 26.2, 
27.7, 29.5, 29.6, 29.6, 29.7, 29.8, 29.8, 29.8, 30.4, 32.0, 32.3, 32.6, 35.1, 43.1, 56.6, 
56.8, 60.9, 69.3, 71.1, 71.8, 108.1, 111.1, 114.1, 122.5, 124.6, 124.9, 140.8, 149.2, 153.8, 
167.7, 168.2, 171.7. HRMS (ESI+) calc. for [M+H]+ (C46H77BrN6O10): 953.4957, found: 
953.4966. 
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 7: 4,7,10-Tris(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-ium bromide 
The compound was prepared according to a literature procedure.32 A suspension 
of cyclen (5.81 mmol, 1.00 g) and sodium acetate (19.1 mmol, 1.57 g) in N,N-
dimethylacetamide (DMA, 12 mL) was stirred at -20 °C. A solution of tert-butyl 
bromoacetate (19.2 mmol, 2.83 mL) in DMA (4 mL) was added dropwise over 15 min 
at -20 °C. The reaction mixture was stirred at room temperature for 24 h, after which 
it was poured into H2O (60 mL), resulting in a clear solution. Solid KHCO3 (30.0 
mmol, 3.00 g) was added portion-wise and a precipitate was formed. The precipitate 
was collected by filtration and dissolved in DCM (5 mL) and the solution was washed 
with H2O (20 mL), dried over MgSO4, filtered and concentrated to about 4-5 mL. 
Et2O (50 mL) was added and compound 7 precipitated as a white solid (1.64 g, 48%). 
Rf = 0.63 (DCM/MeOH, 9:1 v/v); Mp. 179-181 °C; 1H NMR (500 MHz, CDCl3) δ 1.45 (s, 
9H), 1.46 (s, 18H), 2.87 (m, 4H), 2.93 (m, 8H), 3.10 (m, 4H), 3.29 (s, 2H), 3.38 (s, 4H), 
10.03 (br s, 1H). 1H NMR spectrum is in agreement with published data.32 
 

 

 S2: Tri-tert-butyl 2,2',2''-(10-(4-(2-((2-(((1-(1,3-bis(dodecyloxy)propan-2-yl)-1H-1,2,3-
triazol-4-yl)methyl)amino)-2-oxoethyl)amino)-1-(4,5-dimethoxy-2-nitrophenyl)-2-
oxoethoxy)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate 
A solution of compound 6 (0.114 mmol, 109 mg), compounds 7 (0.1 mmol, 50 mg,) 
and triethylamine (0.24 mmol, 34 µL) in acetonitrile (3 mL) was stirred at 60 °C 
overnight. The volatiles were evaporated and the product was purified by flash 
column chromatography (DCM/MeOH 98:2 – 90:10 v/v) to give a yellow oil (35 mg, 
22%). Rf = 0.24 (DCM/MeOH, 95:5 v/v). 
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1H NMR (400 MHz, CDCl3): δ 0.88 (t, 6H, 1, 1’), 1.25 (m, 36H, 2-10, 2’-10’ ), 1.44-1.47 
(m, 27H, 29), 1.50-1.53 (m, 4H, 11, 11’), 1.83-3.18 (m, 28H, 23-28), 3.41 (m, 4H, 12, 12’), 
3.80-3.83 (m, 4H, 13, 13’), 3.93 (s, 3H, 21/22), 3.99 (s, 3H, 21/22), 4.05-4.10 (m, 2H, 
17), 4.52-4.53 (m, 2H, 16), 4.83-4.84 9M, 1H, 14), 6.82 (s, 1H, 18), 7.29 (s, 1H, 19/20), 
7.51 (m, 1H, 30/31), 7.56 (s, 1H. 15), 7.81 (s, 1H, 19/20), 8.46 (m, 1H, 30/31); 13C NMR 
(100 MHz, CDCl3): δ 14.1, 22.7, 26.0, 27.9, 28.0, 28.0, 28.2, 29.4, 29.4, 29.5, 29.5, 
29.6, 29.7, 31.9, 35.3, 43.2, 53.2, 53.4, 55.7, 56.4, 57.1, 60.6, 69.4, 70.6, 71.3, 71.7, 
82.6, 83.0, 83.0, 108.0, 111.6, 122.5, 125.1, 141.2, 144.5, 148.9, 153.5, 168.1, 169.0, 172.3, 
172.3. HRMS (ESI+) calc. for [M+H]+ (C72H126N10O16): 1387.9426, found: 1387.9451. 
 
 

 

 1: 2,2',2''-(10-(4-(2-((2-(((1-(1,3-Bis(dodecyloxy)propan-2-yl)-1H-1,2,3-triazol-4-yl) methyl) 
amino)-2-oxoethyl)amino)-1-(4,5-dimethoxy-2-nitrophenyl)-2-oxoethoxy)-4-oxobutyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid 
A solution of compound S2 (0.020 mmol, 25 mg) in trifluoroacetic acid (1.4 mL) and 
tri-iso-propylsilane (1.4 mL) was stirred at room temperature for 5 h. The volatiles 
were evaporated under reduced pressure and the residue was triturated with Et2O 
to give yellow solid (TFA salt, 16 mg, 53%). Rf = 0.73 (DCM/MeOH, 9:1 v/v). 
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1H NMR (400 MHz, MeOD): δ 0.9 (t, 6H, 1, 1’), 1.28 (m, 42 H, 2-11, 2’-11’, 23), 1.5 (m, 
4 H, 24-25), 3.05-3.7 (m, 22H, 26-28), 3.21 (m, 4H, 12, 12’), 3.82 (m, 4H, 13, 13’), 
3.88-3.99 (m, 2H, 17), 3.93 (s, 3H, 22/21), 3.96 (s, 3H, 22/21), 4.48 (s, 2H, 16), 4.9 (m, 
1H, 14), 6.81 (s, 1H, 18), 7.25 (s, 1H, 19/20), 7.69 (s, 1H, 19/20), 7.91 (s, 1H, 15). 13C NMR 
(100 MHz, MeOD): δ 14.5, 23.8, 27.2, 30.5 (m), 30.8 (m), 31.6, 33.1, 35.7, 43.6, 57.0, 
57.3, 62.5, 70.6, 72.5, 109.5, 113.1, 116.8 (TFA), 119.7 (TFA), 124.0, 125.5, 142.9, 145.7, 
150.8, 154.9, 162.8 (TFA), 163.2 (TFA), 170.5, 171.1, 173.0. HRMS (ESI+) calc. for [M+H]+ 
(C60H102N10O16): 1219.7556, found: 1219.7548. 
 

 

10: 4-(Dodecyloxy)benzaldehyde 
Compound 10 was prepared according to a literature procedure.73 4-
Hydroxybenzaldehyde (8.9 mmol, 1.09 g) was dissolved in dimethylformamide (45 
mL). 1-Bromododecane (12.3 mmol, 3 mL) and cesium carbonate (1.6 mmol, 5.37 g) 
were added. The reaction mixture was stirred at 65 C overnight. Upon completion, 
the reaction mixture was cooled down to room temperature and the precipitated 
salts were removed by filtration. The filtrate was diluted with AcOEt (150 mL) and 
washed with H2O (3x) followed by brine and dried with MgSO4. The solvent was 
removed under reduced pressure. The product was purified by column 
chromatography (pentane/AcOEt 4:1 – 0:1 v/v). The product was obtained as a white 
solid (1.76 g, 74%). Rf = 0.66 (pentane/AcOEt, 95:5 v/v); Mp. 26-29°C; 1H NMR (400 
MHz, CDCl3): δ 0.78 (t, J = 6.7 Hz, 3H), 1.16 (s, 12H), 1.28 – 1.18 (m, 6H), 1.35 (t, J = 
7.8 Hz, 2H), 1.68 (quint, J = 6.8 Hz, 2H), 3.88 (t, J = 6.6 Hz, 2H), 6.85 (d, J = 8.4 Hz, 
2H), 9.74 (s, 1H), 7.67 (d, J = 8.4 Hz, 2H). 1H NMR spectrum is in agreement with 
published data.73 13C NMR (101 MHz, CDCl3): δ 13.9, 22.5, 25.8, 28.9, 29.2, 29.4, 29.5, 
29.5, 29.6, 31.8, 68.2, 114.5, 129.7, 131.6, 164.0, 190.1. 
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S3: Tri-tert-butyl 2,2',2''-(10-(2-(1,3-dioxoisoindolin-2-yl)ethyl)-1,4,7,10-tetraazacyclo-
dodecane-1,4,7-triyl)triacetate 
Compound S3 was prepared according to a literature procedure.74 Compound 12 
(0.840 mmol, 497 mg) was dissolved in acetonitrile (15 mL) under nitrogen 
atmosphere. N-(2-Bromoethyl)phthalimide (1.00 mmol, 256 mg) and cesium 
carbonate (1.68 mmol, 547 mg) were added. The reaction mixture was heated to 80 
C for 24 h. Upon completion, the crude reaction mixture was filtered. The yellow 
filtrate was concentrated under reduced pressure. Chloroform was added and the 
precipitated impurities were filtered off. The solvent was evaporated, yielding crude 
product S3 as a yellow oil. Rf = 0.67 (DCM); 1H NMR (400 MHz, CDCl3): δ 1.44 (s, 
27H), 2.69-2.79 (m, 18H), 3.21 (s, 6H), 3.74-3.77 (t, 2H), 7.68-7.71 (m, 2H), 7.82-7.84 
(m, 2H). 1H NMR spectrum is in agreement with published data.74 

13: Tri-tert-butyl 2,2',2''-(10-(2-aminoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl) 
triacetate 
Compound 13 was prepared according to a literature procedure.74 Crude 
compound S3 was dissolved in MeOH (15 mL) in a pressure tube. Hydrazine hydrate 
(reagent grade, 50-60%, 120 μL) was added. The reaction mixture was stirred at 70 
C overnight. The solvent was evaporated. DCM (20 mL) was added and the 
resulting solids were filtered off. The filtrate was washed with H2O (3x) followed by 
an aq. solution of KOH (20%) and dried with MgSO4. The solvent was evaporated 
under reduced pressure, resulting in compound 13 as an orange oil (361.1 mg, 78% 
over two steps). Rf = 0.42 (DCM/MeOH 9:1 v/v); 1H NMR (400 MHz, CDCl3): δ 1.41 
(d, 27H), 2.90 – 2.41 (m, 20H), 3.28 (two overlapping signals, 6H). 1H NMR spectrum 
is in agreement with published data.74 13C NMR (101 MHz, CDCl3): δ 28.3, 28.3, 28.3, 
51.8, 52.1, 52.2, 52.9, 56.3, 56.6, 56.8, 77.4, 80.7, 171.5. 
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S4: (3,7-Bis((E)-4-(dodecyloxy)styryl)-5,5-difluoro-1,9-dimethyl-5H-4λ4,5λ4-dipyrrolo [1,2-
c:2',1'-f][1,3,2]diazaborinin-10-yl)methyl acetate 
Compound 9 (0.15 mmol, 49 mg) was mixed with compound 10 (1.93 mmol, 559 
mg) and piperidine (1 drop). The reaction mixture was stirred in the dark at 60 °C 
under vacuum for 5 h. The product was purified by column chromatography 
(pentane/DCM 4:1 – 0:1 v/v with 1% triethylamine). Product S4 was obtained as a 
blue/green solid (31 mg, 23%). The isolated yield in other runs ranged from 6% to 
57% while following the same procedure. Rf: = 0.65 (DCM); Mp. 126–131 C; 1H NMR 
(400 MHz, CDCl3): δ 0.88 (t, J = 6.7 Hz, 6H), 1.80 – 1.27 (m, 40H) 2.15 (s, 3H), 2.41 (s, 
6H), 4.00 (t, J = 6.6 Hz, 4H), 5.34 (s, 2H), 6.72 (s, 2H), 6.92 (d, J = 8.6 Hz, 4H), 7.24 
(d, J = 17.4 Hz, 2H), 7.61 – 7.52 (two overlapping signals, 6H); 13C NMR (101 MHz, 
CDCl3): δ 14.3, 16.0, 20.9, 22.9, 26.2, 29.4, 29.5, 29.6, 29.7, 29.8, 29.8, 29.8, 32.1, 
58.3, 68.3, 115.0, 118.7, 129.3, 129.4, 134.0, 136.8, 160.4, 170.8; 19F NMR (376 MHz, 
CDCl3): δ -138.56; HRMS (ESI–) calc. for [M–H]– (C54H72BF2N2O4): 863.5704, found 
863.5718. 

11: (3,7-Bis((E)-4-(dodecyloxy)styryl)-5,5-difluoro-1,9-dimethyl-5H-4λ4,5λ4-dipyrrolo [1,2-
c:2',1'-f][1,3,2]diazaborinin-10-yl)methanol 
0.1 N NaOH (0.35 mmol, 3.5 mL) was added to MeOH (20 mL) and the solution was 
stirred for 10 min. Afterwards, the solution was added to a stirred solution of 
compound S4 (0.35 mmol, 305 mg) in DCM (20 mL). The reaction was stirred in the 
dark for 18 h. The reaction mixture was extracted with DCM (3x). The combined 
organic layers were washed with 1 N HCl and brine and dried with MgSO4. Product 
11 was obtained as a blue/green solid (270 mg, 93%). Rf = 0.49 (DCM); Mp. 109–114 
C; 1H NMR (400 MHz, CDCl3): δ 0.92 – 0.79 (m, 6H), 1.36 – 1.23 (m, 32H), 1.53 – 
1.40 (m, 4H), 1.80 (quint, J = 6.7 Hz, 4H), 2.57 (s, 6H), 4.00 (t, J = 6.6 Hz, 4H), 4.94 
(d, J = 5.4 Hz, 2H), 6.95 – 6.88 (m, 4H), 6.72 (s, 2H), 7.23 (d, J = 16.2 Hz, 2H), 7.61 – 
7.53 (two overlapping signals, 6H); 13C NMR (101 MHz, CDCl3): δ 14.3, 16.0, 22.9, 
26.2, 29.4, 29.5, 29.6, 29.7, 29.8, 29.8, 29.8, 29.9, 32.1, 68.3, 115.0, 129.3, 129.4, 134.1, 
136.5, 160.3; 19F NMR (376 MHz, CDCl3): δ -138.63; HRMS (ESI–) calc. for [M–H]– 
(C52H73BF2N2O3): 821.5599, found 821.5615. 
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15: (3,7-Bis((E)-4-(dodecyloxy)styryl)-5,5-difluoro-1,9-dimethyl-5H-4λ4,5λ4-dipyrrolo [1,2-
c:2',1'-f][1,3,2]diazaborinin-10-yl)methyl (4-nitrophenyl) carbonate 
p-Nitrophenyl chloroformate (0.06 mmol, 12 mg) was dissolved in DCM (1 mL), 
together with DIPEA (0.12 mmol, 21.2 μL). Compound 11 (0.012 mmol, 10.0 mg) was 
dissolved in DCM (1 mL) together with DIPEA (0.12 mmol, 21.2 μL). The p-nitrophenyl 
chloroformate solution was added to the solution of compound 11 at 0 C over a 
period of 0.5 h under nitrogen atmosphere. The reaction was allowed to reach room 
temperature and was kept at room temperature for 22 h, after which the solvent 
was evaporated under reduced pressure. Compound 15 was purified by column 
chromatography (DCM) to afford a green solid (5 mg, 41%). Rf = 0.92 (DCM); Mp. 
109–114C.; 1H NMR (400 MHz, CDCl3): δ 0.88 (t, J = 6.7, 2.0 Hz, 6H), 1.54 (m, 40H), 
2.53 (s, 6H), 4.01 (t, J = 6.5 Hz, 4H), 5.62 (s, 2H), 6.76 (s, 2H), 6.93 (d, J = 8.6 Hz, 
4H), 7.26 (d, 2H), 7.42 (d, J = 9.1 Hz, 2H), 7.57 (two overlapping signals, 6H), 8.30 
(d, J = 9.1 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 14.1, 16.0, 22.7, 26.0, 29.2, 29.4, 
29.4, 29.6, 29.6, 29.6, 29.7, 31.9, 62.1, 68.2, 114.9, 119.0, 121.7, 125.4, 129.1, 129.3, 
134.5, 137.1, 139.7, 153.7, 160.4; 19F NMR (376 MHz, CDCl3): δ -138.38; HRMS (ESI–) 
calc. for [M–H]– (C59H76BF2N3O7): 986.5661, found 986.5687. 

 

 16: Tri-tert-butyl 2,2',2''-(10-(2-(((4-nitrophenoxy)carbonyl)amino)ethyl)-1,4,7,10-tetraaza-
cyclododecane-1,4,7-triyl)triacetate 
A solution of p-nitrophenyl chloroformate (0.18 mmol, 35.7 mg) in dry DCM (0.3 
mL) was added to compound 13 (0.05 mmol, 29.1 mg). The reaction mixture was 
stirred at room temperature for 2 h, after which the solvent was evaporated. Et2O 
(1 mL) was added, the solid was filtered off and washed twice Et2O. The residue was 
dissolved in MeOH, filtered and the filtrate dried under vacuum to afford product 
16 as an orange oil (11.9 mg, 32%). 1H NMR (400 MHz, MeOD): δ 1.47-1.57 
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(overlapping signals, 27 H), 2.9-4.2 (broad m, 27H), 7.41 (d, 2H), 8.29 (d, 2H); 13C 
NMR (151 MHz, MeOD): δ 27.1 (several overlapping signals), 115.1, 122.0, 122.0, 122.1, 
124.7, 125.7, 145.0, 154.3, 155.9; HRMS (ESI+) calc. for [M+H]+ (C35H58N6O10): 
723.4287, found 723.4271 

 

 General procedure for the synthesis of photoactive carbamates with amine 13 
Compound 13 was dissolved in dry DCM and the solution was added to a solution 
of triphosgene (0.33 eq) in dry DCM. The mixture was stirred at room temperature 
for 1 to 3 h, followed by addition of the alcohol (4 eq), which was pre-treated with 
NaH (4 eq) in DCM. The resulting mixture (final concentration of 13 ca. 35 mM) was 
stirred for another hour and the conversion was assessed by UPLC-MS (compounds 
17-19) or TLC (compound 14).  
Compound 14 was purified by flash column chromatography (DCM/MeOH, 1:0 – 9:1 
v/v)) to afford a blue solid. HRMS (ESI+) calc. for [M+H]+ (C81H126BF2N7O10): 
1406.9700, found 1406.9709. 
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Fig. 4.11: UPLC MS analysis of the reaction mixtures for the synthesis of compounds 17, 18 
and 19. The substrate (13) and product peaks are indicated in the chromatogram (TIC) and 
the retention times of the product peaks highlighted with a red circle. The detected mass 
spectra (m/z) of the product peaks are shown on the right.  

