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Dendrimers

1.1. Introduction to dendrimers 

Since their introduction dendrimers have received a broad interest in materials as 
attractive building blocks because of their unique structure and properties.1-5 Other 
synonyms to describe these highly branched polymer macromolecules are arborols, 
cascade molecules, cauliflower or starburst polymers. The term dendrimer stems from the 
ancient greek words dendron (meaning tree) and meros (meaning part) and it elegantly 
and graphically describes the architecture of this class of molecules. 

The natural world is full of examples in which dendritic structures are used as a motif to 
enhance or expose a particular function. One of the largest and most obvious examples 
visible to us is given by trees as can be seen in figure 1. Above the ground, trees use a 
dendritic architecture to maximize the exposure of the leaves to sunlight, which is of vital 
importance for maintaining life and growth through photosynthesis. And under the 
ground, trees collect water from the soil by using a widely penetrating branched structure 
of roots to expose a large functional surface for water absorption. 

 

Figure 1. The branched structure of trees enhances photosynthesis above ground level and 
water absorption below ground level. 

On a more microscopic level, natural selection has led to the incorporation of many 
dendritic structures in animals and humans to improve the properties of cells, tissues and 
organs. When air passes through our lungs, it travels through an extraordinary network of 
bronchioles and alveoli in order to maximize the gas exchange between lungs and the 
bloodstream. In similar fashion, the vascular system branches progressively as it 
penetrates deeper into tissue for the maximal distribution of nutrients and oxygen. In the 
central nervous system the dendritic wired network between neurons is absolutely crucial 
for the rapid transfer of information. Another fascinating dendritic structure present in 
nature is given by the extremely large number of ‘foot-hairs’ of geckos. Geckos are able to 
‘stick’ to surfaces through dry adhesion. This unique talent is made possible by combining 
all the tiny Van der Waals forces between the ‘foot-hairs’ and the surface into a combined 
resulting force strong enough to keep the gecko in place. This extreme example shows 
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perfectly how dendritic structures can lead to a synergic effect which is more than the sum 
of all parts.6 This can also be seen on a molecular level where antibodies rely on 
multivalent interactions to augment recognition and binding.7 

As nature is the greatest inspiration to mankind, the synergic effect attributed to dendritic 
motifs has led to the development of synthetic branched molecules. The first so-called 
dendrimers were synthesized by Tomalia and co-workers in 1985.8 However, several 
years prior to that, similar highly branched dendritic structure had already been reported 
by the research group of Vöglte, but they were named ‘cascade’ molecule, referring to 
repetitive method of synthesis.9 That was followed up in the eighties by the reported 
synthesis by the Newkome research group of other similar macromolecules10 which were 
called ‘arboroles’, which is essentially the latin equivalent of the word dendrimer. After the 
pioneering work of Vögtle, Tomalia and Newkome, the synthetic methodology for 
obtaining dendrimers has been improved steadily.4, 11-13 And since the middle of the 
nineties an exponential increase in the number of publications in the literature can be 
observed (see figure 2).  

 

Figure 2. Number of publication per year about dendrimers. Query was performed in the 
Scifinder database using  ‘dendrimer’ as key word. 

 

1.2. Structure of dendrimers  

Structurally, a dendrimer can be divided into three main components: the core, the 
interior and the surface shell.14 A schematic representation is given in figure 3. The core is 
the central point where branching starts and the type of core affects the three dimensional 
shape of the dendrimer. The interior consists of the internal pockets of space left vacant 
between the dendrimers branches and of the branching units. The interior affects the host-
guest properties of the dendrimer.15, 16 The surface shell is defined as the space between 
last branching point and the surface of the dendrimer. This is where the multitude of 
functional groups is displayed towards the exterior. 
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Figure 3. Schematic representation of a dendrimer and its structural components.  

Initial branching occurs at the core, therefore the core is considered as generation 0.5.  
Afterwards branching occurs through the so-called branching units, which can be 
bifunctional or even trifunctional. After each branching step, the dendrimers grows in 
diameter and is of a higher generation. The generation is determined by the number of 
times branching occurs. In the dendrimer depicted in figure 3, branching occurs at the 
core and two times at branching points, thus it is a generation 3 dendrimer.  

 

1.3. Dendrimer synthesis 

In general, the synthesis of dendrimers consists of two distinct steps which are repeated to 
grow dendrimers of higher generations: the first is the activation step followed by the 
growth step. Both steps have to be highly efficient and proceed cleanly to avoid 
dendrimers with structural defects Most dendrimers are synthesized by either a 
convergent or divergent route (see figure 4) with either method having its own 
advantages and drawbacks.14 The first dendrimers to be synthesized8-10 were made by 
means of the divergent route in which the growth of a dendron originates from a core 
molecule and goes from the inside outwards.17 The molecular weight and diameter of the 
dendrimers was almost doubled after completing each growing step.18 Following this 
approach, a multifunctional core is reacted with several monomer units which have one 
reactive site for coupling the monomer onto the core and several unreactive or protected 
groups. Subsequently, the unreactive or protected groups are activated in order to react 
with additional monomers units and thereby grow the dendrimer step by step. Basically 
the divergent method is a two-step process of activation and coupling. The divergent 
method is a versatile tool for the synthesis of a variety of different dendrimers. However, it 
can be hampered by incomplete incorporation of the monomer unit and to overcome this, 
an excess of monomer is added. This means that after each growth steps this monomeric 
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excess has to be eliminated. Thus the main drawback of this method is the difficulty of 
purification because the impurities chemically resemble the dendrimer structure and 
therefore are not easily separated from the desired structure. The other commonly used 
approach for constructing dendrimers is the convergent method. Following this method, 
the dendrimers are grown from the outside inwards. The first step is the formation of a 
small branching dendron which is typically done by the same two-step process of 
activation and coupling of the divergent method. Then several of these prepared dendrons 
are reacted with a multifunctional core thereby yielding the complete dendrimer. This 
method allows the synthesis to proceed in a more controlled manner because there 
number of reactive sites is lower and because the dendrons are structurally less 
complicated. Also, before their incorporation, the prepared dendrons can be purified thus 
eliminating possible defects. As a result, the amount of defects can be limited and higher 
percentages of defect-free dendrimer can be obtained. But due to the steric hindrance 
when trying to attach all the dendrons to the multifunctional core, the convergent method 
is limited to the construction of lower generation dendrimer only. An attractive feature of 
the convergent method is the ability to prepare bifunctional hybrid dendrimers in which 
two dendrons have different functional groups. 