 

Fig. 4.12: HRMS spectrum of compound 14. 
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 PREPARATION OF LIPOSOMES 

The liposomes were prepared by mixing equimolar amounts of compound 1 with 
DOPC in chloroform. After evaporation of the organic solvent, TBS buffer (0.9 mL, 
50 mM Tris, 150 mM NaCl, pH 7.5) was added to the dry lipid film to yield a 
concentration of 2.78 mM for both components. Five cycles of freezing, thawing and 
ultrasound sonication afforded the final liposomes. A solution of gadolinium 
trichloride in TBS buffer (2.5 mM GdCl3, 0.1 mL) was added to the liposomes and 
incubated for 2 h during gentle stirring. Afterwards, the liposomes were purified 
from free GdIII salts via dialysis (benzoylated dialysis tubing, MWCO: 2000, Sigma 
Aldrich). 

 CRYO-TEM AND EDX ANALYSIS 

Cryo-TEM was performed on a Tecnai T20 electron microscope (FEI) operated at 
200 keV using a Gatan model 626 cryo-stage. Samples were vitrified with a vitrobot 
(FEI) on quantifoil 3.5/1 grids. Images were recorded on a slow-scan CCD camera 
under low-dose conditions. EDX analysis was done on the same microscope using 
a X-max 80T SDD detector (Oxford instruments). The ratio of phosphorus to 
gadolinium signal was analyzed in two selected areas and determined to be 1: 1.76 
(Gd/P). 

 NMRD MEASUREMENTS 

The liposomes were prepared as described above. The relaxation rates were 
determined over a frequency range of 0.01 – 10 MHz at 37 ⁰C with 20 data points 
collected. The samples were irradiated in the NMRD vessel with λ = 400 nm for 60 
min and NMRD profiles were recorded at the indicated time points. For the stability 
test, the sample was stored for up to four weeks in the dark at +4 ⁰C.  

 

Fig. 4.13: a) NMRD profiles of three independently prepared samples of liposomes 
containing Gd-1 (sample 1-3); b) NMRD profiles of liposomes containing Gd-1 after 
preparation, after storage for one and four weeks. 
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 SPECTROPHOTOMETRIC ANALYSIS 

The absorbance was analyzed on a UV/Vis spectrophotometer. The liposomal 
formulation was irradiated as described above and the samples diluted with DMSO 
for analysis of the UV-Vis absorbance. 

 

Fig. 4.14: a) UV-Vis absorption spectra of liposomes containing Gd-1 before irradiation and 
after irradiation with λ = 400 nm for the indicated time points; b) visible change of the 
sample color upon irradiation 

 DETERMINATION OF RELAXATION RATES AT 4.7 T 

The relaxation rate of the liposomal formulation (prepared as described above) was 
determined on a Varian MercuryPlus spectrometer (4.7 T) at 37 ⁰C using an inverse 
recovery experiment. The sample was irradiated in the NMR tube with λ = 400 nm 
light for 60 min and the relaxation rates were determined at the indicated time 
points. 
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Fig.4.15 Relaxation rate at 4.7 T in the dark and after irradiation for the indicated times 

 DETERMINATION OF FREE GDIII CONCENTRATION 

 

Fig.4.16: a) Calibration curve showing the ratio of absorbance intensity at λ = 573 nm and 
λ = 433 nm for increasing GdIII concentration in the presence of xylenol orange (0.60 mM); 
b) concentration of free GdIII before and after irradiation with λ = 400 nm for 1 h and total 
gadolinium concentration (determined by ICP OES).  

The concentration of free GdIII was quantified by determination of the ratio of 
absorbance intensity at λ = 573 nm and λ = 433 nm of a GdIII-xylenol orange 
complex50 in ammonium acetate buffer (100 mM, pH 5.8, 0.60 mM Xylenol Orange) 
using a microplate reader. The liposome sample was prepared as described above 
and diluted 1:20 with ammonium acetate buffer before analysis. The concentration 
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of free GdIII before irradiation was determined as 0.029 mM. After irradiation for 60 
min with λ = 400 nm the free GdIII concentration was determined as 0.033 mM. 

 CARGO RELEASE FROM LIPOSOMES 

 

Fig.4.17: Fluorescence intensity (λexc = 490 nm, λem = 520 nm) of calcein-loaded liposomes 
containing compound 1 in the dark, upon irradiation with λ = 400 nm and after addition 
of Triton X 100.  

The liposomes were prepared by adaptation of the method described above. A 
solution of calcein (0.1 M calcein, 0.1 M Tris buffer, pH 7.5) was used for hydration of 
the dry lipid film. The concentration of DOPC and compound 1 was 7 mM. The 
liposomes were purified from free calcein by size exclusion chromatography on a 
HiTrap desalting Sephadex G25 column using TBS buffer (0.1 M Tris, 0.15 M NaCl, 
pH 7.5) as elution buffer. The fluorescence (λexc = 490 nm, λem = 520 nm), indicating 
the amount of free calcein was analyzed on a microplate reader. At first the sample 
was kept in the dark for 60 min in order to assess the light-independent leakage of 
calcein. Subsequently, the sample was irradiated for 70 min with λ = 400 nm and 
the increase in fluorescence was checked every 10 min. At the end of the experiment, 
Triton X 100 (1% v/v) was added to determine the maximum calcein concentration. 
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Liposomes consisting of only DOPC were prepared in the same way and analyzed 
as a control. Due to photobleaching of the fluorescence of the released calcein, it 
was not possible to determine the exact fraction of cargo release.  

 DYNAMIC LIGHT SCATTERING 

The size distribution of the liposomes was analyzed by Dynamic Light Scattering 
(DLS) using the Dynapro Nanostar apparatus, and the results were analyzed with 
Dynamics software, version 7. Before the analysis, the samples were diluted and 
centrifuged for 1 min at 10000 g to remove potential aggregates. As the irradiation 
progressed, the average size of the liposomes shifted towards smaller objects with 
a broader size distribution.  

 

Fig.4.18: Size of liposomes containing Gd-1 in the dark and after irradiation for 60 min. 

 IN VITRO ANALYSIS OF LIPOSOME CYTOTOXICITY 

Primary colonic epithelium cells were obtained from Tebu-Bio (The Netherlands, 2–
96115). Cells were cultured in RPMI-1640 (Lonza, Swiss), supplemented with 10% 
fetal calf serum (FCS, Thermo Scientific Waltham, MA) at 37°C in a humidified 5% 
CO2 atmosphere.  
HUVEC cells were obtained from the UMCG Endothelial Cell Facility and were 
isolated and cultured by the method previously described.80  
Monocytes: PBMCs were subjected to magnetic-activated cell sorting (MACS) with 
anti-CD14-beads and MS columns (Miltenyi Biotec). Macrophages: monocytes (1 × 
106/mL) were treated with 50 ng/mL M-CSF for 6 d, yielding M0 macrophages. M0 
macrophages were subsequently stimulated with 50 ng/mL LPS and 20 ng/mL IFNγ 
to generate M1 macrophages.81 
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To test liposome induced cytotoxicity HUVEC, normal epithelial cells or M1 
macrophages were seeded in 48 wells plate at density of 2,0x104 cells per well. The 
next day, cells were incubated for 48 h (M1 macrophages 24 h) with either medium 
or 10 µL liposomes solution which was irradiated with λ = 400 nm for the indicated 
time points. Treatment with high dose (70 µM) taxol (Merck) was added as a positive 
control for apoptosis measurement. After incubation, cells were harvested and 
stained with Annexin V-FITC (Immunotools, Germany) and propidium Iodide (Merck) 
according to manufacturer’s protocol and analyzed by flow cytometry (Guava, 
Merck). 

 

Fig.4.19: Percentage of Annexin V/PI positive cells (analyzed by flow cytometry) after 
addition of medium or liposomes containing Gd-1 before and after irradiation with λ = 400 
nm for the indicated times. 
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Chapter 5: 
 
MOLECULAR MRI CONTRAST 

AGENT RESPONSIVE TO LIGHT 

 

Environmentally responsive MRI contrast agents are being developed in order to 
increase the amount of functional information obtained with MRI. Towards this end, 
different triggers and strategies to provoke a change in relaxivity have been explored. 
This chapter describes the design, synthesis and evaluation of a potential light-
responsive MRI contrast agent based on a change in hydration state upon irradiation. 
Using light as an activation trigger is assumed to provide a signal amplification, 
augmenting the low sensitivity of this imaging modality. 
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 INTRODUCTION 

As described in previous chapters of this thesis and in numerous literature reports,1–3 
the implementation of responsive MRI probes would be of great value to improve the 
diagnostic power of MRI. Contrast agents (CAs) that can be activated by e.g. enzymes 
overexpressed in disease tissue or other changes in the microenvironment of specific 
lesions are under development and some of them show very promising results in first 
in vivo studies.4–6  

 

Fig. 5.1: Schematic representation of a gadolinium complex and its different hydration 
spheres. First sphere water molecules directly coordinate to the metal center. Second sphere 
water molecules are held in an organized manner around the complex, e.g. by hydrogen 
bonding to the ligand. The outer sphere consists of water molecules in proximity to the GdIII 
complex.  

Generally, the signal intensity in a T1-weighted MR image stems from the different 
density and difference in relaxation rate of protons in the body. Thus, compartments 
such as fat tissue give a higher signal because the protons of macromolecules, such as 
lipids, typically have a higher relaxation rate. This stems from the fact that their 
rotational correlation time is closer to the proton Larmor frequency. Hence, energy 
exchange with the surroundings is very efficient and T1 relaxation proceeds quickly. 

Many examples of responsive T1-CAs are inspired by this phenomenon and rely on a 
change in size, and consequently also in relaxivity, upon activation. This approach 
normally requires the incorporation of the CA into nanocomposites, such as liposomes, 
polymer nanoparticles or the binding to proteins, which limits its applicability, since in 
many cases a small molecule as contrast agent is preferred to enable e.g. targeting of 
intracellular structures.7,8 Another method by which the relaxivity of contrast agents, in 
particular gadolinium-based ones, can be modified, is modulation of the water 
exchange rate.9,10 As outlined in chapter 3, this effect is for instance used for monitoring 
the release from gadolinium-loaded liposomal structures.11 However, direct regulation 
of the water exchange rate by changing the molecular structure of the GdIII complex is 



CHAPTER 5 
 

 152 
 
 
 
 
 
 
 

less straightforward, since it is challenging to predict the water exchange of a complex. 
A more accessible way of controlling the relaxivity of a CA is to provoke a change in 
number of water molecules hydrating the GdIII complex. Various published examples of 
responsive CAs make use of this effect and are mostly based on the appearance of 
another coordination site for water molecules directly at the GdIII complex (Fig. 5.1)12–15 
Yet, studies on the molecular factors influencing the relaxivity show that not only the 
number of water molecules in the first sphere, but also the hydration state in the second 
and outer sphere play a role and may even account for more than 40% of the overall 
relaxivity.10,16,17  

 

 

Fig. 5.2: Selection of published examples of activatable contrast agents, showing a change 
in relaxivity based on a difference in number of coordinating water molecules. The examples 
are responsive to a) changes in pH15, b) presence of ZnII ions14, c) enzymes (β-
Galactosidase)18. 
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Fig. 5.3: Modular approach to synthesize light-responsive MRI contrast agents. By using an 
aldehyde bearing a photoactive group, the Passerini MCR allows the synthesis of the 
responsive core structure featuring attachment sites for the GdIII complex and e.g. a 
solubilizing group 

Based on those findings, we designed a light-activatable MRI CA which constitutes of a 
small molecule undergoing a change in the hydration state upon exposure to light. As 
outlined in chapter 4 in more detail, the purpose of developing such a contrast agent 
is to enable the imaging of disease markers that are not abundant enough for direct 
targeting of MRI contrast agents. By employing a targeting group (e.g. an antibody) 
coupled to a bioluminescent moiety, we envision to achieve a signal amplification in 
MRI contrast, since one targeting moiety can activate several contrast agents. For this 
purpose, we approached the synthesis in analogy to amphiphilic compound 1 in chapter 
4 using the modular concept based on a Passerini multicomponent reaction (Fig. 5.3).19 
The anchoring group for liposomes was replaced by a triethylene glycol chain, that is 
supposed to dictate the hydrophilicity and with this the number of water molecules in 
the outer sphere before photoactivation. Another difference in the molecular structure 
is the extension of the alkyl chain connecting the GdIII ligand to the photoactive core. 
We expect that photocleavage leads to the liberation of the carboxylic acid (Fig. 5.4) 
and anticipate a drop in relaxivity, due to (i) increased lipophilicity and (ii) possible 
coordination of the liberated carboxylic acid to the GdIII center, replacing one of the 
coordinating water molecules. In summary, with this design we predict that irradiation 
would lead to a change in the outer sphere and possibly also first sphere hydration, 
which will be apparent by a drop in relaxivity. 
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Fig. 5.4: Molecular structure of the designed light-responsive MRI contrast agent Gd-1 and 
its photocleavage product. 

 RESULTS AND DISCUSSION 

The first step in the synthesis of compound 1 was the preparation of alkyne 2 with a 
pending isocyanide group as reported previously.20,21 This isocyanide was then reacted 
in a Passerini multicomponent reaction with 4,5-dimethoxy-2-nitrobenzaldehyde and 
8-bromooctanoic acid, yielding compound 3. Next, we proceeded with the installation 
of an azide functionality on the triethylene glycol moiety to be able to connect it to the 
photocleavable core in a copper(I)-catalyzed azide-alkyne cycloaddition. Of note, it was 
necessary to adjust the conditions of this click reaction to assure solubility of the starting 
materials and circumvent copper complexation by triethyleneglycol. Accordingly, the 
reaction was carried out in DCM with PMDTA (N,N,N′,N′′,N′′-pentamethyldiethylene-
triamine) as a ligand for copper, affording compound 5 in 69% yield. This product was 
then reacted with the previously synthesized GdIII ligand 6 in a nucleophilic substitution 
reaction. Conversion of the bromide salt of compound 6 to the free amine by treatment 
with base and extraction with pentane, prior to the synthesis of compound 7, allowed 
to perform the N-alkylation in the absence of additional base, simplifying the 
purification and increasing the yield. Finally, deprotection of the tert-butyl groups 
afforded target compound 1 as the chloride salt. 
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Fig. 5.5: Synthetic route towards compound 1 

It is expected that irradiation of the final molecule leads to cleavage of the ester and 
liberation of the GdIII complex substituted with a free octanoic acid on one of the 
amines, as depicted in Fig. 5.4. In order to confirm this hypothesis and be able to 
compare the properties of the generated photocleavage product with the expected 
one, we also synthesized the respective molecule (GdIII complex of compound 9, see 
Fig. 5.6). For this purpose, 8-bromooctanoic acid was protected with a tert-butyl group 
for reacting it in the following step with the GdIII ligand 6. Finally, removal of the 
protecting groups afforded desired compound 9. 
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Fig. 5.6: Synthesis of compound 9 

Next, we studied the light-induced cleavage of compound 7, still bearing the tert-butyl 
protecting groups on the carboxylic acids of the GdIII ligand. Based on the assumption 
that the protecting groups do not significantly influence the photoresponsiveness, we 
expected compound 7 and 1 to have very similar photochemical characteristics, allowing 
translation of the findings for compound 7 to its deprotected analogue. For the 
determination of the photocleavage quantum yield, a solution of compound 7 in 
acetonitrile (0.565 mM) was irradiated in a quartz cuvette with light of λ = 365 nm for 
up to 8 min (Fig. 5.7). Since partial hydrolysis of the ester had been observed upon 
storage, especially of the deprotected compound 1, the experiment was performed in 
pure acetonitrile assuring that the observed cleavage solely stems from photolysis. The 
process was monitored by UV-Vis spectrometry and samples were taken every 1-2 min 
and analyzed by UPLC (Fig. 5.7). The cleavage of compound 7 was quantified by 
detecting the peak area in the UV trace recorded at λ = 360 nm of the UPLC 
chromatogram using a calibration curve (Fig. 5.10, see experimental section). Fig. 5.7b 
demonstrates the linear decrease in concentration of compound 7, allowing the 
determination of the cleavage rate. Based on this analysis, the photocleavage quantum 
yield was calculated as 4.4%. 
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Fig. 5.7: Photocleavage quantum yield determination of compound 7. a)  UV-Vis spectra of 
compound 7 before (0 min) and upon irradiation with λ = 365 nm light for indicated times 
(0.565 mM in acetonitrile); b) remaining concentration of compound 7 after irradiation for 
indicated times.  

It is known that substituents in the benzylic position may considerably influence the 
photolysis rate. Even though it was so far not possible to establish the exact effect of 
the nature of the substituents, being for example electron donating or electron 
withdrawing, it is generally assumed that a methyl substituent facilitates 
photocleavage.22 Nonetheless, little is known about the effect of an amide functionality 
in this position, as present in compound 7. However, the determined quantum yield 
indicates that the photocleavage efficiency of our photoactive scaffold lies in the same 
range as the one of comparable examples of photocaged carboxylic acids, including 
methyl-substituted ones.23–25 Still, it has to be noted that the quantum yield in aqueous 
medium possibly differs from the one in aprotic organic solvent, since – at least for 
photocaged alcohols - the cleavage mechanism is based on proton transfer, as depicted 
in Fig. 5.8 and is known to be affected by changes in pH and solvent. 
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Fig. 5.8: Generally accepted mechanism for the photocleavage of ortho-nitrobenzyl based 
photocages.22 

After the deprotection of compound 7 giving compound 1, complexation of GdIII was 
performed in TBS buffer at pH 7.5. In order to assure full complexation of GdIII, we used 
an excess of the ligand (1.8 eq.). With the GdIII complex in hand, we proceeded with the 
assessment of its relaxometric properties. The NMRD profile of Gd-1 is shown in Fig. 
5.9. As expected, and in contrast to the profile of the liposomal contrast agent 
presented in chapter 4 of this thesis, the NMRD profile corresponds to the one of a 
small molecule contrast agent with a decrease in relaxivity with increasing field strength 
(measured up to 10 MHz). Notably, the relaxivity of Gd-1 is significantly lower than the 
relaxivity of the liposomal probe (10.7 mM-1 s-1 at 10 MHz, see Fig. 4.5, chapter 4). As 
mentioned in the introduction, this effect most probably stems from the efficient energy 
transfer of protons from macromolecular or nanoscopic structures with the 
environment, leading to higher T1 relaxation rates of the liposomal agent as compared 
to Gd-1.  

Next, we evaluated the effect of light on the relaxivity of the contrast agent. For this 
purpose, we irradiated the sample with λ = 400 nm light for 60 min in total and 
monitored the NMRD profiles. As illustrated in Fig. 5.9, irradiation leads to a clear 
decline in relaxivity over the whole spectrum of recorded Larmor frequencies (0.01 – 10 
MHz). Importantly, we also analyzed the relaxometric properties of the expected 
photocleavage product - the GdIII complex of compound 9 (Gd-9) - for comparison 
with the actual photoproduct. The sample was prepared following the same procedure 
as for Gd-1 (complexation of GdIII in TBS buffer with excess of ligand). Fig. 5.9 shows the 
respective NMRD profile depicted in gray. Evidently, the profile of the irradiated sample 
converges to a large extent to the profile of the model compound, suggesting that Gd-
9 is indeed the photocleavage product. Analysis of the kinetics of decrease in relaxivity 
at 10 MHz shows an exponential decay with a calculated lifetime of 31 min (half-life: 21.5 
min), which is in the same range as for the liposomal agent reported in chapter 4.  
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Fig. 5.9: Relaxometric analysis of Gd-1 and Gd-9 in TBS buffer (0.8 mM). a) NMRD profiles 
of Gd-1 before irradiation (dark blue) and after exposure to λ = 400 nm light for 1 h (light 
blue) and Gd-9 (gray), b) decrease in relaxivity of a sample of Gd-1 at 10 MHz in response 
to irradiation for the indicated times. 

Since there is an increasing concern about the liberation of free GdIII from gadolinium 
based contrast agents and its accumulation in the body,26 we tested if irradiation leads 
to a release of GdIII from the complex. Towards this end, we employed a photometric 
assay based on xylenol orange. The experiment confirmed the absence of free GdIII ions 
in an irradiated sample of Gd-1. This finding assured the validity of our ligand design, 
providing a base for the further development of responsive gadolinium based contrast 
agents. 

 CONCLUSION 

In summary, we designed, synthesized and evaluated a potential MRI contrast agent, 
that shows 17% decrease in relaxivity (at 10 MHz) upon irradiation with λ = 400 nm. This 
decrease probably stems from a change in the number of water molecules hydrating 
the GdIII complex. However, it remains unclear if this change is limited to the outer 
sphere water or if also the first and second sphere are affected, since the light-induced 
liberation of an additional free carboxylic acid presents another ligand functionality, 
which may coordinate to the GdIII center, replacing a water molecule in the first 
hydration sphere. For the future course of this project, it will be important to elucidate 
the underlying processes causing the change in relaxivity. Unfortunately, it is not 
straightforward to assess the hydration number of GdIII complexes by relaxometry alone 
and usually more experiments, such as chemical shift 17O NMR measurements or 
luminescence lifetimes measurements of analogous EuIII or TbIII complexes are 
required.10,27 In addition, also the reduced molecular weight of the photocleavage 
product as compared to the initial molecule, may play a role in the reduced relaxivity. 



CHAPTER 5 
 

 160 
 
 
 
 
 
 
 

It has to be mentioned that in the development of responsive contrast agents, it is 
generally preferred to obtain a signal increase, meaning an increase in relaxivity, upon 
activation. Optimization of the current approach towards this goal could for instance 
be done by designing a molecule that bears a coordinating moiety, such as a carboxylic 
acid, which will be cleaved off upon irradiation. In this manner, an increase in hydration 
number and thus an increase in relaxivity might be achieved 
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 EXPERIMENTAL SECTION 

 GENERAL INFORMATION 

Starting materials, reagents and solvents were purchased from Sigma–Aldrich, 
Acros, Fluka, Fisher Scientific, TCI and were used as received. Solvents for the 
reactions were of quality puriss., p.a.. Anhydrous solvents were purified by passage 
through solvent purification columns (MBraun SPS-800). For aqueous solutions, 
deionized water was used. Thin Layer Chromatography analyses were performed 
on commercial Kieselgel 60, F254 silica gel plates with fluorescence-indicator UV254 
(Merck, TLC silica gel 60 F254). For detection of components, UV light at λ = 254 nm 
or λ = 365 nm was used. Alternatively, oxidative staining using aqueous basic 
potassium permanganate solution (KMnO4) or aqueous acidic cerium 
phosphomolybdic acid solution (Seebach’s stain) was used. Drying of solutions was 
performed with MgSO4 and volatiles were removed with a rotary evaporator. Flash 
column chromatography was performed with Silicagel, pore size 60 Å, 40-63 µm 
particle size. 
Nuclear Magnetic Resonance spectra were measured with an Agilent Technologies 
400-MR (400/54 Premium Shielded) spectrometer (400 MHz). All spectra were 
measured at room temperature (22–24 °C). The multiplicities of the signals are 
denoted by s (singlet), d (doublet), t (triplet), q (quartet), quint (quintet), m 
(multiplet), br (broad signal). All 13C-NMR spectra are 1H-broadband decoupled. 
High-resolution mass spectrometric measurements were performed using a Thermo 
scientific LTQ OrbitrapXL spectrometer with ESI ionization. The ions are given in 
m/z-units. Melting points were recorded using a Stuart analogue capillary melting 
point SMP11 apparatus. For spectroscopic measurements, solutions in Uvasol® 
grade solvents were measured in a 10 mm quartz cuvette. UV/Vis absorption spectra 
were recorded on a JascoV-750 UV/Vis spectrophotometer with photomultiplier 
tube detection. UV/Vis absorbance of the photometric assay for GdIII quantification 
were performed on a BioTek Synergy H1 microplate reader. NMRD profiles were 
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recorded on a Stelar 0.25 T FFC SMARtracer relaxometer. UPLC-MS analysis was 
performed using a ThermoFisher Scientific Vanquish UPLC System with a reversed 
phase C18 column (Acquity UPLC HSS T3 1.8 μm, 2.1 × 150 mm; eluents: water and 
acetonitrile, both with 0.1% v/v formic acid added; the gradient was established 
from 5% to 95% organic phase over 17 min) in combination with an LCQ Fleet mass 
spectrometer and UV-Vis detector at λ = 360 nm. 
Irradiation experiments were performed with a λ = 400 nm (3x Roithner VL-400-
Emitter, optical power 1000 mW, λmax = 400 nm, FWHM 11.9 nm) LED system 
(Sahlmann Photochemical Solutions). 

 SYNTHETIC PROCEDURES AND COMPOUND CHARACTERIZATION 

The synthesis and analytical data of compounds 2 and 6 is described in chapter 4. 

 

 3: 1-(4,5-Dimethoxy-2-nitrophenyl)-2-oxo-2-((2-oxo-2-(prop-2-yn-1-ylamino)ethyl) 
amino)-ethyl 8-bromooctanoate. 
A solution of 2 (4.06 mmol, 500 mg), 6-nitroveratraldehyde (3.37 mmol, 714 mg) 
and 8-bromooctanoic acid (4.06 mmol, 905 mg) in chloroform (8 mL) was stirred at 
room temperature for 48 h. The volatiles were evaporated and the product was 
purified by flash chromatography (pentane/AcOEt, 95:5 to 1:1 v/v) to give a yellow 
powder (1038 mg, 55%). Rf  = 0.80 (AcOEt);  Mp. 106-107 °C; 1H NMR (400 MHz, 
DMSO): δ 1.26-1.35 (m, 6H, (CH2)3CH2CH2Br), 1.53 (m, 2H, CH2CH2COO), 1.76 (m, 
2H, CH2CH2Br), 2.41 (t, 2H, CH2COO), 3.12 (s, 1H, CCH), 3.51 (t, 2H, CH2Br), 3.76 (d, 
2H, CH2NH), 3.87 (d, 2H, CH2NH), 3.88 (s, 3H, OCH3), 3.91 (s, 3H, OCH3), 6.59 (s, 1H, 
CHO), 7.15 (s, 1H, ArH), 7.65 (s, 1H, ArH,), 8.39 (t, 1H, NH), 8.59 (t, 1H, NH); 13C NMR 
(100 MHz, CDCl3): δ 24.6, 27.9, 28.4, 28.8, 29.3, 32.6, 33.8, 33.9, 43.2, 56.5, 56.7, 
71.0, 71.6, 78.6, 107.9, 111.2, 124.4, 140.5, 149.2, 153.7, 167.9, 168.1, 173.0; HRMS (ESI-
) calc. for [M]- (C23H31BrN3O8) : 556.1289, found: 556.1275. 
  



CHAPTER 5 
 

 162 
 
 
 
 
 
 
 

 

 4: 1-Azido-2-(2-(2-methoxyethoxy)ethoxy)ethane. 
1-Bromo-2-(2-(2-methoxyethoxy)ethoxy)ethane (4.4 mmol, 1000 mg) was dissolved 
in ethanol (80 mL) and NaN3 (8.8 mmol, 584 mg) was added. After heating the 
solution under reflux overnight, the solvent was evaporated and DCM added to the 
residue. The organic layer was washed with H2O (3x) and dried with MgSO4 to give 
a colorless liquid (758 mg, 91%). Rf  = 0.67 (Pentane/AcOEt, 1:1 v/v); 1H NMR (400 
MHz, CHCl3): δ 3.62-3.58 (m, 8H, CH2OCH2CH2OCH2), 3.48 (t, 2H, CH2Br), 3.33-3.31 
(m, 5H, CH3OCH2). 1H NMR spectrum is in agreement with published data.28 13C 
NMR (100 MHz, CDCl3): δ 71.9, 70.7, 70.6, 70.6, 70.0, 59.0, 50.7.  

 

 5: 1-(4,5-Dimethoxy-2-nitrophenyl)-2-((2-(((1-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1H-
1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)amino)-2-oxoethyl 8-bromooctanoate. 
To a solution of 3 (0.44 mmol, 249 mg), and 4 (0.74 mmol, 140 mg) were added 
PMDETA (0.04 mmol, 9.2 µL), catalytic amounts of copper(I) iodide and ascorbic 
acid and a drop of acetic acid. The reaction mixture was stirred at room temperature 
for 3 d. The conversion of 3 was monitored by TLC. After two days another portion 
of 4, copper(I) iodide, acetic acid and ascorbic acid were added. After full conversion 
of 3, DCM and H2O were added to the reaction mixture. The product was extracted 
with DCM (3x). The combined organic layers were washed with H2O and brine and 
the product was purified by flash column chromatography (DCM/MeOH, 98:2 - 93:7 
v/v) to obtain the product as a yellow sticky solid (134 mg, 41%). Rf  = 0.68 
(DCM/MeOH, 9:1 v/v); HRMS (ESI+) calc. for [M+H]+  (C30H46BrN6O11): 745.2403, 
found: 745.2406. 
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1H NMR (400 MHz, CHCl3): δ 1.31-1.41 (m, 6H, 20-22), 1.64 (m, 2H, 19), 1.83 (m, 2H, 
23), 2.45 (m, 2H, 18), 3.37 (s, 3H, 1), 3.39 (t, 2H, 24), 3.54 (m, 2H, 2), 3.61 (m, 6H, 3-
5), 3.86 (m, 2H, 6), 3.91-4.07 (m, 1H, 11), 3.95, (s, 3H, 15/16), 3.99 (s, 3H, 15/16), 4.52 
(m, 4H, 9,7), 6.70 (s, 1H, 13), 7.15 (s, 1H, 10), 7.17 (s, 1H, 17), 7.33 (s, 1H, 12), 7.59 (s, 
1H, 14), 7.75 (s, 1H, 8); 13C NMR (100 MHz, CDCl3): δ 24.7, 28.0, 28.4, 28.9, 32.7, 34.0, 
34.0, 35.2, 43.1, 50.4, 56.6, 56.8, 59.1, 69.5, 70.6 (m), 70.6, 71.0, 72.0, 108.1, 111.3, 
123.5, 124.9, 140.8, 144.2, 149.2, 153.7, 167.9, 168.3, 172.7. 

 

 7: Tri-tert-butyl 2,2',2''-(10-(8-(1-(4,5-dimethoxy-2-nitrophenyl)-2-((2-(((1-(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)amino)-2-
oxoethoxy)-8-oxooctyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate. 
Compound 6 (0.42 mmol, 250 mg) was suspended in H2O at 70 °C. The heating 
bath was removed and 10% aq. KOH (0.84 mmol, 0.47 mL) was added. The mixture 
was stirred for 15 min and then extracted with pentane (3x). The combined organic 
layers were washed with H2O (2x) and brine (1x) and dried with MgSO4. The solvent 
was evaporated and the residue (0.24 mmol, 124 mg) dissolved in acetonitrile. 
Compound 5 (0.19 mmol, 140 mg) was added and the solution was stirred at 40 °C 
for three days. Next, the solvent was evaporated and the product purified by flash 
column chromatography (DCM/MeOH, 10:0 – 9:1 v/v) to give a yellow sticky oil (109 
mg, 49%). Rf  = 0.62 (DCM/MeOH, 9:1 v/v); HRMS (ESI+) calc. for [M+H]+ 
(C56H95N10O17): 1179.6871, found: 1179.6900. 
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1H NMR (400 MHz, CHCl3): δ 1.23-1.36 (m, 9H, 18-28 partly), 1.41-1.45 (m, 27H, 29-
30), 1.58 (m, 2H, 17), 2.16-3.14 (m, 23H, 18-28 partly), 2.39-2,64 (m, 2H, 16), 3.34 (s, 
3H, 1), 3.51-3.52 (m, 2H, 2), 3.57-3.59 (m, 6H, 3-5), 3.84 (t, 2H, 6), 3.91 (s, 3H, 13/14)*, 
3.96 (s, 3H, 13/14)*, 4,00-4,07 (m, 2H, 10), 4.47 (t, 2H, 7), 4.51 (t, 2H, 9), 6.79 (s, 1H, 
11)*, 7.2 (s, 1H, 15)*, 7.52 (t, 1H, 31), 7.54 (s, 1H, 12)*, 7.84 (s, 1H, 8)*, 7.99 (t, 1H, 32).  
*the assigned signals split up, probably because of the existence of two 
diastereoisomers due to atropoisomerism that stems from the  hindered rotation of 
the ortho-nitro phenyl group.  
13C NMR (100 MHz, CDCl3): δ 24.5, 26.4, 27.3, 27.9, 28.0, 28.1, 28.2, 28.3, 28.9, 29.2, 
33.8, 34.1, 35.4, 43.2, 47.9, 50.2, 50.4, 53.3, 54.4, 55.8, 56.5, 57.0, 59.1, 69.5, 69.5, 
70.5, 70.6, 70.7, 71.0, 72.0, 77.2, 81.8, 81.9, 82.6, 83.0, 108.1, 108.2, 111.4, 123.5, 123.6, 
125.3, 141.2, 145.1, 149.0, 153.5, 168.0, 168.9, 169.0, 170.1, 170.6, 172.6, 172.8, 173.0. 
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 1: 2,2',2''-(10-(8-(1-(4,5-Dimethoxy-2-nitrophenyl)-2-((2-(((1-(2-(2-(2-methoxy-ethoxy) 
ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)amino)-2-oxo-ethoxy)-8-
oxooctyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid 
A solution of 7 (0.013 mmol, 15 mg) in DCM (0.5 mL), HCl in Et2O (2 M, 0.5 mL) and 
tri-iso-propylsilane (0.02 mL) was stirred at room temperature overnight. The 
volatiles were evaporated under reduced pressure. The residue was triturated with 
Et2O and washed with Et2O and pentane to give a yellow sticky solid (11.7 mg, 86% 
calculated as mono hydrochloride salt). HRMS (ESI+) calc. for [M+H]+ : 
(C44H71N10O17): 1011.4993, found: 1011.4997. 

 
1H NMR (400 MHz, MeOD): δ 1.37 (m, 6H, 18-20), 1.63 (m, 2H, 17), 1.82 (m, 2H, 21), 
2.49 (m, 2H, 16), 2.95-3.06 (m, 4H, 23-25 partly), 3.13-3.26 (m, 6H, 22, 23-25 partly), 
3.34 (s, 3H, 1), 3.38-3.52 (m, 9H, 23-25 partly), 3.63-3.55 (m, 12H, 2-4, 23-25 partly), 
3.88-3.94 (m, 4H, 5-6), 3.93 (s, 3H, 13/14), 3.96 (s, 3H, 13/14), 4.25 (s, 2H, 10), 4.52 
(d, 2H, 9), 4.62 (t, 2H, 7), 6.79 (s, 1H, 11), 7.26 (s, 1H, 15), 7.69 (s, 1H, 12), 8.11 (s, 1H, 
8). 13C NMR (100 MHz, MeOD) δ 23.0, 24.1, 25.9, 28.2, 28.2, 33.1, 33.7, 42.0, 48.6, 
49.7, 50.9, 51.6, 51.9, 54.1, 54.6, 55.5, 55.8, 57.6, 68.5, 69.8, 69.9, 70.0, 70.7, 71.5, 
111.6, 124.2, 124.8, 141.3, 149.3, 153.4, 167.1, 169.4, 169.6, 172.6, 173.3. 
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 8: tert-Butyl 8-bromooctanoate. 
The compound was prepared according to a literature procedure.29 8-
Bromooctanoic acid (1.57 mmol, 350 mg) was dissolved in dry DCM (15 mL) under 
nitrogen atmosphere. The resulting solution was cooled down to 0 ⁰C and 
trifluoroacetic anhydride (3.61 mmol, 0.51 mL) was added dropwise. The reaction 
mixture was stirred at 0 ⁰C for 2.5 h after which tert-butanol (5.5 mmol, 0.52 mL) 
was added slowly. The mixture was stirred at 0 ⁰C for 1 h and was then allowed to 
warm to room temperature. The reaction mixture was stirred for additional 12 h at 
room temperature and then quenched with H2O (10 mL). The product was extracted 
with Et2O (3x) and the combined organic layers washed with brine, sat. aq. NaHCO3 
solution and dried with MgSO4. The volatiles were evaporated to obtain compound 
8 as a clear oil (384 mg, 88%). Rf = 0.9 (pentane/Et2O, 4:1 v/v), 1H NMR (400 MHz, 
CDCl3): δ 1.31-1.34 (m, 6H, BrCH2CH2CH2CH2CH2), 1.44 (s, 9H, tert butyl), 1.55-1.62 
(m, 2H, CH2CH2COO), 1.85 (quint, 2H, CH2CH2Br), 2.20 (t, 2H, CH2COO), 3.40 (t, 2H, 
CH2Br). 1H NMR spectrum is in agreement with published data.29 
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 S1: Tri-tert-butyl 2,2',2''-(10-(8-(tert-butoxy)-8-oxooctyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triyl)triacetate. 
Compounds 8 (0.54 mmol, 150 mg) and 6 (0.27 mmol, 160 mg) were dissolved in 
acetonitrile and KsCO3 (1.1 mg, 148 mg) was added to the solution. The reaction 
mixture was stirred at 60 ⁰C overnight. The salts were filtered off, the volatiles 
evaporated and the product was purified by flash column chromatography 
(DCM/MeOH 98:2 – 9:1 v/v) to give compound S1 (131 mg, 68%). Rf = 0.6 
(DCM/MeOH, 9:1 v/v); HRMS (ESI+) calc. for [M+H]+ (C38H72N4O8): 713.5423, found: 
713.5431; 1H NMR (400 MHz, CDCl3): δ 1.31-3.41 (overlapping br m), 1.38 (s, tert 
butyl), 1.40 (s, tert butyl), 1.43 (s, tert butyl).  
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 9: 2,2',2''-(10-(7-Carboxyheptyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid. 
Compound S1 (0.17 mmol, 123 mg) was dissolved in DCM (2 mL). Tri-iso-propyl 
silane (1.0 mmol, 0.21 mL) and HCl in Et2O (2 M, 7 mL) were added to the solution. 
The reaction mixture was stirred at room temperature overnight. The volatiles were 
evaporated under reduced pressure and Et2O added to the residue. The product 
was filtered off and re-dissolved in MeOH. The solution was concentrated under 
reduced pressure and the residue triturated with Et2O. The product was filtered off 
again to afford a white solid (88 mg, 97% calculated as mono hydrochloride salt). 
1H NMR (400 MHz, D2O): δ  1.37 (s, 6H), 1.61 (quint, 2H), 1.76 (br s, 2H), 2.4 (t, 2H, 
CH2COO), 3.02-3.18 (overlapping m,6H), 3.27 (t, 2H), 3.35-3.44 (overlapping m, 4H), 
3.48-3.54 (overlapping m, 6H), 3.61-3.76 (overlapping m, 4H), 4.05 (s, 2H). 13C NMR 
(100 MHz, D2O): δ  22.7, 24.0, 25.4, 27.7, 27.7, 27.7, 27.8, 33.5, 33.6, 48.0, 48.3, 49.8, 
51.6, 52.0, 52.9, 54.6, 65.4, 169.2, 174.2, 177.7, 179.2. 