Divergent method

Convergent method

 

Figure 4. Dendrimer synthesis by divergent method (above) and convergent method (below). 

In the process of dendrimer synthesis, the type of core used as a starting or converging 
point affects the dendrimer shape. If the core is small and point-like, the grown dendrimer 
will adopt a spherical shape. On the other hand, if the core has a more one-dimensional 
shape, the dendrimer will grow resembling an ellipsoid. Besides the core itself, the 
generation of the dendrimer will also influence the shape. Higher generation dendrimer 
tend to have a more symmetrical spherical shape.18 
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1.4. Dendrimer properties 

1.4.1. Monodispersity 

What makes dendrimers more appealing to use than easier to synthesize other types of 
polymers is the fact that growth can be controlled precisely.19 This means that 
monodisperse products with predictable molecular weight and nanodimensions can be 
obtained. Polymerization techniques used for the synthesis of other polymers do not offer 
this type of high control. Furthermore, the architecture of dendrimers can be tailored by 
altering the core, interior and/or functional groups and consequently changing the 
physical, chemical, biological or rheological properties of the dendrimer in a controlled 
fashion. This means that dendrimers can be constructed with high reproducibility. Thus it 
is possible to more precisely relate the structure and specific aspects of dendrimers with 
their biological activity and possibly tailor make the dendrimers for specific needs. 
However, it should be noted that more linear polymers than dendrimers have entered into 
clinical trial. The main limiting factor for use of dendrimers is the costly and time-
consuming multi-step synthesis. By continuing research into the synthesis and 
applications of dendrimers this is an issue that might be overcome in the future.  

 

1.4.2. Geometry 

The globular structure of the dendrimers, together with their narrow size distribution and 
nanoscale dimensions, give these molecular interesting properties and are often referred 
to as artificial proteins.20 For example, PAMAM dendrimers of generation 3-5 have the 
same size and shape as insulin (3 nm), cytochrome C (4 nm) and hemoglobin (5.5 nm) and 
PAMAM dendrimers of generation 7-10 are similar in size and shape to histones. This 
resemblance explains the high stability of complexes of DNA and PAMAM.17 As is said 
earlier, the core of the dendrimers influences greatly the shape of the dendrimer, but also 
the generation number is very important. Lower generation dendrimers tend to be more 
ellipsoidal, higher generation dendrimers adopt a more globular shape. Besides the 
similarities between dendrimers and globular proteins, there are also some important 
differences which have to be noted. Globular proteins are formed because of folding of the 
linear peptide chain, and therefore are tightly packed exposing the hydrophilic residues 
towards the outside and hiding the hydrophobic residues in the interior. Furthermore, the 
surface of a globular protein is very heterogeneous and comprises different domains. In 
contrast, dendrimers are more flexible macromolecules with a less dense interior and a 
homogenous exterior.  

The degree of dendrimer packing is dependent of the polarity, ionic strength and pH of the 
solvent. Electrostatic interactions between the positively charged amines of PPI and 
PAMAM dendrimers force the branches to adopt an extended conformation at lower pH. 
Increasing the pH results in so-called back folding of the dendrimer due to the positively 
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charged amine groups interacting with the neutrally charged tertiary amines in the 
interior. Likewise, high salt concentrations favor a contracted dendrimers shape whereas 
at low salt concentrations the repulsive forces between the charged components cause an 
extended conformation. And finally, polar dendrimers adopt an extended shape in polar 
solvents and vice versa in apolar solvents.  

 

1.4.3. Multivalency 

Because the number of functional groups on the periphery of dendrimers increases with 
each growing step, dendrimers offer a platform for the multivalent presentation of active 
ligands. Due to the so-called chelate effect6, a multivalent dendrimer platform presents 
numerous ligands for receptor binding and therefore this synergetic effect exerts a 
stronger binding affinity and leads to a higher biological activity.21 This has been 
illustrated before with the striking example of the gecko’s feet. This synergetic 
enhancement of a certain activity (i.e. catalytic activity or binding activity) from a 
monomeric to a multimeric system is generally referred to as the ‘cluster’ or ‘dendritic’ 
effect.22 Distinction should be made between the additive effect and the dendritic effect. 
The additive effect is the result of an increase in the number of ligands per mole of 
construct and leads to a local increase in concentration. The dendritic effect occurs when 
the simultaneous attachment of the ligands exerts a stronger effect than should be 
expected from the local concentration increase.23 Along with an increase in affinity, the 
cluster effect also leads to a higher selectivity. The three dimensional structure and 
flexibility makes dendrimers perfect candidates to serve as scaffolds for multivalent 
interactions of biologically active moieties in a spatially well-well defined manner.  

 

1.4.4. Biocompatibility 

In order to be able to use dendrimers for biomedical applications, their biocompatibility 
warrants special attention. This means that the dendrimer should be non-toxic, non-
immunogenic, able to cross biological barriers (i.e. cell membranes, blood-tissue barrier, 
the intestines etc.), have a sufficient circulation time, and be able to target specific 
structures.22, 24 The term biocompatibility is very broad and should not refer only to the 
toxicity characteristics of a drug or construct, but as the ability of a material to perform an 
appropriate host response in a specific application.25 An extensive biocompatibility profile 
of dendrimers has been described in a review by Duncan.26 

Like many polycationic polymers, positively charged dendrimers can disrupt the integrity 
of the cellular membrane and cause cell lysis leading to cell death. Dendrimer induced cell 
death is both concentration and generation dependent and is influenced by the chemistry 
of the periphery. Modification of the dendrimer surface by replacing the positively charged 



Dendrimers 
 

9 
 

amines by either PEG-chains or neutrally charged groups diminishes the cytotoxicity.27-29 
The same trend can be observed for the haemolytic activity.30 Electrostatic interactions by 
polycationic dendrimers such as PAMAM, PLL and PEI, also interfere with the immune 
system as indicated  by an activation of the complementary system. 31 

Dendrimers, and many other macromolecules alike, cross the cellular membrane by 
endocytosis. Especially positively charged dendrimers, which can disrupt the integrity of 
the membrane, are able to penetrate into the cell.32 Their intracellular fate after transport 
into the cell is not well known.26 The biodistribution of parentally administrated 
dendrimers across the whole body, on the other hand has been studied more extensively. 
Dendrimer distribution can followed by, for instance, radiolabeling dendrimers with 
111In.33 Smaller dendrimers (< 3.5 nm) undergo rapid elimination by the kidneys whereas 
larger dendrimers have a higher circulation time and are ultimately cleared by particularly 
the liver or accumulate in the reticuloendothelial system (RES).32 Positively charged 
dendrimers tend to accumulate in the liver and RES as well.32, 34  