 PHOTOCHEMICAL ANALYSIS 

 Quantum yield determination 

 

Fig. 5.10: Quantification of compound 7 by UPLC. a) chromatogram of compound 7 
recorded at λ = 360 nm for the solution of 0.565 mM in acetonitrile, after 1:15 dilution with 
MilliQ water. The area of the peak with a retention time of 10.8 min was used for 
quantification; b) calibration curve for the quantification of compound 7 by UPLC.  
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The quantum yield of the photocleavage process of compound 7 was determined 
following the photo-deprotection process by UPLC-MS. A solution of compound 7 
(565 µM) in acetonitrile (3.00 mL) was irradiated in a quartz cuvette with a multi-
wavelength fiber coupled LED-system (FC6-LED-WL) using a 365A LED. The photon 
flux (I = 4.059x10-8 einstein s-1) was determined previously by ferrioxalate 
actinometry following a modified literature protocol.30 During the irradiation, the 
solution was vigorously stirred in order to ensure homogenous concentration. The 
temperature was kept constant at 25 °C. The high concentration of compound 7 
enabled us to work in a high-absorption regime (absorbance at 365 nm ≥ 1.9) and 
assume that all incident photons are absorbed. Aliquots of 10 μL of the irradiated 
solution were taken at the indicated time points, diluted with acetonitrile (140 μL) 
and analyzed by UPLC-MS. The remaining concentration of compound 7 was 
quantified by determination of the peak area of the corresponding peak in the 
chromatogram recorded at 365 nm using a calibration curve. This way, the rate of 
photodeprotection was found to be 6 x 10-7 M s-1 and the respective quantum yield 
was calculated using the following equation: 

∆𝑐 × 𝑉

𝐼
=  

 ×   × .  

. ×   
 = 0.044, corresponds to 4.4% 

Equation 1: Calculation of the photocleavage quantum yield;  
Δc = change in concentration (M s-1)  
V = sample volume (L)  
I = photon flux (einstein s-1) 

 NMRD MEASUREMENTS 

The relaxation rates were determined over a Larmor frequency range of 0.01 – 10 
MHz at 37 ⁰C with 12 data points collected. The samples were prepared by mixing 1 
eq. (1.44 mM) of compound 1 or compound 7, with 0.56 eq. (0.8 mM) of GdCl3 in 
TBS buffer at room temperature for 2 h. The samples were irradiated in the NMRD 
vessel with λ = 400 nm light for 60 min and NMRD profiles were recorded at the 
indicated time points. In addition, the stability of the sample was assessed by 
repeating the analysis after leaving the sample for 1 h at room temperature without 
irradiation. 
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Fig. 5.11: NMRD profiles of a sample containing Gd-1 before irradiation (0 min), after 1h in 
the dark (stability 1 h) and after irradiation for indicated time points (10;20;40;60 min). 

 DETERMINATION OF FREE GDIII CONCENTRATION 

 

Fig. 5.12: Quantification of free GdIII. a) Calibration curve showing the ratio of absorbance 
intensity at λ = 573 nm and λ = 433 nm for increasing GdIII concentration in the presence 
of xylenol orange (0.60 mM); b) percentage of free GdIII in the presence of increasing 
equivalents of compound 1.  

The concentration of free GdIII was quantified by determination of the ratio of 
absorbance intensity at λ = 573 nm and λ = 433 nm of a GdIII-xylenol orange 
complex31 in ammonium acetate buffer (100 mM, pH 5.8, 0.60 mM Xylenol Orange) 
using a microplate reader. In order to assess how many equivalents of ligand are 
needed for full complexation of GdIII, increasing equivalents of GdCl3 were added 
to a 0.3 mM solution of compound 1 in ammonium acetate buffer and the amount 
of free GdIII was analyzed after 2 h by addition of xylenol orange.  
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For quantification of free Gd3+ after irradiation under the conditions used for the 
relaxometric analysis, the complex was prepared and treated as described above 
(irradiation in NMRD vessel, λ = 400 nm, 60 min). For analysis, the sample was 
diluted 1:30 with ammonium acetate buffer. The concentration of free GdIII was 
determined three times in independent measurements and found to be 0.54 µM on 
average. 
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Chapter 6: 
 
SYNTHESIS OF TARGETED 

FLUORESCENT TRACERS FOR 

OPTICAL IMAGING 

 

Optical fluorescence imaging is a valuable imaging technique due to its high 
resolution and sensitivity and its simple instrumentation. As penetration depth is 
limited, this technique is primarily used for the visualization of superficial structures, 
e.g. in intraoperative imaging, when targeted, exogenous contrast agents are 
employed to help the surgeon identify tissues that are otherwise barely 
distinguishable from the background. Moreover, this modality can be used for the 
imaging of organs accessible with endoscopy, such as the respiratory tract. In both 
cases, new fluorescent tracers that bind specifically to the respective tissue of interest 
are needed in order to broaden the applicability of this useful imaging technique. 
Hence, this chapter describes our efforts to develop new contrast agents for this 
purpose. 
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 INTRODUCTION 

Molecular imaging plays a crucial role in modern medicine and several imaging 
methods are routinely applied in the clinic for diagnosis as well as monitoring of disease 
progression and treatment efficacy or guidance of surgical interventions. These 
methods include tomographic imaging, e.g. magnetic resonance imaging (MRI), 
positron emission tomography (PET) or computed tomography (CT), which offer the 
advantage of whole body imaging but are also limited by different factors, like poor 
temporal resolution due to subsequent image-reconstruction, requirement of 
hazardous radiation (PET), or limited choice of targeted contrast agents (CT, MRI).1 
Conversely, fluorescence optical imaging overcomes these drawbacks by enabling real-
time, high-resolution visualization in the absence of damaging radiation, albeit at the 
cost of limited penetration depth. Moreover, it stands out due to its economical and 
straightforward usage.2  

Optical fluorescence imaging is based on the detection of the spatial distribution of 
fluorescent dyes that are administered to the patient as contrast agents. Such dyes can 
be excited with light of an appropriate wavelength and return to the ground state in a 
radiative fashion, i.e. by emitting light, which can be detected by a fluorescence 
camera.3 Fluorescein (Fig. 6.2) is one of such contrast agents, that emits light of λ = 521 
nm after excitation with λ = 494 nm light.4 The use of this dye is well established in 
preclinical research and reactive derivatives are available to couple it to e.g. proteins in 
a straightforward manner.5,6 Conjugation of the dye affords targeted fluorescent agents, 
enabling the selective imaging of cellular structures of interest. Even though the clinical 
application of fluorescein is limited because the emission and excitation light is largely 
absorbed in biological tissue, it has been successfully used for e.g. intraoperative 
imaging.7 In that case, the limited penetration depth of the light is a negligible 
disadvantage.  

In the following, the synthesis of different agents for optical fluorescence imaging based 
on the conjugation of fluorescein with a targeting moiety is described. The applied 
synthetic strategies rely on the introduction of the fluorescent moiety in the last step via 
a click reaction. The term click reaction was introduced by Sharpless et al. in 2001 and 
generally refers to a reaction that is highly selective towards two reacting moieties and 
hence proceeds also in the presence of many other species, especially biomolecules. A 
click reaction can generally be performed under simple reaction conditions in benign 
solvents, such as water, and is high-yielding, wide in scope and easy to purify.8 The 
copper(I)-catalyzed azide-alkyne Huisgen cycloaddition (CuAAC) is considered to be 
the first and most prominent example of this class of reactions.9,10 A key step in the 
further development of azide-alkyne cycloadditions, especially in terms of 
biocompatibility, was the introduction of a copper-free, strain-promoted version 
(SPAAC) using cyclooctynes.11 



CHAPTER 6 
 

 176 
 
 
 
 
 
 
 

This chapter illustrates how CuAAC and SPAAC can be used for the synthesis of different 
examples of fluorescent tracers, designed for (i) the intraoperative visualization of 
parathyroid glands and (ii) the imaging of fungal infections.  

 DEVELOPMENT OF FLUORESCENT TRACERS FOR THE 
IMAGING OF PARATHYROID GLANDS 

Intraoperative imaging is an emerging modality that helps clinicians to identify target 
tissue and distinguish it from healthy surrounding tissue during surgery.12,13 Oftentimes, 
making this distinction by the naked eye is very challenging, leading to post-operative 
complications due to incomplete removal of pathological or inadvertent dissection of 
healthy tissue. Therefore, clear visualization, achieved by employing targeted 
fluorescent tracers, is of tremendous help for clinicians and ultimately minimizes the 
burden for the patients.14 

 

Fig. 6.1: First drawing of the human parathyroid glandular anatomy by Ivar Sandström 
(1852-1889). gl. pth.: parathyroid glands; gl. thyr.: thyroid gland; m. constr. ph. inf.: inferior 
pharyngeal constrictor muscle. Reproduced from ref. 19. 

One challenge that is encountered in clinical practice is the identification of parathyroid 
tissue during thyroid cancer surgery. Thyroid cancer affects mainly young females with 
an increasing incidence reaching approx. 8.7 cases/100 000 per year.15 The majority of 
the patients is cured by total thyroidectomy, and lymphadenectomy in the case of 
locoregional lymph node metastasis (affects up to 50% of all cases).16,17 During both 
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surgical procedures, the risk of trauma of the parathyroid glands or their blood supply, 
resulting in permanent hypoparathyroidism, is very high. This common comorbidity is 
characterized by dysregulation of calcium homeostasis leading to e.g. tetany, bone pain 
and depression.18 Fig. 6.1 illustrates the anatomy of the parathyroid glands, being small 
organs of ca. 2-7 mm in length.19 Their identification during surgery is generally very 
difficult.20 Therefore, a fluorescent tracer, which selectively binds to those glands would 
be of immense help for the surgeon to avoid trauma of the respective tissue.  

Fig. 6.2 shows the different fluorescent tracers, namely indocyanine green (ICG), 
methylene blue (MB) and δ-aminolevulinic acid (ALA, which is converted into 
fluorescent protoporphyrin IX in vivo), that have been suggested in literature reports 
for this purpose.21–23 However, their application is essentially limited by e.g. neurotoxicity 
(MB) or phototoxicity and unreliable imaging performance (ALA).24,25 ICG seemed to be 
a promising candidate, but the imaging is solely based on angiography making use of 
the high vascularization of the parathyroid glands. As a consequence, distinction of 
thyroid tissue or other well perfused organs remains problematic. 

 

Fig. 6.2: Structures of different fluorescent dyes used for the imaging of parathyroid glands 

In order to tackle the problems described above, we aimed to develop a new 
fluorescent agent binding selectively to parathyroid glands. The design of the tracer 
was based on cinacalcet, a drug used for the treatment of secondary 
hyperparathyroidism. Cinacalcet binds selectively to the calcium sensing receptor (CasR) 
on parathyroid glands.26,27 Since CasR is a specific feature of parathyroids,28 we 
hypothesize that using this molecule as a targeting moiety would afford an agent that 
allows selective imaging of the tissue of interest without labeling adjacent tissue. 
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 RESULTS AND DISCUSSION 

Cinacalcet (Fig. 6.3) bears a secondary amine as functional group that would allow 
modification and attachment of a fluorescent moiety. However, studies on the 
structure-activity relationship have shown that this amine, in its protonated form, is 
essential for the binding affinity to CasR.29 For this reason, we decided to install an 
additional primary amine group on the molecule for labelling. Previous reports suggest 
that the naphthalene moiety of cinacalcet is buried in the binding pocket, whereas the 
other part of the molecule is oriented towards the outside. Based on these findings, the 
cinacalcet analogues depicted in Fig. 6.3 were designed. Since it is not completely clear, 
what effect modification of the aliphatic chain has on the binding affinity, we synthesized 
two analogues varying in the position of the amine substituent. This way we hoped to 
increase the chances to obtain a labelled agent with preserved affinity. For the ease of 
synthesis, the two molecules were each synthesized as a mixture of two 
diastereoisomers with the aim to first evaluate which of the two designs is better in 
terms of binding to CasR and then proceed with the synthesis of the pure epimers of 
the respective compound.  

 

Fig. 6.3: Molecular structures of cinacalcet and its synthesized analogues 

A commonly used practice for the conjugation of dyes is to use reactive N-
hydroxysuccinimide (NHS) esters of the respective dyes to couple them to the molecule 
of interest (see chapter 7). However, previous attempts in our group to follow such a 
procedure (unpublished data) showed that the amide bond is formed with the 
secondary instead of the primary amine. Circumventing this by installation of a 
protecting group is not feasible due to difficulties in deprotecting the amine again after 
labelling without degradation of the often rather unstable dye itself. That is why we 
installed a handle bearing an azide functionality on the primary amine that allows 
attachment of the fluorescent moiety via a click reaction, assuring regioselectivity of the 
labelling. 
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Fig. 6.4: Synthesis of analogues of cinacalcet bearing an azide functionality 

The desired compounds were synthesized starting from the two isomers with N-Boc-
protected primary amine, obtained earlier in our group. After installation of an Fmoc-
protecting group on the secondary amine and subsequent deprotection of the primary 
one, a short alkyl chain with azide functionality was attached to the molecule. Final Fmoc 
deprotection yielded the two analogues of cinacalcet that could be labelled with 
fluorescein-alkyne in a CuAAC. Next, the respective conjugates of the two isomers were 
purified by semi-preparative HPLC and the purity and identity analyzed by UPLC-MS as 
shown in Fig. 6.5. 
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Fig. 6.5: UPLC-MS analysis of compounds 1-FL and 2-FL (and solvent as blank sample); a) 
chromatogram (TIC) and b) mass spectrum of 1-FL; c) chromatogram (TIC) and d) mass 
spectrum of 2-FL. 

In order to evaluate the potential of the synthesized tracers for imaging of PG, their 
binding affinity towards CasR overexpressing cells was evaluated. To rule out unselective 
binding of the tested compounds to the cells, the same cell line but not expressing CasR 
was tested as a control. Initially, 1-FL seemed to selectively bind to the CasR as shown 
in Fig. 6.6. However, the results were not reproducible neither when the assay was 
repeated with higher concentrations of the tracers nor in a competitive binding assay 
with cinacalcet. Since the binding study was performed on genetically modified human 
embryonic kidney (HEK) cells and not parathyroid cells, we assume that the problem 
lies in the insufficient display of the CasR on the cell membrane of the cells. 

For further investigation, we plan to assess the binding affinity of the synthesized 
conjugates on human tissue samples comprising parathyroid tissue. Such specimens 
are available from parathyroidectomy that is performed in cases of 
hyperparathyroidism. Undoubtedly, a reasonable concern is that the expression of CasR 
in pathological parathyroid tissue may differ from the one in healthy tissue. In fact, 
literature studies reveal downregulation of CasR.30,31 However, the receptor is still 
expressed and therefore we believe that this strategy may be used for identifying the 
conjugate with higher affinity. Subsequently, we aim to proceed with the synthesis of 
the single epimers of the respective compounds.  
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Fig. 6.6: Binding studies of compounds 1-FL and 2-FL to HEK293 cells as control (circles) 
and engineered HEK293 cells expressing CasR (boxes). The fluorescein signal is depicted on 
the y-axis and concentration of the respective tracers on the x-axis. a) 1-FL tested in different 
concentration ranges; b) 2-FL tested in different concentration ranges. The results obtained 
for the different concentration ranges are not in agreement, pointing to reproducibility 
issues 

 SYNTHESIS OF A FLUORESCENT TRACER FOR THE IMAGING 
OF FUNGAL INFECTIONS 

Mycosis, or fungal infection, is very common in the average population with a 
prevalence around 25% for mostly harmless, superficial infections.32 However, fungal 
pathogens can also cause much more severe invasive infections that go along with 
serious health conditions and present a big medical burden, especially to 
immunocompromised patients.33 Exact numbers are hard to estimate, since fungal 
infections are largely under-diagnosed.34 In general, diagnosis is done indirectly based 
on the interpretation of symptoms, imaging data (CT and X-ray scans), anamnesis or 
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by direct detection of the pathogens in e.g. blood or sputum samples from patients.35 
This analysis usually goes along with delayed identification of the infection and 
furthermore affords unreliable results in many cases.34 Overall, the available diagnostic 
means are immensely limited regarding sensitivity, selectivity and/or availability.  

In the case of invasive pulmonary aspergillosis caused by Aspergillus fumigatus, one of 
the most common invasive fungal infections, incorrect or delayed diagnosis has lethal 
consequences in almost all cases.34 Hence, new bedside diagnostic tools are urgently 
needed. Recently, optical fluorescence imaging, making use of new endomicroscopy 
techniques, opened up new possibilities for the examination of the respiratory tract.36,37 
The use of fluorescently labelled antibodies, binding selectively to A. fumigatus, has 
shown promising preclinical results for the imaging of invasive pulmonary aspergillosis. 
However, challenges regarding the use of antibodies lie in the relatively high instability 
and labor-intensive and thus costly production. For this reason, we aimed to develop a 
new fluorescent probe based on an easily-accessible, stable targeting moiety. 

Amphotericin B was one of the first drugs approved for the treatment of invasive fungal 
infections in humans and for a long time remained the gold standard for antimycotic 
therapy.38 It binds to the cell membrane of fungi and its antifungal activity is based on 
pore formation and binding to ergosterol (Fig. 6.7).39 Ergosterol is a sterol that is 
abundant in the cell membrane of fungi and protozoa assuming the same role as 
cholesterol in mammalian cells, rendering it a promising target for the selective imaging 
of these organisms.40 Therefore, we decided to base the design of a fluorescent tracer 
for the diagnosis of mycosis on amphotericin B as will be described in the following part 
of this chapter. 

 
Fig. 6.7: Representation of the binding mode of amphotericin B to ergosterol.  

Amphotericin B (Fig. 6.7) bears different functionalities, such as a carboxylic acid and 
various alcohol groups. However, there is only one amine functionality, making this site 
attractive for selective modification. As studies on structure-activity relationships41,42 
suggest that this amine has to be protonated in order to bind to ergosterol, we decided 
to proceed with a reductive amination to install a linker for the attachment of the 
fluorescent label.43 By forming a secondary amine instead of an amide we did not 
significantly alter the pKa of the respective ammonium ion.  
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 RESULTS AND DISCUSSION 
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Fig. 6.8: Synthesis of fluorescently labelled amphotericin B (8) 

A polyethylenglycol linker, bearing an azide functionality, was installed at the mentioned 
position allowing the attachment of a fluorophore to amphotericin B via a click reaction. 
This linker molecule was chosen due to its similar hydrophilicity to the amino sugar and 
its sterically undemanding nature resulting in minimal compromise of binding affinity. 
Accordingly, the respective aldehyde was reacted with amphotericin B in DMF in the 
presence of HCl using NaBH3CN as a reducing agent (Fig. 6.8), following an adapted 
literature procedure.43 After purification of conjugate 6 by semi-preparative HPLC, a 
SPAAC was employed to attach the fluorophore. For this purpose, fluorescein 
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isothiocyanate (FITC) was previously reacted with dibenzocyclooctyne-amine (DBCO-
amine) to afford compound 7, enabling the coupling via a SPAAC. Finally, further 
purification by semi-preparative HPLC afforded final conjugate 8. Fig. 6.9 shows the 
chromatograms of the synthesized conjugates. 

 

Fig. 6.9: UPLC-MS analysis of purified compounds 6-8. a) chromatograms recorded at λ = 
400 nm, the additional peak in chromatogram of compound 7 at RT=9.8 min likely 
represents fluorescein bearing a free amine; b) mass spectra of the product peaks. 

UV-Vis analysis of the substrate and product peaks on an HPLC system with a photo 
diode array (PDA) detector further confirmed the coupling of amphotericin B and 
fluorescein. Fig. 6.10 shows the UV-Vis absorbance spectra of compounds 6 (blue), 7 
(yellow) and 8 (green). The spectrum of synthesized conjugate 8 is characterized by the 
distinctive absorption profile of amphotericin B between λ = 330 – 420 nm and of 
fluorescein with an absorption band with λmax = 496 nm. Notably, the amphotericin B 
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moiety seems to absorb more strongly than the fluorescein moiety. The reason for this 
is that the extinction coefficient of fluorescein depends on the pH: under basic 
conditions the equilibrium between the open and closed form is shifted towards the 
highly absorbing open form (see Fig. 6.2). Hence, the low absorption stems from the 
neutral conditions under which the measurement was performed (water/acetonitrile as 
eluents). The same effect was observed when a fraction containing product 8, isolated 
by semi-preparative HPLC, was analyzed by UV Vis spectrometry (Fig. 6.10 inset): Under 
the acidic purification conditions (water/acetonitrile with 0.1% formic acid) no 
absorbance above λ = 470 nm was observed, whereas after addition of dil. aq. NaOH, 
a clear absorption band with λmax = 496 nm arose. 

 

Fig. 6.10: UV-Vis analysis of compound 6, 7 and 8: Overlay of the UV-Vis spectra of the 
corresponding peaks in the HPLC chromatogram. The spectra were normalized to the 
intensity of the highest absorption band. Inset: Absorption spectrum of an isolated fraction 
from semi-preparative HPLC purification of compound 8 (dark green) and after addition of 
dil. aq. NaOH to the same sample (light green). 

To date, it was unfortunately not possible to evaluate the potential of 8 for the selective 
imaging of fungal infections and imaging of invasive pulmonary aspergillosis in 
particular. The implementation of the experimental set up for assessing the selective 
binding of the conjugate to A. fumigatus is still in progress and will be performed in the 
group of Prof. Dr. J.M. van Dijl at the department of Medical Microbiology (UMCG).  

Additionally, further research focusses on the installation of alternative dyes to 
amphotericin B. Towards this end, we attached a DBCO moiety to NIR-fluorescent dye 
IRdye800CW for the coupling to amphotericin B analogue 6 (see experimental section). 
The advantages of NIR-fluorescence optical imaging and our further investigations to 
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synthesize suitable tracers for imaging of fungal and also bacterial infections will be 
discussed in the following chapter in more detail. 

 CONCLUSION 

In conclusion, different potential tracers for optical fluorescence imaging of (i) 
parathyroid glands and (ii) fungal infections have been designed and successfully 
synthesized. The fluorescent moieties were introduced in the last synthetic step via a 
CuAAC or SPAAC respectively, in aqueous medium. The bio-orthogonality of this 
reaction, in particular the SPAAC used for the synthesis of the amphotericin B derivative, 
offers unique possibilities for the application also in biomedical research. Above that, 
fluorescein (or FITC) is widely available and affordable, expanding the applicability of 
this strategy. At this point, the purification, achieved by semi-preparative HPLC, presents 
the limiting factor in terms of scalability of synthesis and isolation of the conjugates. 

Unfortunately, the evaluation of the synthesized tracers is still outstanding due to time 
constraints and diverse problems with the biological assays. In the future, we aim to 
revise the experimental setup of the assays in order to assess the binding affinity of the 
conjugates to their respective targets and to be able to critically evaluate and potentially 
optimize the molecular designs. 

Generally, fluorescein is not considered optimal for in vivo imaging as the excitation and 
emission wavelength lie in the visible light range and it suffers from photobleaching.44 
As indicated previously, new NIR dyes enable imaging of deeper lying structures and 
are therefore preferred. In view of these considerations, we proceeded with the 
synthesis of targeted NIR tracers, as described in the following chapter. 
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F. Reeßing: Synthesis, purification and analysis of compounds 1-FL, 2-FL, 1, 3, 4, 6, 7 and 
8  

Prof. Dr. W. Szymański: Synthesis, purification and analysis of compounds 2, 5 and S1-
S4 

D. Samplonius: Biological testing of 1-FL and 2-FL. 

 

 EXPERIMENTAL SECTION 

 GENERAL REMARKS 

Starting materials, reagents and solvents were purchased from Sigma–Aldrich, 
Acros and Combi-Blocks and were used without any additional purification. Solvents 
for the reactions were purified by passage through solvent purification columns 
(MBraun SPS-800). The reaction progress was monitored by Thin Layer 
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Chromatography (TLC). TLC analyses were performed on commercial Kieselgel 60, 
F254 silica gel plates with fluorescence-indicator UV254 (Merck, TLC silica gel 60 
F254). For detection of components, UV light at λ = 254 nm or λ = 365 nm was used. 
Flash column chromatography was performed with Silicagel, pore size 60 Å, 40-63 
µm particle size. 
Nuclear Magnetic Resonance spectra were measured with an Agilent Technologies 
400-MR (400/54 Premium Shielded) spectrometer (400 MHz) or Bruker Avance 600 
NMR Spectrometer (600MHz). All spectra were measured at room temperature (22–
24 °C). The multiplicities of the signals are denoted by s (singlet), d (doublet), t 
(triplet), q (quartet), m (multiplet), br (broad signal). All 13C-NMR spectra are 1H-
broadband decoupled. High-resolution mass spectrometric measurements were 
performed using a Thermo scientific LTQ OrbitrapXL spectrometer with ESI 
ionization. The ions are given in m/z-units 
Conjugates 1-FL and 2-FL were purified by reversed phase semi-preparative HPLC 
on a XTerra Prep MS C18 column (10 µm, 7.8 x 150 mm) with PDA detection The 
eluents were acetonitrile and water, both with 0.1% trifluoroacetic acid. Conjugates 
of amphotericin B were purified by reversed phase semi-preparative HPLC on a 
Kinetex EVO C18 column (5 µm, 100 Å, 250 x 10.0 mm) with UV detection at 365 nm. 
The eluents were acetonitrile and water, both with 0.1% formic acid. The elution 
gradients were established as described below.  
UPLC-MS analysis was performed on a Thermo Fisher Scientific Vanquish UPLC 
System on a reversed phase C18 column (Acquity UPLC HSS T3 1.8 μm, 2.1 × 150 
mm), and with an LCQ Fleet mass spectrometer and UV-Vis detector at λ = 254 nm 
and 400 nm. The eluents were acetonitrile and water, both with 0.1% formic acid. 
The elution gradient was established from 10% to 90% organic phase.  

 SYNTHETIC PROCEDURES AND COMPOUND CHARACTERIZATION 

 

 S1: 3-Amino-3-(3-(trifluoromethyl)phenyl)propanoic acid. 
A solution of 3-trifluoromethyl-benzaldehyde (72.8 mmol, 12.7 g), malonic acid 
(72.8 mmol, 7.58 g) and ammonium acetate (45 mmol, 11.2 g) in EtOH (60 mL) was 
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heated at reflux overnight. The product precipitate was filtered off and washed with 
Et2O, giving white powder (7.16 g, 40%). 1H NMR (400 MHz, D2O+K2CO3): δ 2.17 – 
2.59 (m, 2H), 4.17 (t, J = 7.3 Hz, 1H), 7.30 – 7.42 (m, 1H), 7.42 – 7.50 (m, 2H), 7.54 
(s, 1H); 19F NMR (376 MHz, D2O+K2CO3): -62.3; HRMS (ESI-) calc. for [M-H]- 
(C10H9F3NO2): 232.0580, found: 232.0594. The crude product was used in the next 
step without further characterization. 

 S2: Methyl 3-((tert-butoxycarbonyl)amino)-3-(3-(trifluoromethyl)phenyl)propanoate. 
A mixture, containing compound 1 (2.00 mmol, 488 mg), Boc2O (3.00 mmol, 655 
mg), NaHCO3 (3.00 mmol, 252 mg), H2O (5 mL) and dioxane (5 mL), was stirred at 
room temperature for 3 h. The volatiles were evaporated and the residual aqueous 
solution was diluted with 0.1 N aq. HCl and extracted with AcOEt (2x). The combined 
organic layers were dried (MgSO4) and the solvent was evaporated, yielding crude 
Boc-protected product. This compound was dissolved in DCM (20 mL) and MeOH 
(0.40 mL) was added, followed by DMAP (25 mg) and EDC (2.80 mmol, 537 mg). 
The resulting mixture was stirred at room temperature overnight. Next, the reaction 
mixture was diluted with AcOEt and washed with 1 N aq. HCl (3x), sat. aq. NaHCO3 
(2x) and brine. The organic phase was dried (MgSO4) and the volatiles were 
evaporated. Precipitation from Et2O/pentane provided product as white powder 
(558 mg, 80% yield over two steps). Mp. 68-69 °C; 1H NMR (400 MHz, CDCl3): δ 1.41 
(s, 9H), 2.64 – 3.08 (m, 2H), 3.62 (s, 3H), 5.13 (s, 1H), 5.63 (s, 1H), 7.33 – 7.64 (m, 4H); 
13C NMR (100 MHz, CDCl3): δ 28.2, 40.5, 50.8, 51.8, 80.0, 122.9 (m), 124.0 (q, JC-F = 
272.3 Hz), 124.3 (q, JC-F = 3.8 Hz), 129.1, 129.6, 130.9 (q, JC-F = 32.3 Hz), 124.4, 155.0, 
171.0; 19F NMR (376 MHz, CDCl3): -62.7; HRMS (ESI+) calc. for [M+Na]+ 
(C16H20F3NO4Na): 370.1236, found: 370.1236. 

 S3: tert-Butyl (3-oxo-1-(3-(trifluoromethyl)phenyl)propyl)carbamate. 
A solution of compound 2 (1.00 mmol, 347 mg) in dry DCM (5 mL) was stirred under 
nitrogen atmosphere at -65 °C. A solution of DIBAL-H (1 M in DCM, 5 mL) was added 
dropwise over 10 min. After 4 h stirring at -65 °C, the reaction was quenched by 
addition of MeOH (3 mL) and H2O (1 mL). The resulting solution was warmed up to 
room temperature and diluted with AcOEt (100 mL). An aq. solution of Rochelle salt 
(100 mL) was added and the biphasic mixture was stirred for 10 min. The phases 
were separated and the organic phase was washed with 1 N aq. HCl (3x), sat. aq. 
NaHCO3 (2x) and brine. The organic phase was dried (MgSO4) and the volatiles 
were evaporated, yielding crude product as an yellow oil (290 mg, 91%). 1H NMR 
(400 MHz, CDCl3): δ 1.40 (s, 9H), 2.87 – 3.04 (m, 2H), 5.23 (s, 3H), 5.37 (s, 1H), 7.45 
– 7.56 (m, 4H); 19F NMR (376 MHz, CDCl3): -62.7. 
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 3: tert-Butyl (3-(((R)-1-(naphthalen-1-yl)ethyl)amino)-1-(3-(trifluoromethyl)phenyl)-propyl) 
carbamate. 
A solution of compound 3 (0.91 mmol, 290 mg), (R)-1-(naphthalen-1-yl)ethan-1-
amine (0.85 mmol, 146 mg) and sodium triacetoxyborohydride (1.20 mmol, 254 mg) 
in dry DCM (15 mL) was stirred at room temperature overnight. Sat. aq. NaHCO3 (4 
mL) was added, the phases were separated and the aqueous phase was extracted 
with DCM (15 mL). The combined organic phases were dried (MgSO4) and the 
product was purified by flash chromatography (DCM/MeOH, 1:0 - 99:6 v/v) to give 
a clear oil (372 mg, 82%). The product was obtained as a roughly 1:1 mixture of 
diastereoisomers. 1H NMR (400 MHz, CDCl3): δ 1.44 (s, 9H), 1.51 (d, J = 6.6 Hz, 1.5H), 
1.53 (d, J = 6.6 Hz, 1.5H), 1.55 – 1.87 (m, 2H), 1.90-2.05 (m, 2H), 2.52-2.70 (m, 2H), 
4.51-4.62 (m, 1H), 4.87 (br s, 1H), 6.44 (br s, 1H),  6.62 (br s, 1H), 7.28-7.57 (m, 7H), 
7.62 (t, J = 7.1 Hz, 1H), 7.76 (dd, J = 8.0, 5.5 Hz, 1H), 7.95 – 7.84 (m, 1H), 8.15 (t, J = 
8.5 Hz, 1H); 19F NMR (376 MHz, CDCl3): -62.6, -62.6. HRMS (ESI+) calc. for [M+H]+ 
(C27H32F3N2O2): 473.2410, found: 473.2403. 

 

 4: (9H-Fluoren-9-yl)methyl (3-amino-3-(3-(trifluoromethyl)phenyl)propyl)((R)-1-
(naphthalen-1-yl)ethyl)carbamate 
A solution of compound 3 (2.33 mmol, 1.10 g), FmocCl (3.33 mmol, 862 mg) and 
DIPEA (6.66 mmol, 1.16 mL) in dry DCM (35 mL) was stirred under nitrogen 
atmosphere at room temperature overnight. The reaction mixture was diluted with 
AcOEt and washed with 1 N aq. HCl, sat. aq. NaHCO3, and brine. The organic phase 
was dried (MgSO4) and the product was purified by flash chromatography 
(pentane/Et2O, 8:2 – 1:1, v/v) to obtain Fmoc-protected 3 (1.88 mmol, 1.31 g). The 
isolated product (0.94 mmol, 650 mg) was then dissolved in DCM (20 mL). Tri 
isopropyl silane (1.18 mmol, 0.24 mL) and HCl in Et2O (2 M, 20 mL) were added and 
the reaction mixture was stirred at room temperature overnight. The volatiles were 
evaporated and Et2O and pentane were added to the residue. The mixture was 
stirred for 1 h and the precipitate was filtered off to afford compound 4 (464.5 mg, 
64% calculated as monochloride salt). The 1H NMR spectrum is very complex due 
to large differences in the signals corresponding to the two different 
diastereoisomers, probably due to hindered rotation. The product was used in the 
next step without assignment of the signals. 19F NMR (376 MHz, CDCl3): -62.1, -62.4; 
HRMS (ESI+) calc. for [M+H]+ (C37H34F3N2O2): 595.2567, found: 595.2566. 



CHAPTER 6 
 

 190 
 
 
 
 
 
 
 

 

Fig. 6.11: UPLC MS analysis of compound 4; a) chromatogram (TIC) of the purified product; 
b) chromatogram (TIC) of the blank sample (solvent); c) mass spectrum of one isomer of 
product 4 (peak 1); d) mass spectrum of the other isomer of product 4 (peak 2). 
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 1: 4-Azido-N-(3-(((R)-1-(naphthalen-1-yl)ethyl)amino)-1-(3-(trifluoromethyl)phenyl) 
propyl)butanamide 
4-Azidobutanoic acid (0.67 mmol, 87.43 mg) was dissolved in 4.5 mL of DCM and 
oxalyl chloride (1.55 mmol, 0.13 mL) and two drops of DMF were added. The mixture 
was stirred at room temperature for 40 min. After evaporation of the volatiles under 
reduced pressure, DCM (4 mL) was added to the residue. The resulting solution was 
then added to a mixture of compound 4 (0.22 mmol, 131 mg) and DIPEA (0.67 mmol, 
0.11 mL) in DCM (8 mL). The reaction mixture was stirred at room temperature for 
2 h, after which the solvents were evaporated and the product purified by flash 
column chromatography (pentane/AcOEt, 4:1 – 1:1 v/v). The obtained product (105 
mg) was dissolved in DMF (2 mL). Piperidine (4.6 mmol, 0.45 mL) was added and 
the mixture was stirred at room temperature for 20 min, after which the volatiles 
were evaporated. The product was dissolved in chloroform and washed with sat. 
aq. NaHCO3 solution to yield compound 1 as a roughly 1:1 mixture of 
diastereoisomers. 1H NMR (400 MHz, CDCl3): δ 1.55 (dd, 2H) 1.83 (q, 2H), 1.93-2.04 
(m, 2H), 2.15 (m, 2H), 2.57-2.75 (m, 2H), 3.24-3.27 (m, 2H), 4.58-4.61 (m, 1H), 5.14 
(m, 1H), 7.27-7.26 (m, ), 7.66 (d, 1H), 7.78 (t, 1H), 7.89 (t, 1H), 8.00 (s, 1H), 8.11-8.17 
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(m, 1H); 19F NMR (376 MHz, CDCl3): -62.5, -62.6; HRMS (ESI+) calc. for [M+H]+ 
(C26H29F3N5O): 484.2319, found: 484.2311.   

 

 1-FL: 4-(4-(3-((3',6'-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-yl)amino)-
3-oxopropyl)-1H-1,2,3-triazol-1-yl)-N-(3-(((R)-1-(naphthalen-1-yl)ethyl)amino)-1-(3-
(trifluoromethyl)phenyl)propyl)butanamide 
Copper(II) sulfate (0.02 mmol, 3.6 mg), and sodium ascorbate (0.04 mmol, 8 mg) 
were dissolved in H2O (1 mL) and the mixture was stirred for 10 min in which the 
color of the mixture turned from blue to orange. A solution of sulfonated 
bathophenanthroline (0.01 mmol, 5.4 mL) in H2O (1 mL) was added and the resulting 
mixture was then added to a solution of compound 1 (0.02 mmol, 10 mg) and 
fluorescein-alkyne (0.03 mmol, 13 mg) in DMSO (2 mL). The reaction mixture was 
stirred at room temperature overnight. Next, H2O was added and the precipitate 
was filtered off. The collected product was then re-dissolved in a mixture of DMSO, 
H2O and acetonitrile and purified by semi-preparative HPLC (gradient from 5% to 
85% organic phase over 45 min). 
The collected fractions were lyophilized several times with diluted aq. HCl to obtain the 
chloride salt of 1-FL. 
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 S4: Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(3-(trifluoromethyl)phenyl)propanoate 
N-Boc protected 3-trifluoromethyl-phenylalanine (1.50 mmol, 500 mg) was 
dissolved in DCM (15 mL) and MeOH (0.24 mL) was added, followed by DMAP (18 
mg) and EDC (2.00 mmol, 384 mg). The resulting mixture was stirred at room 
temperature overnight. Afterwards, the reaction mixture was diluted with AcOEt and 
washed with 1 N aq. HCl (3x), sat. aq. NaHCO3 (2x) and brine. The organic phase 
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was dried (MgSO4) and the volatiles were evaporated to provide the product as a 
white powder (480 mg, 92%). Mp. 48-49 °C; 1H NMR (400 MHz, CDCl3): δ 1.40 (s, 
9H), 3.08 (dd, J = 13.7, 6.0 Hz, 1H), 3.21 (dd, J = 13.7, 5.5 Hz, 1H), 3.71 (s, 3H), 4.55-
4.63 (m, 1H), 5.05 (d, J = 7.5 Hz, 1H), 7.30-7.44 (m, 3H), 7.50 (d, J = 7.7 Hz, 1H); 13C 
NMR (100 MHz, CDCl3): δ 28.2, 38.2, 52.3, 54.2, 80.1, 123.8 (q, JC-F = 3.7 Hz), 124.0 
(q, JC-F = 273.5 Hz), 126.1, 128.9, 130.7 (q, JC-F = 31.8 Hz), 132.7, 137.1, 154.9, 171.9; 
19F NMR (376 MHz, CDCl3): -62.7; HRMS (ESI+) calc. for [M+Na]+ (C16H20F3NO4Na): 
370.1236, found: 370.1236. 