 

1.4.5. Multifunctionality 

The abundance of functional groups at the periphery of dendrimers lends itself perfectly 
for the functionalization with a variety of different moieties. Dendrimers which contain a 
variety of functional groups are referred to a multifunctional dendrimers and have huge 
potential in different applications such as multimodal imaging, targeted drug delivery and 
combinations of both.35-37 Several groups have reported dendrimers with statistical 
functionalization.38, 39 However, statistical modification of dendrimers forfeits the 
advantage of monodispersity and precise architecture of these macromolecules.40 
Therefore, the controlled multifunctional modification of dendrimers is important for the 
further development of dendrimers for biomedical applications but also to make the 
important step from laboratory to clinic. To achieve the objective of highly-controlled 
multimodal functionalization of dendrimers, a variety of chemoselective ligation reactions 
and orthogonal protecting groups is deployed.41, 42 Another method is the convergent 
assembly of differently functionalized dendrons into one single dendritic molecule. 43, 44 

 

1.5. Types of dendrimers 

The most commonly used dendrimers are based on a polyaminoamide framework and are 
the so-called PAMAM dendrimers. These dendrimers were synthesized by the research 
group of Tomalia in the mid-eighties and were the first dendrimers to be commercialized 
by the company Dendritech, which is based in Michigan, USA.  They are synthesized using 
the divergent method and either ammonia or ethylene diamine is used as core molecules.1 
A reiterative sequence consisting of a double Michael addition of methyl acrylate to a 
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primary amine followed by amidation is used to construct these molecules. Products can 
be made up to generation 10 with an astonishing molecular weight of 930 kDa.  

As is mentioned earlier, PPI dendrimers were the first dendrimers to be synthesized and 
they are synthesized by the divergent method starting from 1,4-diaminobutane. They are 
made by repetitive Michael addition of acrylonitrile to the primary amino groups followed 
by hydrogenation. The exterior of the dendrimer consists of primary amine groups whilst 
the interior consists of tertiary polyalkyl amines. Dendrimers of this type are made up to 
generation 5.   

As opposed to the two previously mentioned types of dendrimers, Frechet type 
dendrimers are synthesized by means of the convergent method.45, 46 They are based on 
polybenzyl ester framework and thus are a highly hydrophobic (see figure 5). The 
periphery contains carboxylic acid groups to allow better solubility in aqueous solvents 
and for conjugation of functionalization groups.  
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Figure 5. Molecular structures of several types of dendrimers. 

Peptide dendrimers can generally be defined as molecules which have amino acids either 
on the surface or as part of their framework.24 A polylysine (PLL) dendrimer is a basic 
example of a polypeptide dendrimer (figure 5). Dendrimers with a periphery non-
covalently modified with amino acids can be classified as peptide dendrimers as well. The 
biological and therapeutic relevance of peptides is apparent and therefore peptide 
dendrimers can be used in different areas including cancer, antimicrobials, antivirals, 
central nervous system, analgesia, asthma, allergy and Ca2+ metabolism. Important 
features of peptide dendrimers are: 1) a protein-like globular shape which is flexible for 
enhancing ligand interactions; 2) a multivalent structure which enables a synergic and 
stronger interaction between ligand and receptor; 3) a high degree of biocompatibility; 4) 
water solubility; 5) the highly branched structure slows down proteolysis; 6) and 
biodegradability.47 
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Glycodendrimers are dendrimers with carbohydrates incorporated into their structures. 
Three different types of glycodendrimer exist: 1) carbohydrate-coated; 2) carbohydrate 
centered; and 3) completely carbohydrate based. An example of a carbohydrate 
glycodendrimer is given in figure 5. Carbohydrate-protein interactions are important for 
many signaling pathways between cells and therefore glycodendrimers have been used 
extensively to study these interactions.24 

Dendrimers which combine both peptide and carbohydrate components in their structure 
are called glycopeptide dendrimers. They can act as inhibitors of cell-surface protein 
carbohydrate interactions, interferre with bacterial adhesion, for studying recognition 
processes, diagnostics, imaging agents and for therapeutic purposes among others.48, 49 

To avoid possible confusion, a distinction has to be made between dendrimers and 
dendrons (see figure 6). Dendrimers are normally symmetrical around the core and adopt 
a spherical three-dimension shape. Dendrons represent a structural component of the 
parent dendrimer and are the monodisperse wedge-shaped sections of the dendrimer. 
Thus a dendrimer in fact is made of a multitude of dendrons but the terms are often used 
interchangeably. In the so-called focal point, a single dendron wedge can contain an 
additional chemical moiety when the dendron is not coupled to a core molecule. 

Dendrimer Dendron

 

Figure 6. Graphical illustrations of a dendrimer and a dendron. 

 
1.6. Biomedical applications 

1.6.1. Drug delivery 

The monodispersity and nanometer size of dendrimers allow easier passage across 
biological barriers. These features make dendrimers suitable as hosts for binding guest 
molecules such as pharmaceuticals entrapped in their interior or bound to the surface of 
the dendrimer.24  Introduction of pharmaceuticals by physical encapsulation in the 
interior or covalent attachment to the surface improves the solubility for more 
hydrophobic drug molecules and results in enhanced bioavailability.50, 51 

Physical encapsulation of drugs into the dendrimer interior voids is typically 
accomplished by adding a drug solution to a dissolved dendrimer after which the 
hydrophobic drug undergoes hydrophobic interactions with the non-polar parts on the 
inside of the dendrimer. Release of the encapsulated molecules in an aqueous 
environment is controlled in a passive manner by the non-covalent interactions such as 
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hydrophobic forces, hydrogen bonding, steric hindrance, and electrostatic interactions. 
These interactions influence directly the physical interaction between the dendrimer 
carrier and the guest molecule. Therefore, to maximize the loading capacity of drug 
molecules inside the dendrimer, its architecture and more specifically the properties of 
the internal voids have to be designed purposefully.52 A drawback associated with the 
physical encapsulation of drugs by dendrimers is the unspecific release of the drug. Many 
drug-dendrimer complexes have resulted to be unstable in blood of physiological 
buffers.53 