 5: tert-Butyl (1-(((R)-1-(naphthalen-1-yl)ethyl)amino)-3-(3-(trifluoromethyl)phenyl)-
propan-2-yl)carbamate. 
A solution of compound 6 (2.24 mmol, 780 mg) in dry DCM (11 mL) was stirred 
under nitrogen atmosphere at -65 °C. A solution of DIBAL-H (1 M in DCM, 12 mL) 
was added. After 4 h stirring at -65 °C, the reaction was quenched by addition of 
MeOH (6 mL) and H2O (2 mL). The resulting solution was warmed up to room 
temperature and diluted with AcOEt (150 mL). Aqueous solution of Rochelle salt 
(100 mL) was added and the biphasic mixture was stirred for 10 min. The phases 
were separated and the organic phase was washed with 1 N aq. HCl, sat. aq. 
NaHCO3 and brine. The organic phase was dried (MgSO4) and the volatiles were 
evaporated. The product was purified by flash chromatography (pentane/Et2O, 1:1 
v/v) to give a white solid (300 mg). The aldehyde product was used in the next step 
without further purification. A solution of the aldehyde (253 mg), (R)-1-(naphthalen-
1-yl)ethan-1-amine (0.78 mmol, 134 mg) and sodium triacetoxyborohydride (1.13 
mmol, 240 mg) in dry DCM (17 mL) was stirred under dry nitrogen atmosphere at 
room temperature overnight. Sat. aq. NaHCO3 was added, the phases were 
separated and the aqueous phase was extracted with DCM. The combined organic 
phases were dried (MgSO4) and the product was purified by flash chromatography 
(DCM/MeOH, 1:0 - 98:2 v/v) to give a clear oil (330 mg, 38% overall yield). The 
product was obtained as a roughly 2:1 mixture of diastereoisomers due to the 
racemisation of the aldehyde obtained from compound S4. 1H NMR (400 MHz, 
CDCl3): δ 1.20-1.73 (m, 15H), 2.51 (dd, J = 12.4, 6.8 Hz, 1H), 2.57-2.99 (m, 3H), 3.85-
3.94 (m, 1H), 4.50-4.56 (m, 1H), 4.71 (s, 1H), 7.24-7.65 (m, 8H), 7.75 (d, J = 8.1 Hz, 
1H), 7.88 (d, J = 8.0 Hz, 1H), 8.20 (d, J = 7.8 Hz, 1H); 19F NMR (376 MHz, CDCl3): -
62.5.  
 
Compound 5 was used to synthesize compound 2 in analogous way to the synthesis 
of compound 1 described above. 
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 2-FL: 4-(4-(3-((3',6'-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-yl)amino)-
3-oxopropyl)-1H-1,2,3-triazol-1-yl)-N-(1-(((R)-1-(naphthalen-1-yl)ethyl)amino)-3-(3-
(trifluoromethyl)phenyl)propan-2-yl)butanamide 
Copper(II)sulfate (0.02 mmol, 3.6 mg), and sodium ascorbate (0.04 mmol, 8 mg) 
were dissolved in H2O (1 mL) and stirred for 10 min in which the color of the mixture 
turned from blue to orange. A solution of sulfonated bathophenanthroline (0.01 
mmol, 5.4 mg) in H2O (1 mL) was added and the resulting mixture was then added 
to a solution of compound 2 (0.02 mmol, 10 mg) and fluorescein-alkyne (0.03 mmol, 
12.8 mg) in DMSO (2 mL). The reaction mixture was stirred at room temperature 
overnight. Subsequently, H2O was added and the precipitate was filtered off. The 
collected product was then re-dissolved in a mixture of DMSO, H2O and acetonitrile 
and purified by semi-preparative HPLC (gradient from 5% to 85% organic phase 
over 45 min). 
The collected fractions were lyophilized several times with diluted aq. HCl to provide the 
chloride salt of 2-FL. 

 

 6: 
Amphotericin B (15 mg, 16 µmol) was dissolved in DMF (1.5 mL). Solutions of 2-(2-
(2-(2-azidoethoxy)ethoxy)ethoxy) acetaldehyde (4.2 mg, 19 µmol) in DMF (0.75 mL) 
and NaBH3CN (1.2 mg, 19 µmol) in DMF (0.25 mL) were added. One drop of diluted 
aq. HCl (1:5 v/v with DMF) was added and the mixture was stirred at room 
temperature for 5 h. H2O (1 mL) was added to quench the reaction. The mixture was 
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filtered (0.45 µm) and the product was purified by semi-preparative HPLC (gradient 
from 10% to 90% organic phase over 35 min).  
 

 

Fig. 6.12: UPLC MS analysis of compound 6. a) chromatogram recorded at λ = 400 nm; b) 
mass spectrum of the product peak (peak 1). 
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 7: 
Fluorescein isothiocyanate (0.40 mg, 1 µmol) and dibenzocyclooctyne-amine (0.28 
mg, 1 µmol) were dissolved in DMSO (0.52 mL) and the solution was left at room 
temperature for 30 min to afford product 7 with complete conversion of both 
starting materials. 1H-NMR (400 MHz, DMSO-d6): δ 1.95-1.99 (m, 1H), 2.68-2.70 (m, 
1H), 3.5 (br s, 2H), 3.65 (d, 1H), 5.06 (d, 1H), 6.52-6.58 (m, 4H), 6.64 (s, 2H), 7.08 (d, 
1H), 7.26-7.38 (m, 4H), 7.44-7.48 (m, 4H), 7.61-7.64 (m, 3H), 7.94 (s, 1H), 8.15 (s, 1H), 
9.90 (s, 1H); 13C-NMR (151 MHz, DMSO-d6): δ 34.0, 40.5, 55.5, 102.6, 102.7, 108.5, 
110.2, 113.0, 114.7, 114.8, 116.8, 122.0, 123.0, 124.5, 125.7, 127.0, 127.3, 128.2, 128.6, 
128.8, 129.5, 129.8, 130.1, 132.9, 141.7, 147.5, 148.9, 151.7, 152.3, 160.0, 169.0, 171.0, 
180.6; HRMS (ESI+) calc. for [M+H]+ (C39H28N3O6S): 666.1693, found: 666.1689. 

 

 8: 
A solution of compound 6 (1.14 mg, 1.0 µmol) in DMSO (0.26 mL) was added to a 
solution of compound 7 (0.68 mg, 1.0 µmol) in DMSO (0.52 mL) and stirred at room 
temperature for 2 h. The product was subsequently purified by semi-preparative 
HPLC (gradient from 10% to 90% organic phase over 35 min). 
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Fig. 6.13: UPLC MS analysis of compound 8. a) chromatogram recorded at λ = 400 nm; b) 
mass spectrum of the product peak (peak 1). 
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 9: 
A solution of DBCO-amine in DMSO (4.3 mM, 10 µL) and a solution of IRdye800CW-
NHS ester in DMSO (4.3 mM, 10 µL) were mixed in DMSO and left at room 
temperature overnight. The next day the reaction mixture was analyzed by UPLC-
MS (10 mM triethylamine acetate in water and acetonitrile as eluents) to confirm 
product formation and additional DBCO-amine was added if necessary.  
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Fig. 6.14: UPLC MS analysis of compound 9. a) chromatogram recorded at λ = 680 nm; b) 
mass spectrum of the product peak (peak 1) recorded in negative mode. Peak 2 corresponds 
to the free acid of IRdye800CW. 

 PHOTOMETRIC QUANTIFICATION 

The concentrations of conjugates 1-FL and 2-FL, purified by semi-preparative HPLC, 
lyophilized and redissolved in 10% DMSO in H2O, were quantified by measuring the 
absorbance at λ = 480 nm. The concentrations of the taken samples were calculated 
using a calibration curve of fluorescein-alkyne, with the assumption that the 
modification outside the fluorescein moiety does not alter the extinction coefficient 
at that wavelength. The samples were diluted accordingly to afford the respective 
solutions for biological testing.  

 

Fig. 6.15: Calibration curve using fluorescein alkyne as a reference for the quantification of 
1-FL and 2-FL  
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 BIOLOGICAL TESTING 

Wildtype HEK293 or CasR transfected HEK293 cells (1,0 x 105) were incubated in PBS 
buffer (pH 7.4) with indicated concentrations of either 1-FL or 2-FL. After 30 min, 
the cells were washed twice with PBS buffer followed by resuspension in 200 µL PBS. 
Samples were immediately analyzed for fluorescence (λexc = 488 nm, detection filter 
533/30 nm) on an Accuri C6 (BD Biosciences) flow cytometer. 
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Chapter 7: 
 
A FACILE AND REPRODUCIBLE 

SYNTHESIS OF NIR-FLUORESCENT 

CONJUGATES WITH SMALL 

TARGETING MOLECULES FOR 

MICROBIAL INFECTION IMAGING 

 

Optical Imaging of microbial infections, based on the detection of fluorescent probes, 
offers high sensitivity and resolution with a relatively simple and portable setup. As 
NIR-light is less absorbed in tissue, using respective tracers, such as IRdye800CW, 
enables imaging deeper sites in the body. In contrast to coupling to macromolecules, 
there are only few reports on IRdye800CW coupling to small molecules, which usually 
outperform macromolecules in terms of (synthetic) accessibility and stability. This 
chapter presents a general strategy for the conjugation of IRDye800CW to several 
important targeting agents. 
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 INTRODUCTION 

Optical imaging is based on the detection of fluorescent probes, after their excitation 
with light of appropriate wavelength, using a fluorescence camera.1 However, 
absorption and scattering of the excitation- and emitted light in biological tissue limit 
the possible imaging depth.2 Since these effects are less pronounced for red or near-
infrared (NIR) light, the development of respective dyes enhances the possible imaging 
depth and has led to the successful use of this imaging technique for different 
applications, such as image-guided surgery3–7, endoscopy8–10 and pathology.11–13 The 
first clinically-approved NIR dyes14 were indocyanine green (ICG) and methylene blue 
(MB), but a variety of molecules and nanoparticles are currently being tested in clinical 
studies in order to implement agents with improved absorptivity or fluorescence 
quantum yields at even higher wavelength or targeted agents enabling selective 
imaging of important biomarkers.  

The NIR dye IRdye800CW shows a sharp absorption band at λmax = 774-778 nm, high 
fluorescence quantum yield,15 and low non-specific binding to cellular components.16 It 
has been conjugated to proteins, and its conjugates with different antibodies show truly 
promising results in clinical studies for intraoperative imaging.11 While the conjugation 
to macromolecules has been thoroughly researched and optimized,17 the coupling to 
small molecules is still rather unexplored. However, synthetic accessibility, stability and 
lower price are substantial advantages of small molecules as targeting moieties. This is 
further highlighted by their capacity to provide well-defined molecular architectures of 
the final luminescent conjugates, due to the limited number of possible conjugation 
sites. To the best of our knowledge, there is only one report describing such conjugate, 
namely Vancomycin-IRDye800CW (Vanco-800CW) for the imaging of infections with 
Gram-positive bacteria, proving the possibility of labeling vancomycin without 
abolishing the binding affinity to its bacterial target.18 Generally, when labeling a small 
molecule with IRdye800CW, chemists face particular challenges, such as the control 
over the regioselectivity and demand for non-standard reaction conditions and 
purification methods due to the high polarity of the dye. Therefore, the purpose of the 
research presented here is to introduce an optimized procedure for the synthesis and 
facile purification of small molecule conjugates of IRdye800CW, taking Vanco-800CW 
(1) as a reference compound and expanding it towards other small molecule targets 
and dyes (compounds 1-4, Fig. 7.1). Moreover, we provide a thorough analysis of the 
synthesized conjugates, revealing a revised structure for Vanco-800CW (Fig. 7.3).  
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Fig. 7.1: a) Molecular structures of the synthesized targeted optical imaging agents: Vanco-
800CW (1), Vanco-FL-800CW (2), Ampho-800CW (3) and Vanco-700DX (4); b) General 
synthetic procedure. 
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RESULTS AND DISCUSSION 

With the aim to establish a synthetic method for conjugates of IRdye800CW and related 
IR dyes, which could be easily performed in a standard (bio-)chemistry lab, we started 
by exploring the only published procedure for coupling IRdye800CW-NHS ester with a 
small molecule.18 We were particularly interested in finding reaction conditions that are 
easily reproducible also on a small scale, since often only minimal amounts of the 
respective products are required for e.g. screening of different conjugates, and the dye 
molecules are generally quite costly. The aforementioned method describes the 
synthesis of Vanco-800CW from IRdye800CW-NHS ester and vancomycin 
hydrochloride hydrate in the presence of DIPEA in DMSO. Unfortunately, in our hands, 
the reported procedure did not yield the desired compound, but resulted in hydrolysis 
of the NHS-ester (Table 7.1, entry 1). A possible explanation for this outcome is the 
presence of water in DMSO, since already small amounts can cause hydrolysis and we 
did not take additional precautions to assure dry reaction conditions. Inspired by 
conditions optimized for labelling proteins with IRdye800CW-NHS ester,19 we explored 
how the reaction proceeds in phosphate buffer at different pH values (Table 7.1, entry 
2 and 3). Data shows that at pH > 7.3, hydrolysis is the prevalent process and no product 
is formed. In contrast, reaction in buffered medium at pH between 6.5 and 7 gave 
conversion to 1, but in low yield. Aiming to improve this result, we assessed the influence 
of different buffer strength and equivalents of vancomycin on the reaction outcome 
(Table 7.1, entry 4). It was found that addition of ca. 13 eq. of vancomycin boosts 
conversion, but additional escalation did not improve it further. Likewise, different buffer 
strength did not have any significant effects on the product formation. Under all 
condition tested, hydrolysis of the NHS ester to the free acid was the competing 
reaction. 

In order to tackle this problem, we screened different coupling reagents that would 
facilitate the formation of the desired amide bond from the acid liberated upon 
hydrolysis (Table 7.1, entries 6-8).20 Addition of EDC and DIC to the reaction mixture 
containing the substrates and DIPEA in DMSO did not entail the desired result (Table 
7.1, entry 6), whereas HATU or HBTU successfully provided up to 73% conversion to 1 
(Table 7.1, entry 7). Interestingly, already hydrolyzed NHS ester was not consumed in 
the course of the reaction. Accordingly, HATU, or HBTU respectively, did not seem to 
function as coupling reagents, but rather to promote the product formation in a 
different manner. In contrast to carbodiimides EDC and DIC, HATU and HBTU comprise 
a hydroxyl-benzotriazole (HOBt) moiety, therefore we were curious to explore the effect 
of using only HOBt in the conjugation reaction (Table 7.1, entry 8). Remarkably, HOBt 
did not promote amide formation to the same extent. Considering those results, we 
assume that a dehydrating effect of HATU and HBTU minimizes the competing 
hydrolysis of the NHS ester and is the underlying process that boosts conversion to 
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product. Generally, the order of addition of the reactants does not influence the 
reaction outcome and no special instrumental setup or expensive non-standard 
chemicals are required. Moreover, the reaction does not need to be carried out under 
anhydrous conditions, making this procedure easily reproducible. It has to be noted, 
however, that substrate concentration plays an important role and dilution of the 
reaction mixture substantially slows down the chemical conversion (see below).  

 
  

Solvent(s) pH/base eq. 
Vancomycin 

Coupling 
reagent 

Conversion* 

1 DMSO DIPEA 2.4 - - 

2 
DMSO/ phosphate buffer 

(20 mM) > 7.3 2.4 - - 

3 
DMSO/ phosphate buffer 

(20 mM) 
6.5 - 7 12.4 - < 10% 

4 
DMSO/ phosphate buffer 

(10 mM – 1000 mM) 6.95 2.4 - 24.7 - < 10% 

5 DMSO DBU (5-13 eq) 13 - - 
6 DMSO DIPEA (13

 
eq) 13 EDC or DIC - 

7 DMSO DIPEA (13
 
eq) 13 HATU or HBTU 50% – 73% 

8 DMSO DIPEA (13
 
eq) 13 HOBt 11% 

*the conversion to product 1 was assessed by analysis of the HPLC trace recorded at 760 nm 

Table 7.1: Screened reaction conditions for the synthesis of conjugate 1. Entry 1 presents the 
published reaction conditions.18 The reaction medium (DMSO/phosphate buffer), the base, 
equivalents of vancomycin and additives were varied leading to entry 7 as the optimized 
conditions. 

Next, we proceeded with the purification of compound 1. The method of choice for 
such highly complex and polar compounds is usually the purification by (semi-) 
preparative HPLC, which is often very inefficient regarding time and isolated yields. 
Hence, we were pleased to achieve a first and straightforward purification step by 
addition of an excess of water to the reaction mixture, resulting in the precipitation of 
the conjugate. This measure allowed a much more efficient removal of the remaining 
impurities by semi-preparative HPLC. Subsequently, the newly synthesized Vanco-
800CW was analyzed by UPLC MS and UV-Vis spectrometry to assess its purity and 
identity, as illustrated in Fig. 7.2.  
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Fig. 7.2: Analytical data for Vanco-800CW (1); a) UPLC traces (TIC) of the supernatant, pellet 
and purified product. Peak A corresponds to vancomycin, peak B to Vanco-800CW; b) mass 
spectrum corresponding to peak B; c) UV-Vis absorption spectra for Vanco-800CW (1), d) 
IRye800CW NHS ester and e) vancomycin hydrochloride, (2.8 µM, 1% DMSO in water). In 
figure c) clear bands at λmax = 776 and 232 nm are observed, that are also present in the 
spectrum of IRdye800CW NHS ester (λmax = 776 nm, spectrum d) and vancomycin (λmax = 
232 nm, spectrum e). 
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Fig. 7.3: Structure determination of 1; a) molecular structure of the synthesized compound 
1 and of Vanco-800CW published in literature;18 b) fragment ions detected by HRMS-MS 
correspond to the conjugate of IRdye800CW with vancomycin after loss of one and both 
sugar moieties. 