The large number and chemical versatility of the functional groups on the surface of a 
dendrimers allows the conjugation of different types of moieties while maintaining the 
geometry of the dendrimer. Covalent conjugation of drugs to the dendrimer’s surface aids 
in achieving spatial and temporal release of the attached pharmaceutical. Different types 
of linkers can be chosen to covalently attach the drug to the surface of the dendrimer. 
These linkers can be stable under physiological conditions in which the drug-dendrimer 
conjugate as a whole interacts with the target, possibly taking advantage of the 
multivalent cluster effect. But in order to maintain the biological activity of the drug, the 
conformation of the drug molecule displayed on the dendrimer’s surface is critical. 
Conjugation of the antitumor drug methotrexate by either its amine group or its carboxylic 
acid group to a PAMAM dendrimer resulted in a significant difference in activity between 
the two types of conjugates.54 To achieve intracellular release of pharmaceuticals pH-
sensitive hydrolysable linkers have been developed. These linkers remain intact in the 
systemic circulation at pH 7.4 but are degraded when the drug-dendrimer conjugate is 
inside the more acidic environment (pH 5-6) of intracellular compartments such as 
endosomes/lysosomes. After cleavage, the drug is free inside the target cell to exert its 
activity. These pH-sensitive linkers are a definite improvement over non-cleavable 
conjugates for intracellular delivery, but they are not suitable for targeted delivery. In the 
case of cancer treatment, no discrimination can be made between healthy and cancer cells 
as both contain acidic endosomal compartments. To overcome this issue, effort has been 
put towards the development of linkers which are sensitive to cell-specific intracellular 
enzymes. Incorporation of this type of linkers into the drug-dendrimer conjugate would 
allow the release of the drug only in the presence of these enzymes, for example if they are 
overexpressed by cancer cells. Linkers based on specific peptide sequences are often used 
to achieve this goal.55, 56 

Therapeutic polymers in general rely on two mechanisms for targeting diseased tissue. 
One of them is passive targeting and the other is active targeting. Also dendrimers can 
exploit these two mechanisms. Especially for tumor targeting, passive targeting plays an 
important role because of the leaky vasculature and ineffective lymphatic drainage in fast 
growing solid tumor. This effect, also known as the enhanced permeability and retention 
(EPR) effect leads to the accumulation of dendrimers or other nanoparticles in tumor 
tissue.57 The accumulation is influenced by the size, molecular weight and surface charge 
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of the dendrimers.58 Active targeting is commonly achieved by introducing targeting 
ligands to the drug-dendrimer conjugate. The targeting ligand effectively chauffeurs the 
conjugate towards the cells by binding to a receptor expressed on the cell membrane, after 
which the conjugate is internalized. In the case of cancer therapy, several different 
receptors can be targeted such as transferrin, folate, epidermal growth factor, and lectin 
receptors.54 The multivalent character of the dendrimers provides an increased affinity of 
ligands to the complementary receptor and results in higher selectivity. The literature 
provides many examples of, for instance, PAMAM dendrimers decorated with targeting 
ligands (and PEG) for specific targeting of tumors resulting in enhanced tumoral drug 
accumulation.59-62 

 

1.6.2. Dendrimers as nano-drugs 

Dendrimers themselves can be used for the treatment of diseases by having either 
antimicrobial or antiviral activity. A sulfonated polylysine dendrimer, for example a 
dendrimer marketed under the name VivaGel, has been developed for inhibiting the 
infection by viruses such as herpes and HIV.63 It prevents the virus from binding T cells in 
the body by interfering with the folding of a protein which promotes cellular uptake. The 
antimicrobial activity of certain dendrimers can be ascribed to their cationic nature. The 
cationic periphery of the dendrimer interacts with the anionic bacterial membrane 
causing bacterial lysis. An example of a potent antimicrobial agent is the PPI dendrimer 
with tertiary alkyl ammonium groups attached to the surface.64 Known antimicrobial 
peptides can be incorporated into a dendrimer to enhance the antimicrobial activitity of 
polylysine dendrimers.65 

 

1.6.3. MRI Imaging 

For the diagnosis of disease and injuries, magnetic resonance imaging (MRI) is a widely 
used technique but it lacks high signal strength. To overcome this issue, paramagnetic 
contrast agents, the most commonly used is gadolinium, are used to enhance the image 
contrast by increasing the relaxation rate of surrounding water molecules. But gadolinium 
in its free atomic form is highly toxic causing nephrogenic system fibrosis and therefore 
can only be presented to the human body in chelated form. Widely used gadolinium 
chelators are DTPA and the cyclic compound DOTA. However, these chelates suffer from 
short circulation times inside the body due to the low molecular weight and low specificity 
between healthy and diseased tissue. The development of macromolecular chelating 
complexes based on dendrimers has helped to provides tools to overcome these issues. 
The higher molecular weight of the dendrimers decreases the renal excretion and 
increases the circulation time inside the body. Also the molecular weight positively 
enhances the relaxation rate because the molecule rotates less freely and thereby 
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increases the contrast.66 For example, the Gu research group in China reported the 
synthesis of gadolinium-labeled lysine dendrimers with controlled structures as contrast 
agents for MRI.67 These formulations enhanced the T1 relaxation 9-fold and improved the 
signal intensity by about 50%. Also, the high molecular weight influences the blood 
retention time of the constructs. Tissue specificity can be improved by adding targeting 
moieties such as folate to the surface of the dendrimer chelate. This was attempted by 
Wiener and his colleagues by functionalizing fourth generation PAMAM dendrimers with 
folic acid for the imaging of ovarian cancer in mice. Administration of the folate dendrimer 
chelate led to a contrast enhancement up to 33%.68 Also PPI dendrimers have been 
applied to MRI imaging.69 

 

1.6.4. Tissue engineering 

Dendrimers and their interesting properties such a high degree of branching and 
multivalency can fulfill a variety of roles in tissue engineering applications. These include 
as cross-linking agents, modulators of surface charge and surface chemistry, and a 
structural components in scaffold materials which try to mimic the extracellular matrix.70 

For example, dendritic macromolecules are ideal candidates as cross-linking agents for the 
formation of hydrogels by connecting fibers into a swelling network. The highly branched 
structure of dendrimers permits a high density of cross-linking to be obtained at low 
dendrimer concentration by providing multiple cross-linking sites per macromolecule. In 
a research article published in 2010, Altin and colleagues used alkyne functionalized 
polyester dendrons to cross-link bisazide polyethylene glycol polymer chains using click 
chemistry (see figure 7).71 

 

Figure  7. Hydrogel network formed by cross-linking PEG with polyester dendrons via click 
chemistry. Imagen extracted from ref71. 

After cross-linking and formation of the hydrogel, the residual alkyne groups residing on 
the periphery of the dendron allowed subsequent covalent functionalization with 
molecules of interest such as fluorescent molecules or streptavidin. Alternatively, 
dendrimers have also been applied to cross-link collagen to form hydrogels.72-74 In a 
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continued study, heparinized polypropyleneimine dendrimers were used to cross-link 
collagen hydrogels for corneal repair.75 The gels were seeded with human corneal 
epithelial cells and the heparinized dendrimers were successfully able to retain and 
deliver heparin-binding epithelial growth factor thereby increasing the cell proliferation 
rate. Without making use of a synthetic scaffold, dendrimers have been used to link cells 
together directly to form so-called multicellular aggregates (MCAs), which resemble the 
cellular organization cellularly dense organs such as liver, heart and kidneys. Hydrazide 
functionalized DAB dendrimers react with aldehydes which are engineered into the 
membrane of mammalian cells. MCA formation occurred at lower dendrimer 
concentrations without displaying cytotoxicity.76 

 

1.6.5. Gene delivery 

Gene therapy can potentially be used for the treatment of numerous diseases by delivery 
of genetic material to supplement or alter the genes of individual cells. The genetic 
material, usually free DNA or siRNA, needs to be delivered inside the cell because it is 
rapidly degraded by serum nucleases after intravenous injection. To avoid this 
degradation, carriers are required to bind, compact and protect the nucleotides. They 
should have low toxicity, the capacity for cell-targeting and penetration, stable 
complexation with the nucleotide under physiological conditions, and the ability to release 
the genetic material after cellular uptake.77, 78 

The intrinsic properties of viruses make viral vectors very efficient carriers for the 
delivery of genetic material into cells. But concerns about their safety both short- and 
long-term have emerged and need to be addressed first. As an alternative, non-viral 
vectors based on polycationic polymers have been developed.79-81 They rely on 
electrostatical interactions between the positive charges of the polymer and the negatively 
charged phosphates of DNA. In the class of polycationic polymers, dendrimers have 
emerged as prime candidates because of the positive charge that they can reside on their 
surface and because of their precise architecture and versatility.82-85 

The cellular uptake of the dendriplexes, the technical name used to describe the complexes 
of cationic dendrimers and anionic DNA/RNA, depends on the size of the complex.86 
Structural stability of the complex is reached when the dendrimer charge is in excess. The 
resulting positive charge of the complex allows interaction with the negatively charged 
cell surface groups. Small dendriplexes are more readily incorporated than larger 
dendriplexes. The high number of cationic functional groups in the periphery of higher 
generation dendrimers can cause cytotoxicity Therefore attempts have been made to 
mask these groups by incorporation of for instance polyethylene glycol. The lower 
cytotoxicity due to lower number of cationic groups leads to a higher transfection 
efficiency87. Furthermore, the functional end groups can be modified to mimic cell-
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penetrating peptides or decorated with active targeting moieties in order to improve cell 
targeting and penetration.88-90 
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Click chemistry 

2.1. Introduction to click chemistry 

In the last decade, click chemistry has revolutionized dramatically the field of chemistry in 
general, and especially the fields of drug discovery, combinatorial chemistry, materials 
science and biotechnology. In 2001, K. Barry Sharpless defined click chemistry as a ‘set of 
powerful, highly reliable, and selective reactions for the rapid synthesis of useful new 
compounds and combinatorial libraries.91 Since then, a high number of researchers has 
recognized the possibilities of click chemistry and they have creatively used its potential 
for a wide array of applications. Originally, Sharpless envisioned click chemistry to be used 
extensively for creating new libraries of compound for drug discovery. But researchers 
outside the field drug discovery have found extensive success applying click chemistry for 
material science, polymer chemistry and biotechnology as about two thirds of publications 
related to click chemistry are done in the field of material science and biotechnology, 
which is about 1000 publications (see figure 8).  

 

Figure 8. Number of publications per year about click chemistry. Query was performed in the 
Scifinder database using ‘click chemistry’ as key word. 

A possible reason for this fact is that linker chemistry plays a pivotal role in these areas of 
research. Biological therapeutics needs to be tagged with probes, nanoscale delivery 
vehicles need to be assembled and targeting moieties and/or drugs need to be attached. 
Click chemistry is not so much a single reaction itself, but a chemical philosophy 
comprising a wide range of reactions. The mechanism of different click reactions can vary, 
but the characterizing criteria are the same91: 

• Modular 
• Wide scope 
• High yields 
• Only generate inoffensive byproducts which are removed without 

chromatography 
• Stereospecificity 
• Physiological stability 
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And preferably the reaction would: 

• Have simple reaction conditions 
• Use readily starting materials and reagent 
• Use a solvent which is easily removed 

Click reactions can meet these criteria because they have a high thermodynamic driving 
force of more than 20 kcal mol-1 which is typically associated with the formation of 
carbon-heteroatoms. The high driving force enables the reactions to reach completion 
rapidly and tend to selectively yield a single product. Therefore it is said that these 
reactions are ‘spring-loaded’ for a single trajectory.91 

Click chemistry is not limited to a specific type of reaction, but describes more a synthetic 
philosophy comprising a wide range of reactions. A number of reactions with different 
reaction mechanisms which can be classified as click reactions are given in table 1.  

 

 

 

 

 

 

 

 

 

 

 

 



Click chemistry 
 

19 
 

1

1 2

2
R1

R1

R2

R2

C1

C1 C1

C1

Click!

 
Reaction mechanism Name 

 

+ N NR1 N R2

N
N

N
R2

R1
terminal alkyne azide  

1,3-dipolar cycloaddition 

+ N N N R2

N
N

N R2

R1R1

strained alkyne azide  

Strain-promoted cycloaddition 

+

R1

R2

R1

R2

diene dieneophile  

Diels-alder reaction 

+
H2N

O
R1 R2 R3

O

R2 R3

N
O

R1

alkoxyamine carbonyl  
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Table 1. List of chemical reactions which can be classified as click reactions.  
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2.2. Copper-catalyzed azide-alkyne cycloaddition 

The prime example of click chemistry is the copper-catalyzed azide-alkyne cycloaddition 
(CuAAC) in which an organic azide and terminal alkyne are fused together. The reaction is 
illustrated in table 1. The reaction was discovered simultaneously by the independent 
groups of Fokin and Sharpless92 of the Scripps Research Institute in California and Morten 
Meldal of the Carlsberg laboratory, Denmark.93 This type of reaction has been so successful 
due to the fact that it produces quantitative yields, is robust, insensitive, general, allows 
orthogonal ligation and even polymerization.94 The formed triazole ring is chemically inert 
to oxidation, reduction and hydrolysis.  