The molecular structure of vancomycin bears two amine functionalities – a primary one 
on the sugar moiety and a secondary at the peptide N-terminus - that could possibly 
undergo amide formation (Fig. 7.3a). Generally, coupling to the secondary amine is 
more efficient21 due to its higher nucleophilicity. Moreover, the fact that the primary 
amine is positioned at a quarternary carbon atom increases steric hinderance and thus 
impedes reaction at this position. In order to assess which amine reacted, we 
investigated the identity of the synthesized product 1 using high resolution tandem 
mass spectrometry (HRMS-MS) (Fig. 7.3b). Remarkably, the detected fragments 
correspond to Vanco-800CW after loss of one or both sugar moieties, revealing that 
the dye coupled to the secondary amine instead of primary one, opposed to what is 
suggested in the earlier publication.18 It remains unclear what the exact structure of the 
originally published compound is due to lacking access to respective analytical data and 
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the fact that small changes in reaction conditions may influence the regioselectivity as 
shown in an early publication by Staroske and Williams.22 

With the purified conjugate in hand, we performed biological evaluation to confirm that 
the newly synthesized version of 1 shows the same binding affinity towards Gram-
positive bacteria as the earlier-reported conjugate. Staphylococcal biofilms composed 
of either Staphylococcus aureus (S. aureus) clinical isolate or Staphylococcus epidermidis 
(S. epidermidis) ATCC were established on surface of 18 mm chemically resistant 
borosilicate glass coverslips. Escherichia coli (E. coli) ATCC was used as a Gram-negative 
control, since vancomycin is known to target only Gram-positive bacteria.18 The biofilms 
were then incubated with Vanco-800CW and images were acquired with a fluorescence 
microscope. As shown in Fig. 7.4, Vanco-800CW is capable of binding to both S. aureus 
and S. epidermidis with similar affinity. As predicted, no binding was observed to E. coli, 
supporting the hypothesis that vancomycin modified with the IRDye800CW retains its 
binding selectivity and molecular target. Moreover, a control experiment with S. 
epidermidis showed that IRdye800CW carboxylic acid without targeting moiety does not 
bind to Gram-positive bacteria excluding the unselective staining of this type of bacteria 
(Fig. 7.20, see experimental section). 

 

Fig. 7.4: In vitro detection of bacterial biofilms using the Vanco-800CW probe. Biofilms of S. 
aureus, S epidermidis and E. coli were grown on microscopy coverslips and were 
subsequently incubated with Vanco-800CW (1). Images recorded by fluorescence 
microscopy reveal binding of compound 1 (red) to the Gram-positive bacterial biofilms (S. 
aureus and S. epidermidis), but not to the Gram-negative bacterial biofilm (E. coli). Scale 
bars: 40 μm. 
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In order to broaden the applicability of the targeted tracer, we proceeded with the 
synthesis of a dual-labelled vancomycin, starting from commercially available 
vancomycin BODIPY-FL (Vanco-FL). This probe bears a fluorescent BODIPY moiety on 
the primary amine, absorbs light of λ = 505 nm and emits at λ = 512 nm. Even though 
this wavelength range is not in the optimal window as explained earlier, functionalizing 
it with a NIR-fluorescent moiety opens up new possibilities to use one single probe for 
multimodal imaging and theranostic approaches (e.g. coupling of Vanco-FL to a 
photosensitizer for the diagnosis of bacterial infections and subsequent eradication with 
antimicrobial photodynamic therapy). Towards this end, we reacted Vanco-FL with 
IRdye800CW-NHS ester as a model, using the standard conditions established before 
for Vanco-800CW. Due to the limited availability of Vanco-FL, we used less equivalents 
of vancomycin (5 eq. compared to 13 eq. used before) and a lower substrate 
concentration, which resulted in longer reaction times with ca. 60% conversion to 
product after five days (Fig. 7.7, see experimental section). The successful formation of 
the desired dual-labelled vancomycin (2, Vanco-FL-800CW, Fig. 7.1) was confirmed by 
UPLC MS and analysis of the UV-Vis spectra recorded on a HPLC system with PDA 
detection (Fig. 7.5). With the new probe, we not only broadened the potential 
applicability of vancomycin as a dual-imaging targeting probe, but also supported our 
findings regarding the molecular structure of Vanco-800CW (Fig. 7.3), since 
IRDye800CW was successfully coupled to the free secondary amine of Vanco-FL with 
the optimized conditions.  

Inspired by the positive results for the synthesis and purification of 1 and 2, we further 
investigated the scope of the established synthetic method. First, we explored the 
possibility of using a different targeting agent, namely amphotericin B, to provide an 
optical imaging agent for fungal infections. Amphotericin B binds to ergosterol, which 
is abundant only in the cell membrane of fungi.23 We were pleased to discover that the 
optimized reaction conditions successfully yield compound 3 (Ampho-800CW, Fig. 7.1). 
After purification by semi-preparative HPLC, the purity and identity was confirmed by 
UPLC MS and UV-Vis spectrometry (Fig. 7.5). Since amphotericin B only contains one 
amine functionality as possible coupling site, the fragmentation analysis by HRMS was 
omitted. 

Next, we aimed at incorporating a different dye under the conditions optimized for 
compound 1. For this purpose, the NHS ester of IRdye700DX, a NIR-dye which 
simultaneously functions as a photosensitizer enabling its application for photodynamic 
therapy, was reacted with vancomycin under the same conditions. Also in this case, the 
desired product (4, Vanco-700DX, Fig. 7.1) was obtained and could be purified in the 
same way as described for Vanco-800CW. Subsequently, the product was analyzed by 
UPLC MS and UV-Vis spectrometry to confirm the purity and identity (Fig. 7.5). High 
resolution tandem mass spectrometry indicates that also this dye couples to the N-
terminus (Fig. 7.19, see experimental section).  
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Fig. 7.5: Analytical data for Vanco-FL-800CW (a,b), Ampho-800CW (c,d) and Vanco-700DX 
(e,f); a) overlay of the photodiode array (PDA) spectra of HPLC peaks corresponding to 
Vanco-FL (red), IRdye800CW-NHS ester (yellow) and Vanco-FL-800CW (green); b) mass 
spectrum of the product peak (B, Fig. 7.12) recorded on a UPLC MS device; c) overlay of 
PDA spectra of HPLC peak corresponding to amphotericin B (blue), IRdye800CW NHS ester 
(yellow) and Ampho-800CW (green); d) mass spectrum of the product peak (Fig. 7.13) 
recorded on a UPLC MS device; e) overlay of the UV-Vis absorption spectra of vancomycin 
(blue), IRdye700DX-NHS ester (orange) and Vanco-700DX (green). The spectra were 
obtained of the pure samples in 1% DMSO in water on a UV-Vis spectrophotometer; f) 
mass spectrum of the product peak (Fig. 7.14) recorded on a UPLC MS device. 

CONCLUSION 

In conclusion, we established an efficient, transferable and reproducible method for the 
synthesis and purification of conjugates of near-infrared dyes that can potentially be 
used for the imaging and treatment of bacterial or fungal infections. The reported 
research fills a gap in the literature about the synthesis of small-molecule adducts of 
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relevant dyes used in medical imaging. It may substantially facilitate the development 
of new optical imaging agents, since it offers a straightforward procedure that can be 
repeated also in laboratories that are not dedicated to organic synthesis, in contrast to 
a previously reported method, which could not be easily reproduced, probably due to 
the inevitable requirement of completely dry reaction conditions. 
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 EXPERIMENTAL SECTION 

 GENERAL INFORMATION 

Starting materials, reagents and solvents were purchased from Li-Cor Biosciences, 
Invitrogen (Fisher Scientific), Sigma–Aldrich, Merck, and Combi-Blocks and were 
used as received.  
High-resolution mass spectrometric measurements were performed using a Thermo 
scientific LTQ OrbitrapXL spectrometer with ESI ionization.  
UPLC-MS measurements were performed on a ThermoFischer Scientific Vanquish 
UPLC System with a reversed phase C18 column (Acquity UPLC HSS T3 1.8 μm, 2.1 
× 150 mm) in combination with an LCQ Fleet mass spectrometer and UV-Vis 
detector at λ = 300 nm (UV Vis 1), 360 nm (UV Vis 2), 500 nm (UV Vis 3), 680 nm 
(UV Vis 4). The eluents were acetonitrile and water with triethylammonium acetate 
(10 mM) and the elution gradient was established from 10% to 90% organic phase. 
HPLC analysis were performed on Shimadzu equipment. The eluents were 
acetonitrile and water with triethylammonium acetate (10 mM). For reaction 
monitoring a XTerra MS C18 column (3.5 µm, 125 Å, 3.0 x 150 mm) in combination 
with a photo diode array detector (190 nm – 800 nm) was used with an elution 
gradient from 5% to 80% organic phase. For semi-preparative chromatography, a 
Kinetex EVO C18 column (5 µm, 100 Å, 250 x 10.0 mm) with UV detection at 365 nm 
was used and the elution gradients were established as described below.  
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UV/Vis absorption spectra were recorded on a JascoV-750 UV/Vis 
spectrophotometer with photomultiplier tube detection.  
Fluorescence microscopy was performed with a Leica AF6000 microscope and the 
images processed using ImageJ software (National Institutes of Health) and LAS X 
Life Science. 

 SYNTHETIC PROCEDURES 

 Vanco-800CW 
Vancomycin hydrochloride (100 mg mL-1 in DMSO, 146 µL, 10 µmol), HBTU (25.5 mg 
mL-1 in DMSO, 57.6 µL, 3.9 µmol), DIPEA (22.5 mg mL-1 in DMSO, 57.3 µL, 10 µmol) 
and IRdye800CW-NHS ester (5 mg mL-1 in DMSO, 180 µL, 0.8 µmol) were mixed and 
left at room temperature overnight. Afterwards, H2O (2.6 mL) was added to the 
reaction mixture and the suspension was centrifuged for 10 min at rcf = 16.9x1000 
g. The supernatant was centrifuged again and the pellets re-dissolved in a mixture 
of DMSO, acetonitrile and H2O for purification by semi-preparative HPLC (elution 
gradient from 10% to 70% organic phase). 

 Vanco-FL-800CW 
Vancomycin-BODIPY-FL (10 mg mL-1 in DMSO, 100 µL, 0.06 µmol), HBTU (8.8 mg 
mL-1 in DMSO, 1 µL, 0.02 µmol), DIPEA (7.5 mg mL-1 in DMSO, 1 µL, 0.06 µmol) and 
IRdye800CW-NHS ester (5 mg mL-1 in DMSO, 2.7 µL, 0.01 µmol) were mixed and left 
at room temperature overnight. Samples were taken and diluted with H2O (ca. 1:100) 
to monitor the conversion by HPLC analysis with PDA detection and UPLC MS. 

 Ampho-800CW 
Amphotericin B (5.2 mg, 5.6 µmol), HBTU (12.7 mg mL-1 in DMSO, 64 µL, 2.1 µmol), 
DIPEA (11.3 mg mL-1 in DMSO, 64 µL, 5.6 µmol) and IRdye800CW-NHS ester (5 mg 
mL-1 in DMSO, 100 µL, 0.4 µmol) were mixed and left at room temperature 
overnight. The mixture was diluted with H2O and acetonitrile and the product 
purified by semi-preparative HPLC (elution gradient from 10% to 90% organic 
phase). 

 Vanco-700DX 
Vancomycin hydrochloride (100 mg mL-1 in DMSO, 28.9 µL, 2.0 µmol), HBTU (25.5 
mg mL-1 in DMSO, 11.4 µL, 0.8 µmol), DIPEA (22.5 mg mL-1 in DMSO, 11.4 µL, 2.0 
µmol) and IRdye700DX-NHS ester (20 mg mL-1 in DMSO, 15 µL, 0.15 µmol) were 
mixed and left at room temperature overnight. Afterwards, H2O (0.36 mL) was 
added to the reaction mixture and the suspension was centrifuged for 10 min at rcf 
= 16.9x1000 g. The supernatant was centrifuged again and the pellets re-dissolved 
in a mixture of DMSO, acetonitrile and H2O for purification by semi-preparative 
HPLC (elution gradient from 10% to 70% organic phase). 
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 IRdye800CW-carboxylic acid 
H2O (9 µL) and aq. NaOH (0.05 mM, 2 µL) were added to a solution of IRdye800CW-
NHS ester in DMSO (5.0 mg mL-1, 9 µL, 0.04 µmol). The mixture was left at room 
temperature for 2 h, followed by addition of aq. HCl (0.05 mM, 2 µL). The hydrolysis 
of the NHS ester was followed by HPLC analysis with PDA detection. 

 HPLC MONITORING OF COUPLING REACTION 

Representative HPLC traces recorded at λ = 760 nm (Vanco-700DX: λ = 680 nm) of the 
corresponding reaction mixture containing the two substrates, DIPEA and HBTU in DMSO 
are shown below.  

 Vanco-800CW 

 

Fig. 7.6: Chromatogram of the reaction mixture containing vancomycin hydrochloride, 
IRdye800CW NHS ester, DIPEA and HBTU in DMSO after 24 h reaction time. 
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 Vanco-FL-800CW 

 

Fig. 7.7: Chromatogram of the reaction mixture containing vancomycin-BODIPY-FL, 
IRdye800CW NHS ester, DIPEA and HBTU in DMSO after 5 days reaction time. 

 Ampho-800CW 

 

Fig. 7.8: Chromatogram (recorded at 760 nm) of the reaction mixture containing 
IRdye800CW NHS ester, amphotericin B, HBTU and DIPEA in DMSO after 24 h reaction 
time 
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 Vanco-700DX 

 

Fig. 7.9: Chromatogram (recorded at 680 nm) of the reaction mixture containing 
IRdye700DX NHS ester, vancomycin hydrochloride, HBTU and DIPEA in DMSO after 24 h 
reaction time 

 HPLC MONITORING OF HYDROLYSIS OF IRDYE800CW-NHS ESTER 

 

Fig. 7.10: Chromatogram after 2h shows full hydrolysis of IRdye800CW-NHS ester to 
IRdye800C-carboxylic acid. The chromatogram was recorded at 760 nm after neutralization 
with aq. dil. HCl. 
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 UPLC-MS ANALYSIS 

 Vanco-800CW 

 

Fig. 7.11: Chromatogram of purified Vanco-800CW with MS detection and UV-Vis traces at 
different wavelength (specified above). 
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 Vanco-FL-800CW 

 

Fig. 7.12: Chromatogram of the reaction mixture containing vancomycin-BODIPY-FL, 
IRdye800CW NHS ester, DIPEA and HBTU in DMSO after 3 days reaction time.  
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 Ampho-800CW 

 

Fig. 7.13: Chromatogram of purified Ampho-800CW with MS detection and UV-Vis traces 
at different wavelength (specified above). 
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 Vanco-700DX 

 

Fig. 7.14: Chromatogram of purified Vanco-700DX with MS detection and UV-Vis traces at 
different wavelength (specified above). 
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 HIGH-RESOLUTION MASS SPECTROMETRY 

 Vanco-800CW 
HRMS measurements were performed using a Thermo scientific LTQ OrbitrapXL 
spectrometer with ESI ionization. The measurement was performed in negative 
mode, using MeOH with ammonia (0.1 %) as eluents. The detected parent ion m/z: 
1216 was fragmented (normalized collision energy = 35) and the detected fragment 
ions are shown below in m/z-units. 

 

Fig. 7.15: Molecular structure of fragment S1 (Vanco-800CW after loss of one sugar moiety) 
and the detected isotopic pattern 

Calculated m/z using https://www.envipat.eawag.ch: 
Monoisotopic Mass:  1143.275578 
Chemical Formula:  C105H112Cl2N10O36S4 
Adduct:   M-2H 
Charge:   -2 
 
    m/z  rel. abundance 
 0    profile: 1143.2751525, 87.72 
 1    profile: 1143.7772324, 107.46 
 2    profile: 1144.2758735, 127.84 
 3    profile: 1144.7768071, 112.28 
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Fig. 7.16: Predicted isotopic pattern for fragment S1  

 

Fig. 7.17: Molecular structure of fragment S2 (Vanco-800CW after loss of two sugar 
moieties) and the detected isotopic pattern 

Calculated m/z using https://www.envipat.eawag.ch: 
Monoisotopic Mass:  1062.249166 
Chemical Formula:  C99H102Cl2N10O31S4 
Adduct:   M-2H 
Charge:   -2 
 
    m/z  rel. abundance 
 0    profile: 1062.2483454, 91.86 
 1    profile: 1062.7500656, 106.37 
 2    profile: 1063.2496553, 126.16 
 3    profile: 1063.7492450, 106.93 
 4    profile: 1064.2498999, 74.20 
 5    profile: 1064.7494896, 44.07 
 6    profile: 1065.2501445, 22.49 
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Fig. 7.18: Predicted isotopic pattern for fragment S2 

 Vanco-700DX 

 

Fig. 7.19: a) UPLC MS trace (TIC) showing two fragments of Vanco-700D; b) deconvoluted 
high-resolution mass spectrum of peak 1; c) deconvoluted high-resolution mass spectrum 
of peak 2.  

The LC-MS measurements were performed at the Interfaculty Mass Spectrometry 
Center, Groningen on an Orbitrap Velos (Thermo Scientific) coupled to a Shimadzu 
Prominence UFLC system equipped with a Waters Acquity UPLC BEH-C18 (2.1 × 50 
mm, 1.7 μm) column. The eluents were H2O and acetonitrile both with 0.1% (v/v) 
formic acid. The elution gradient was established from 1 % to 90% organic phase 
over 20 min. The ions were detected in positive mode at a resolution of 60000 @ 
m/z 400. The detected fragments correspond to Vanco-700DX with loss of one or 
two substituents on the silyl center of the porphyrin. The loss of m/z = 307 observed 
in the mass spectrum of peak 2 (from m/z = 2701.753 to m/z = 2394.606) suggests 
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the loss of the disaccharide moiety and indicates that the dye is coupled to the 
secondary amine on the N-terminus of vancomycin. 

 FORMATION OF IN VITRO BIOFILMS FOR BACTERIAL DETECTION WITH VANCO-800CW 

S. aureus clinical strain, S. epidermidis ATCC® 38984 and E. coli ATCC were grown 
overnight in TSB in a shaking incubator at 37°C. Bacteria biofilms were grown on 
chemically resistant borosilicate 18 mm glass coverslips (Marienfeld) in a 12-well 
plate containing TSB, supplemented with 5% glucose and 4% NaCl, and inoculated 
with the overnight culture to an optical density at 600 nm (OD600) of 0.1, for 48 h. 
Coverslips with the biofilm were incubated with 0.2 µM of Vanco-800CW or 
IRdye800CW-carboxylic acid for 15 min in PBS (1x). To remove unbound fluorescent 
probe, the biofilms were washed 2x with PBS (1x) and, thereafter, fixed in 4% 
paraformaldehyde. Finally, the coverslips were mounted on microscopy slides and 
analyzed by fluorescence microscopy. 