As long as this copper species is present, the reaction is insensitive to many reaction 
conditions and can be performed in aqueous or organic solvents and even in solid phase 
chemistry. Even if the reactants are not dissolved completely in solution, and are present 
in a glassy state95 or as an aggregate96, the reaction will still form the product with high 
yields. The most important factor determining the outcome of the reaction is the presence 
of Cu(I).97 The concentration of the copper catalyst has to be maintained at a sufficiently 
high level during the whole reaction. This is the reason why the preferred method for 
CuAAC is the use of a Cu(II) together with a reducing agent to provide Cu(I) in situ, for 
example with CuSO4 and sodium ascorbate, two reactants which are inexpensive and 
widely available. In the presence of a reducing agent, the reaction is less susceptible to 
oxygen and can therefore be carried out in open air. Other sources of Cu(I) include copper 
halides such as CuI, CuBr and CuCl. But the success of the reaction when using these salts 
is dependent on the addition of an amine base such as DIEA or Et3N.  The Cu(I) species 
generated with a Cu(II) source and a reducing agent immediately forms the copper-
acetylide required to perform the reaction. With copper halides, this complex is only 
formed after addition of base. A drawback of using a direct source of Cu(I) is the need to 
work in a deoxygenated environment. Even solid sources of Cu(0) including wire, powder 
or nanoparticles can be used to generate Cu(I) in aqueous conditions.98, 99 However, the 
active species is formed with a delay and longer reaction times are needed as well as 
larger amounts of copper. Ligands such as TBTA can be employed to enhance the reaction 
rate and also to prevent oxygen from oxidizing Cu(I).100 Also solid supports of copper on 
charcoal exist which facilitate removal of the catalyst by simple filtration.101 

Two additional reasons for the popularity of this cycloaddition are that azides and 
terminal alkynes are fairly easy to install and they are extremely stable at standard 
conditions. They can both tolerate oxygen, water, common organic synthesis conditions, 
biological molecules, a large range of solvents and pH’s, and the reaction conditions of 
living systems (reducing environment, hydrolysis). Furthermore, it is unaffected by steric 
factors. Different substituted primary, secondary, tertiary and aromatic azides do not 
hinder the reaction and changes in the alkyne environment are well tolerated97. These 
features gave the CuAAC wide ranging applicability and versatility because of which the 
reaction conditions can be customized on a case-to-case basis for optimizing the outcome.  
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The mechanism of the CuAAC has been envisioned to be the following.102 The first step is π 
complexation of a Cu(I) dimer to the alkyne. Afterwards, the copper-acetylide is formed by 
deprotonation of the terminal hydrogen. The pKa of the terminal alkyne is lowered by 9.8 
pH units by the π complexation. This allows deprotonation to occur in aqueous conditions 
without the need for a base. The second step consists of the displacement of one ligand 
from the second Cu in the copper-acetylide complex. This activates the azide for 
nucleophilic attack. The nitrogens of the azide are now brought in the proximity of the 
carbons of the alkyne forming the triazole ring. A final protonation releases the Cu(I) 
species from the formed product and makes the catalyst newly available for another 
reaction.  

Despite all the success enjoyed with the CuAAC, there are few drawbacks and limitations 
which need to be considered. Copper is believed to be cytotoxic and high dosage intake of 
copper maybe lead to hepatitis, Alzheimer’s disease and neurological disorders. Therefore, 
use of the copper catalyst should be avoided when applying click chemistry to living 
systems. Alternatives for the copper catalyzed reaction included the Staudinger ligation or 
strain-promoted [3 + 2] heterocycloaddition. The high nitrogen content of organic azides 
causes the risk of explosions when handling these compounds. Also, azides are often 
associated with potential toxic side effects. And finally, a more practical matter is that the 
production of new clickable compounds cannot keep up with the demand. This is 
especially the case in the fields of material science and biotechnology where often the 
researchers are not trained to prepare new materials containing either azides or alkynes.   

 

2.3. Applications click chemistry in biomedicine 

2.3.1. Medicinal chemistry & click chemistry 

The triazole ring displays structural similarity with the amide bond thus this moiety 
potentially possesses bioisosteric potential.103  Depending on the type of substitution, the 
triazole ring either mimicks a Z-amine bond or an E-amide bond. When the formed ring is 
1,4-disubstituted, as is the case in classic CuAAC using a copper catalyst, the triazole 
mimics a Z-amine bond. The lone electron pair of the third nitrogen closely resembles the 
electron pair of the carbonyl oxygen in the amide bond. The C-H bond is polarized and 
therefore can participate in hydrogen bond formation similarly to the amide N-H bond. 
Finally, the electrophilicity and polarity of the fourth carbon is similar to the carbonyl 
carbon. The main difference between the triazole ring and the Z-amide bond is the 
increased distances between the substituents: in the amide-bond the substituents are two 
atoms apart, whilst in the triazole ring the substituents are three atoms apart. An added 
advantage of the triazole ring is its stability towards hydrolysis, which amides do not have.  

The inertness of the triazole ring and the simplicity, robustness and flexibility of the 
reaction makes the CuAAC very suitable for linking two molecular entities, for instance for  
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the formation of homodimers, heterodimers and other types of fragment-based drug 
discovery.103 The formation of homodimers can be successful for increasing the biological 
activity when one molecule brings the second one closer to its target. For this purpose, the 
triazole ring serves as a linker or spacer between two active groups increasing the entire 
molecule’s activity through synergy.104 The length and flexibility of the linker, both of 
which influence the distance between the two monomers, are important to the activity of 
the dimeric compound. The formation of heterodimers allows for the combination of 
different compounds with two distinct activities. In this case, the orthogonality and 
efficiency click reaction is very helpful when dealing with chemically complex component 
molecules.  

In combinatorial chemistry, small libraries of compounds can quickly and easily be 
synthesized using click chemistry. If screening results in the discovery of a hit, this 
molecule can then be used as a lead compound for the synthesis of a new library. In this 
case, click chemistry is a useful tool for the stepwise refinement of active compounds.105 

 

2.3.2. In situ click chemistry 

One of the most intriguing possibilities of click chemistry for combinatorial chemistry is 
target-guided synthesis by screening libraries in situ.106 Monomeric fragments are reacted 
together in the presence of target proteins. The azide-alkyne cycloadditon is performed 
without the copper catalyst and depends on the two reactants brought into close proximity 
and in correct orientation by the target protein.107 This type of screening works really well 
when a known inhibitor exists and can be split in two distinct parts which can be 
expanded further into a library. However, this screening method is also effective starting 
from compounds with low affinity.105 Possible hit compounds are resynthesized at a larger 
scale and characterized further. A great advantage of this approach is that a library of 50-
100 compounds can be generated and screened in a single day.108 This is a massive 
improvement over conventional parallel synthesis and purification and is made possible 
through the orthogonality of azides and alkynes towards chemical moieties in small 
molecules and even large complex molecules such as enzymes. The first example of in situ 
screening was published by Sharpless and co-workers and resulted in the discovery of 
ligands with disassociation constants of less than 40 fM for eel acetylcholinesterase.109 

 

2.3.3. Click chemistry & nanomedicine 

Click reactions which are highly efficient and selective bring an enormous utility to the 
field of nanomedicine.110 Nanodevices can often be fragile supramoleculer constructions 
and difficult to purify or isolate. For this reason click reactions which are easy to perform 
are very valuable.  
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For example, the CuAAC, which can be performed at room temperature and in a wide 
variety of solvents and with stoichiometric amounts of reagents, has shown to be a 
versatile tool for building, functionalizing and cross-linking colloidal systems such as 
polymer, lipid and inorganic nanoparticles.111 This way, colloidal systems can be 
customized as drug delivery carriers, gene carriers, contrast agents, bioseparation devices 
or diagnostics.112 

Click chemistry can also be applied to flat surfaces to functionalize self-assembled 
monolayers by triazole linkages113-115 which can be used in molecular electronics, catalysis 
or biosensors.  

 

2.3.4. Click chemistry & bioconjugation 

The rigidity and similarity to the amide bond of the triazole ring, coupled with its extreme 
stability in biological conditions makes it extremely suitable as linker for 
bioconjugation.104 Bioconjugation is applied widely for increasing the aqueous solubility, 
reducing immunogenicity, increasing circulation time and stability of pharmaceuticals and 
for labeling and tagging of biomolecules.116 The orthogonality of azides and alkynes 
towards the numerous types of functional groups in complex biomolecules makes the 
CuAAC a popular technique for selective bioconjugation. The azide functionality is 
particularly suited as it does not appear in natural compounds.  

As an example, cowpea mosaic virus can be functionalized with either azides or alkynes 
because of a specific protein unit which contains one cysteine and one lysine. 
Subsequently, fluorescein dye derivatives can be attached through click chemistry. 
Product yield is as high as 100% and different fluorophores can be attached.117  

Oligonucleotides are interesting molecules for gene therapy and as molecular probes. 
They can be labeled at the 5’-end or at the 3’-end. Recent advances have made the 
introduction of alkyne groups into the nucleobase possible without affecting the 
properties of the oligonucleotides. Tagging molecules containing azides were clicked onto 
the modified bases and by using fluorescence microscopy different biological processes 
can be studied in more detail.118 

Due to their steric bulkiness, and the sole existence of alcohol functional groups, 
modification of polysaccharides can be challenging. Azides groups can be introduced by 
tosylation of an alcohol followed by azide displacement with NaN3. Alkynes can be 
introduced by reaction of an alcohol with 5-hexynoic acid forming an ester-bond. The 
efficiency of CuAAC makes it possible to click tagging molecules onto the polysaccharides 
despite their steric bulkiness.102 The application of CuAAC for the synthesis of fluorogenic 
compounds makes it easier to track biomolecules in the cell.  
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These examples, although many more can be found in the literature, show that click 
chemistry offers a very powerful and versatile tool for bioconjugation. One of the most 
advantageous traits of using click reactions is that the mild reactions can be customized to 
be compatible with the biological environment in order to avoid interfering with the 
functionality of the biomolecule or biological entity.  

 

2.4.5. Polymer chemistry & click chemistry 

In the field of polymers, click chemistry helps significantly in the improvement of product 
yields, whether it is applied for polymer synthesis or functionalization.119 Also, click 
chemistry dramatically reduces the difficulty and/or need for purification and simplifies 
the synthetic treatments themselves.  

Clickable functionalities can be incorporated into polymers in a variety of ways.120 It can 
be achieved by post-polymerization modification of the end group resulting in a single 
clickable site per polymer chain. Pendant functionality into the side chains can be 
introduced by direct polymerization of a click-functional monomer, or by transformation 
of functional groups into azides or alkynes which can participate in click reactions.121 The 
functionalization of polymer side-chains by click chemistry has received special attention 
because it would allow a general type of polymer to be quickly customized for specific 
requirements through grafting of functionalizing moieties. However, the post-modification 
of polymer side-chains is troublesome due to steric hindrance and that’s where the 
effective and robust CuAAC comes in to play.122 

Another obstacle overcome by applying click reactions in polymer chemistry is the 
preparation of block polymers and cyclic polymers. These types of polymers are normally 
unavailable or difficult to produce by conventional polymerization techniques.120, 122 

Due to the huge therapeutic potential of peptides, peptide-based polymers are of great 
interest for the development of drug delivery systems and scaffolds for tissue 
engineering.123, 124 The synthesis of such molecules is troublesome because of the 
elaborate use of protecting groups and obtaining them by protein engineering is 
complicated. The CuAAC is very suitable method to synthesize polypeptide products as the 
triazole moiety is a known peptidomimetic and the reaction does not interfere with the 
residual functional groups of aminoacids. In similar fashion, click reactions have become a 
valuable tool for the synthesis of glycopolymers.125 

 

2.3.5. Click chemistry & dendrimers 

The main challenge in dendrimer synthesis lies in the development of new synthetic 
methods for their large scale production and subsequent commercialization for 
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biomedical applications. To overcome this issue, organic chemists have looked into the 
library of available chemical reactions to find suitable options. Since its introduction in 
2001, the CuAAC among other types of click chemistry reactions, has proven to be a 
valuable tool to spur on the development of new methodologies in dendrimers 
construction. The first example of dendrimers constructed by CuAAC was reported in 
2004.126 As has been mentioned before, the steps needed for dendrimer synthesis need to 
be efficient and proceed cleanly in order to avoid structural defects. The CuAAC meets 
these requirements to an exceptional degree. This type of click reaction does not provide 
any by-products and the final compounds are obtained at yields exceeding 90%. This 
means that no excess of reactants are required to complete the reaction and purification is 
simplified greatly thereby minimizing the drawbacks of the divergent route for dendrimer 
synthesis. Also, the CuAAC is so versatile that it can be applied for dendrimer synthesis via 
the convergent method, fusion of asymmetrical dendrons and dendrimer 
functionalization.127 Some advantages of CuAAC include its water compatibility, simple 
work-up and therefore it can be seen as a green reaction.128 The reaction can be monitored 
easily with FT-IR by checking for the disappearance of the band corresponding to the 
azide. A drawback is the copper catalyst which is required to drive the reaction and needs 
to be removed afterwards to avoid cytotoxicity complications for biomedical applications.  