 

Fig. 7.20: In vitro detection of bacterial biofilms with IRDye800CW carboxylic acid. Images 
recorded by fluorescence microscopy reveal no aspecific binding of IRDye800CW (red) to S. 
epidermidis. Scale bars: 40 μm. 
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CONCLUSION AND OUTLOOK 

 

This thesis describes several approaches to new molecular solutions for light-activated 
pharmacotherapy and targeted medical imaging. On the one hand, the presented 
research shows molecules for different applications that undergo structural changes 
upon irradiation with an appropriate wavelength. More precisely, light is used to control 
(i) multifunctional photocages for potential use as drug targeting systems (CHAPTER 2), 
(ii) the permeability of liposomes (CHAPTER 4), and (iii) the relaxivity of T1 MRI contrast 
agents (CHAPTER 4 and 5). On the other hand, in the case of the fluorescent tracers for 
optical imaging reported in CHAPTER 6 and 7, light plays a role as read-out modality to 
assess the specific localization of the respective probes.  

Overall, our investigations set the base for new approaches to signal amplification in 
MRI, image-guided drug therapy and selective optical imaging. However, the reported 
methods are mostly at a proof-of-concept stage and there are still various limitations 
to overcome for their successful clinical application. Towards this end, one overarching 
task is to enable the use of light that is minimally absorbed in biological tissue. This 
need served as an inspiration for developing new synthetic methods for red-light 
responsive photocages of the reported liposomal MRI contrast agent (CHAPTER 4). 
Unfortunately, the synthesis of the photocleavable conjugates proved to be problematic 
and future research should focus on the implementation of alternative synthetic 
strategies or photoactive groups to overcome this challenge. 

Another point to consider is that the MRI probes reported in CHAPTER 4 and 5 operate 
as “switch-off” agents. In order to facilitate image interpretation and minimize false 
positive outcomes, improved contrast agents that show a signal increase upon 
irradiation, preferably from a completely silent “off” to an MR active “on” state, have to 
be established. This will be possible by employing new, emerging MRI modalities like 
chemical saturation exchange transfer (CEST) imaging. This method relies on the 
detection of exchangeable protons, which can be pre-saturated selectively. With respect 
to the development of photoresponsive structures, we for instance conceive the 
development of a caged contrast agent, which would possess an additional 
exchangeable proton only after cleavage of the photoprotecting group. 

As already indicated, the next step in the optimization of the fluorescent probes 
reported in CHAPTER 6, will be to shift their absorption and emission maxima to higher 
wavelength. This can be achieved through the substitution of the fluorescent moiety by 
NIR-light absorbing tracers, as already reported for one of the examples (Ampho-
800CW, CHAPTER 7). However, even though red- and NIR light penetrates much deeper 
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into biological tissue, the possible imaging depth is still limited as compared to e.g. MRI 
or CT. In order to tackle this challenge, improved modalities based on optical imaging 
have been developed. In particular, optoacoustic imaging, relying on the detection of 
acoustic waves emitted as a consequence of the thermal relaxation of light absorbing 
structures (photoacoustic effect), was shown to significantly increase imaging depth 
while still affording high resolution images. We envision that the implementation of 
targeted tracers for this method will substantially improve its diagnostic power and 
therefore respective probes ought to be developed in the future. 

Furthermore, prospective research should focus on the implementation of theranostic 
probes, such as the conjugate of vancomycin with IRdye700DX. This probe offers the 
unique possibility of functioning as a fluorescent probe and singlet oxygen producer, 
allowing the simultaneous detection and selective treatment based on photodynamic 
therapy (PDT) of Gram-positive bacterial infections that are usually difficult to treat, like 
for example multi-resistant Staphylococcus aureus (MRSA). 

Nevertheless, even when red- or NIR-light is used for activation and/or imaging, the 
penetration and imaging depth is not infinite. Therefore, the irradiation source has to 
be brought as close as possible to the target tissue and the molecules that are to be 
activated. Hence, it is of equal importance to simultaneously investigate in the 
development of tools to deliver light to the human body.  

The use of light in medicine has been established as standard therapy over the last 
century, for instance since the 1960s for the treatment of neonatal hyperbilirubinemia, 
and the corresponding field of research is constantly advancing. To date, treatments 
such as laser therapy or photodynamic therapy are well established in dermatology, 
ophthalmology but also gastroenterology or urology with the help of endoscopic 
setups. Beyond those clinically implemented systems, many more advanced 
technologies have emerged in recent years. Those are for instance implantable 
(biodegradable) devices or bioluminescent moieties. Especially the latter are of 
outstanding interest for our research purposes as outlined in CHAPTER 4. 

With the development of improved light-responsive probes, as well as innovative light 
delivery systems, we believe in the great potential of photo-activated drug therapy and 
molecular imaging. Notably, the success of those approaches strongly relies on the 
collaborative efforts of researchers and clinicians from different disciplines, such as, 
amongst others, (bio-)chemistry, medicine, pharmacy, physics and engineering. 
Therefore, it is of paramount importance to align the several fields of research and work 
conjointly in order to obtain the best possible (clinical) outcomes. 
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NEDERLANDSE SAMENVATTING 

 

Door nieuwe innovaties in de moderne geneeskunde is de gezondheid en kwaliteit van 
het leven verbeterd voor miljoenen mensen over de hele wereld, ondanks dat zijn er 
nog altijd uitdagingen zoals gelimiteerde selectiviteit van medicijnen. De activiteit van 
farmaceutische middelen buiten de plek van gewenste activiteit in het menselijk lichaam 
kan zeer ernstige bijwerkingen veroorzaken, zeker in het geval van chemotherapie bij 
kankerpatiënten. Om deze problemen te minimaliseren zijn nieuwe gerichte therapieën 
bedacht zoals licht-geactiveerde chemotherapie en fotofarmacologie. De huidige status 
van deze methodes op het gebied van kankerbehandeling wordt besproken in 
HOOFDSTUK 1 van dit proefschrift. 

Een gemeenschappelijke beperking van de bovengenoemde methodes is dat UV licht 
nodig is voor activatie van de medicatie. Dit type licht wordt sterk geabsorbeerd door 
biologisch weefsel en kan cytotoxische effecten veroorzaken. Zichtbaar en nabij-
infrarood (NIR) licht is daarentegen minder schadelijk en kan weefsel veel beter 
penetreren. Hierom is er een behoefte aan nieuwe moleculen die gevoelig zijn voor 
zichtbaar en NIR licht om deze te gebruiken om nieuwe behandelingen te ontwikkelen. 
Een synthetische strategie om dit te realiseren is beschreven in HOOFDSTUK 2 en is 
gebaseerd op een multi-component reactie die tegelijkertijd twee verschillende 
groepen zoals een medicijn- en doelzoekende groep aan een zichtbaar-licht gevoelig 
molecuul koppelt. 

Een algemene voorwaarde voor licht-geactiveerde therapieën is het exact kunnen 
lokaliseren en identificeren van het doelweefsel, bijvoorbeeld zieke organen. Daarom is 
het succes van licht-geactiveerde therapie nauw verbonden met medische 
beeldvorming. Ondanks dat er verschillende beeldvormende technieken worden 
gebruikt in de kliniek ligt de focus van dit proefschrift op nieuwe methodes en de 
optimalisatie van contrastmiddelen voor (i) magnetic resonance imaging (MRI) en (ii) 
optische fluorescentie beeldvorming. 

MRI is een veelgebruikte beeldvormende techniek die gebruikt kan worden voor 
anatomische visualisatie van het lichaam met hoge resolutie. Daarnaast wordt het ook 
toegepast om de levering van medicatie te monitoren, zoals is beschreven in 
HOOFDSTUK 3. Ondanks meerdere hoopgevende resultaten is de implementatie van 
deze strategieën nog steeds gelimiteerd door vals-positieve resultaten. Het onderzoek 
dat wordt gepresenteerd in het eerste gedeelte van HOOFDSTUK 4 richt zich op dit 
probleem doormiddel van het introduceren van een nieuwe methode voor MRI 
contrastmiddelen dat tegelijkertijd gebruikt kan worden voor beeldvorming en levering 
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van medicijnen doormiddel van lichtgevoelige liposomen. Het voordeel van licht om 
een verandering in MRI contrast te bewerkstelligen met lichtgevende doelzoekende 
groepen, is de mogelijke signaal versterking, daar één groep meerdere contrastmiddel-
moleculen kan activeren. Zoals hierboven besproken, zijn licht-activeerbare systemen 
voor klinische toepassingen het liefst gevoelig voor rood- of NIR licht. Daarom gaat het 
tweede deel van HOOFDSTUK 4 over het verbeteren van ons eerder ontwerp door de 
golflengte van activatie naar het rood te schuiven. Daarnaast is een tweede voorbeeld 
van lichtgevoelige MRI contrastmiddelen beschreven in HOOFDSTUK 5. In tegenstelling 
tot de eerder beschreven nanoscopische probe is deze agent een klein molecuul dat 
gebruikt kan worden om andere mechanismes om een MRI signaal te veranderen te 
onderzoeken. 

Het volgende gedeelte van dit proefschrift richt zich op de synthese van nieuwe tracers 
voor optische fluorescente beeldvorming. Deze beeldvormende techniek is belangrijk 
vanwege zijn relatief eenvoudige instrumentele setup, waardoor het toegepast kan 
worden voor intra-operatieve beeldvorming waarbij de lage penetratie diepte enkel 
een klein probleem vormt. HOOFDSTUK 6 beschrijft ons werk aangaande de ontwikkeling 
van fluorescente tracers om verschillende doelen (bijschildklier, schimmel infecties) te 
visualiseren. Echter, de gesynthetiseerde moleculen fluoresceren in het zichtbare 
spectrum, wat niet ideaal is voor in vivo beeldvorming. De implementatie van NIR 
fluorescente tracers zou de beeldvormende diepte significant verbeteren en daarom 
wordt in HOOFDSTUK 7 aandacht besteed aan de synthese van NIR fluorophoren. Deze 
tracers kunnen gebruikt worden voor het selectief visualiseren van microbiële infecties.  

Samenvattend beschrijft dit proefschrift verschillende nieuwe strategieën voor medische 
beeldvorming en farmacotherapie gericht op het verbeteren van veiligheid en 
effectiviteit van farmacotherapie doormiddel van vroege diagnose en verhoogde 
selectiviteit van behandelingen. Desalniettemin, een aantal uitdagingen om het toe te 
passen in de kliniek blijft bestaan. Een voorbeeld hiervan is de implementatie van 
nieuwe synthetische strategieën voor rood-licht gevoelige fotobeschermgroepen.  

Daarenboven, zelfs als rood- of NIR licht wordt gebruikt voor activatie is de penetratie- 
en beeldvormende diepte niet onbeperkt. Daarom moet de lichtbron zo dicht mogelijk 
bij het doelweefsel gebracht worden. Hierom is het net zo belangrijk om tegelijkertijd 
onderzoek te verrichten aan de ontwikkeling van nieuwe technieken om licht in het 
menselijk lichaam te leveren, met bijvoorbeeld endoscopische setups, implantaten en 
bioluminiscerende groepen.  

Met de ontwikkeling van verbeterde lichtgevoelige probes en innovatieve licht-leverings 
systemen hebben wij veel geloof in de potentie van foto-activeerbare medicijnen en 
moleculaire beeldvorming. Het succes van deze methodes hangt sterk af van de 
samenwerkingsverbanden van onderzoekers en clinici uit verschillende disciplines zoals 
(bio-)chemie, geneeskunde, farmacie, natuurkunde en bouwkunde. Daarom is het erg 
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belangrijk om de verschillende disciplines te laten samenwerken om de best mogelijke 
uitkomsten te bewerkstelligen. 
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DEUTSCHE ZUSAMMENFASSUNG 

 

Trotz kontinuierlicher Weiterentwicklungen und Innovationen in der modernen Medizin, 
die die Gesundheit und Lebensqualität von Millionen von Menschen stetig verbessern, 
verbleiben noch immer Herausforderungen, wie z. B. die eingeschränkte Selektivität von 
Arzneistoffen. Arzneimittelwirkungen außerhalb der jeweiligen Zielorgane können, 
insbesondere bei der Behandlung von Krebspatienten, schwere Nebenwirkungen 
verursachen. Um diese Probleme zu minimieren, wurden neue Arten der zielgerichteten 
Therapie, wie u.a. lichtaktivierte Chemotherapie und Photopharmakologie entwickelt. 
Der aktuelle Stand dieser Therapien im Bereich der Onkologie ist im ERSTEN KAPITEL 
zusammengefasst. 

Die Implementierung dieser Herangehensweisen ist jedoch dadurch eingeschränkt, 
dass meist UV-Licht für die Aktivierung der jeweiligen Medikamente benötigt wird. Diese 
Strahlungsart wird von biologischem Gewebe größtenteils absorbiert und kann zudem 
zellschädigend wirken. Im Gegensatz dazu wird rotes Licht oder Nahinfrarotstrahlung 
(NIR-Strahlung) allgemein als nicht toxisch angesehen und zeichnet sich außerdem 
durch eine höhere Gewebeeindringtiefe aus. Aus diesem Grunde werden zwingend 
neue molekulare Strukturen benötigt, die auf sichtbares Licht oder NIR-Strahlung 
reagieren. Das ZWEITE KAPITEL beschäftigt sich mit der Realisierung solcher Strukturen 
mittels einer auf einer Mehrkomponentenreaktion basierenden Synthesestrategie. Dies 
erlaubt die simultane Kopplung zwei verschiedener funktioneller Gruppen, z.B. einer 
medizinisch relevanten Teilstruktur und einem spezifisch bindenden Liganden, zu einer 
lichtaktivierbaren Kernstruktur. 

Eine allgemeine Voraussetzung für die lichtaktivierte Therapie ist indes die genaue 
Lokalisierung des Zielgewebes, d.h. der erkrankten Organe. Der Erfolg dieser 
Behandlungsform ist darum unweigerlich mit medizinischer Bildgebung verknüpft. 
Während eine breite Auswahl an bildgebenden Verfahren zur Verfügung steht, liegt der 
Schwerpunkt dieser Dissertation auf neuen Methoden zur Kontrastmitteloptimierung für 
(i) Magnetresonanztomographie (MRT) und (ii) optische bildgebende Verfahren.  

MRT ist ein vielgebräuchliches Verfahren, das Ganzkörperscans in hoher Auflösung 
ermöglicht. Ferner wurde dessen Anwendung nicht nur für diagnostische Zwecke, 
sondern auch für das Überwachen gezielter Wirkstoffabgabe erforscht, wie im DRITTEN 
KAPITEL beschrieben. Trotz zahlreicher vielversprechender Ergebnisse ist die Umsetzung 
der dort vorgestellten Strategien noch immer durch falsch positive Resultate 
eingeschränkt. Die Forschungsarbeit, die im ersten Teil des VIERTEN KAPITELS 
beschrieben wird, geht dieses Problem an, indem eine neue Strategie für die zeitgleiche, 
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MRT-basierte Bildgebung und Wirkstoffabgabe dargelegt wird. Die Methode beruht auf 
lichtreaktiven Liposomen, die zukünftig durch lichtemittierende, zielgerichtete 
biochemische Liganden aktiviert werden sollen. Der Vorteil dieser Herangehensweise 
liegt darin, dass eine einzelne lichtemittierende Einheit eine Vielzahl an 
Kontrastmittelmolekülen aktivieren kann und folglich eine (stark) amplifizierte 
Veränderung im MRT-Kontrast hervorrufen kann. Wie bereits erwähnt, sollten 
lichtaktivierbare Systeme für die klinische Anwendung idealerweise auf rotes Licht oder 
NIR-Strahlung reagieren. Daher widmet sich der zweite Teil des VIERTEN KAPITELS den 
Anstrengungen, die wir unternommen haben, um die Aktivierungswellenlänge ins 
besagte Regime zu verschieben. Darüber hinaus wird im FÜNFTEN KAPITEL ein weiteres 
lichtaktivierbares Kontrastmittel, das auf demselben Prinzip beruht, diskutiert. Im 
Gegensatz zu dem vorher beschriebenen, nanoskopischen Agens stellt dieses Mittel ein 
kleines Molekül für die Erkundung weiterer Mechanismen zur Kontrastveränderung dar. 

Der folgende Teil dieser Dissertation handelt von der Synthese neuer fluoreszierender 
Tracer für die optische Bildgebung. Dieses Verfahren zeichnet sich durch einen relativ 
einfachen instrumentellen Aufbau aus, was einmalige Einsatzmöglichkeiten, wie z.B. 
intraoperative Überwachung, ermöglicht, für die die eingeschränkte Bildtiefe ein 
geringfügiges Problem darstellt. Das SECHSTE KAPITEL beschreibt unsere Arbeiten zur 
Entwicklung von Markern für verschiedene Zielstrukturen (Nebenschilddrüsen, 
Pilzinfektionen), die im sichtbaren Spektrum des Lichts fluoreszieren. Um die Tiefe der 
möglichen Bildgebung weiter zu steigern und die Tracer für die in vivo-Anwendung zu 
optimieren, widmet sich das SIEBTE KAPITEL der Synthese von spezifisch bindenden NIR-
Farbstoffen. Die entsprechenden Kontrastmittel konnten erfolgreich für das selektive 
Anfärben mikrobieller Infektionen eingesetzt werden und weiterführende Arbeiten 
werden die gleichzeitige Diagnostik und Behandlung von bakteriellen Infektionen in den 
Fokus stellen. 

Zusammenfassend beschreibt diese Dissertation verschiedene, neue 
Herangehensweisen für bildgebende Verfahren in der Medizin und 
Arzneimitteltherapie, mit dem Ziel die Therapiesicherheit und -effektivität durch frühe 
Diagnose und verbesserte Selektivität der Arzneimittel zu erhöhen. Dennoch bleiben 
noch beträchtliche Herausforderungen bis zur klinischen Einführung bestehen. Dazu 
gehören beispielsweise die Probleme bei der Anwendung der neuen synthetischen 
Strategien für Moleküle, die mit rotem Licht aktiviert werden können (siehe KAPITEL ZWEI 
und VIER). 

Sogar bei der Benutzung von rotem Licht oder NIR-Strahlung ist die Eindring- bzw. 
Bildtiefe nicht unendlich. Folglich muss die Lichtquelle so nah wie möglich an das 
Zielgewebe bzw. die zu aktivierenden Moleküle gebracht werden. Deswegen ist es von 
gleichwertiger Bedeutung, unterdessen auch an der Weiterentwicklung entsprechender 
Bestrahlungssysteme zu forschen. Solche Systeme für die Anwendung im menschlichen 
Körper sind z.B. Endoskope, Implantate oder biolumineszierende Einheiten. 
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Mit der Entwicklung von verbesserten lichtaktivierbaren Proben sowie innovativen 
Bestrahlungssystemen sind wir von dem Potential lichtaktivierter Pharmakotherapie und 
molekularer Bildgebung überzeugt. Der Erfolg dieser Methoden stützt sich auf die 
gemeinschaftlichen Anstrengungen von Forschern und Klinikern etlicher 
Fachrichtungen, wie u.a. der (Bio-)Chemie, Medizin, Pharmazie, Physik und 
Ingenieurswissenschaften. Daher ist es von höchstem Belang, die verschiedenen 
Forschungsgebiete aufeinander abzustimmen und partnerschaftlich 
zusammenzuarbeiten, um die bestmöglichen (klinischen) Ergebnisse zu erzielen. 
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