Different click reactions which are orthogonal can combined to construct dendrimers in an 
accelerated manner.129 This approach relies on utilizing two differents monomers (AB & 
CD). The chemoselective groups in both monomers are chosen so that functionality A 
selectively reacts with D, and B with functionality C. Thus any deprotection steps are 
eliminated and the number of reaction steps is reduced. This can be achieved by using 
both CuAAC and thiol-ene coupling. The formed dendrimers will be composed of 
heterogenous layers due to different types of chemical bonds and monomers.  

 

2.3.6. Click chemistry & hydrogels 

The cross-linking of polymers leads to the formation of hydrogel materials which are of 
special interest for drug delivery and tissue engineering applications.130 For the 
preparation of hydrogels by CuAAC two approaches can be used: 1) a one-step 
preparation method in which a multifunctional monomeric unit containing both alkyne 
and azide moieties reacts with itself after adding Cu(I); 2) the mixing of two different 
monomeric units containing either an alkyne or an azide followed by the addition of Cu(I) 
to initiate the cross-linking.122 The ‘spring-loaded’ capacity of the CuAAC causes hydrogel 
formation to occur after just a few minutes and a high degree of cross-linking can be 
achieved. The mechanical properties of hydrogels are dictated by the number of cross-
links formed between the polymer chains via covalent bonds or non-covalent interactions. 
Thus the high degree of cross-links leads to the formation of hydrogels with superior 
mechanical properties. This was shown, for example, in the first hydrogels made using 
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click chemistry by Assipov et al..131 These hydrogels were made by cross-linking polyvinyl 
alcohol functionalized with either acetylene or azide groups. This approach can also be 
applied for the synthesis of pure PEG-based hydrogels, as reported by Hawker and co-
workers.132 The cross-link efficiency can be modulated by varying both the polymer 
and/or catalyst concentration. Apart from cross-linking synthetic polymers, natural 
components such as hyaluronic acid or collagen can be introduced to mimic natural 
tissues. In addition, peptide sequences can add biofunctionality133 or biodegradability.134 
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Objectives 

Our research group has been working on the development of a new dendron system 
consisting of a core or branching unit based on the pentaacid DTPA and branches made of 
monodisperse oligoethylene glycol chains. The chemical moiety at the end of the OEG-
chains can be chosen or modified with the purpose of adding a specific functionality to the 
periphery of the formed dendrimer. Additionally, the length of incorporated OEG-chains 
can be changed for constructing dendrons with variable molecular weight. Traditionally, 
PEGylation has seen a widespread use for improving the pharmacological properties of 
small-molecule drugs, therapeutic proteins and nanocarriers among others. Chains of PEG 
are amphiphilic and dissolve readily in water and most organic solvents except for hexane 
and diethyl ether.135 

The PEG-based structure gives the dendrimers beneficial properties for application in the 
biomedical field such as enhanced biocompatibility, decreased toxicity and 
immunogenicity, improved solubility and non-fouling properties.136 

Previously, our group has been focused on the construction of these OEG-based 
dendrimers based on an amide bond framework for their use as nanosized drug delivery 
platforms. The general goal of this present thesis is to explore click chemistry, specifically 
the copper-catalyzed azide-alkyne cycloaddition (CuAAC), as a tool for the construction, 
modification, and application of the OEG-based dendrimer system. 

Concretely, the goals of the thesis project were defined to be the following: 

• Establishing a synthetic route for the construction of multifunctional, 
monodisperse and well-defined dendrons of generation 1 to 3 through click 
chemistry. This process entailed the introduction of the azide and alkyne handles 
required for click chemistry and the optimization of the CuAAC reaction. 
 

• Exploring the feasibility of the dendrons to serve as chelating agents for 
biomedically interesting metals ion through the instrinsic chelating capacity of the 
DTPA-based dendron core. 
 

• Modification and application of the multifunctional, multimodal dendron platform 
for functionalization of materials via click chemistry and thereby enhancing the 
mechanical properties of the material or introducing a suitable biochemical 
environment for cell proliferation and differentiation inside the material. 
 

• The synthesis of an amphiphilic Janus-type hybrid dendrimer made for delivery of 
genetic material such as RNA. This meant taking advantage of the dendritic PEG-
skeleton to alter the properties of the entire hybrid structure.
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Introduction 
 

1.1.  Dendrimer construction with click chemistry 

It did not take a long while for researchers to see the potential of click chemistry, after its 
introduction in 2001, for the construction of dendritic materials. Craig Hawker was the 
first to recognize at the 226th ACS meeting in New York that the mild, selective and 
efficient reaction conditions of the CuAAC could be a highly useful tool for the 
development and commercialization of dendritic macromolecules.1 The first actual 
synthesis of dendrimers with CuAAC was reported in 2004 by Sharpless and Hawker.2 
Using a convergent approach the researchers were able to create a variety of dendrimers 
by using different alkyne functionalized monomers containing a single halide, namely a 
cloromethyl. The halide was converted easily to the azide by displacement with NaN3. The 
dendrons were then anchored to a polyacetylene core thereby constructing third and 
fourth generation triazole dendrimers. The periphery of the synthesized dendrimers was 
functionalized with several azide containing moieties also by means of the CuAAC. 
Afterwards the use of click chemistry in general, and the CuAAC in particular, for the 
construction of dendrimers has seen a steady increase over the years (see figure 1.1). 

 

Figure  1.1. Number of publication per year about dendrimers & click chemistry. Query was 
performed in the Scifinder database using ‘click chemistry’ and ‘dendrimers’ as key words. 

Another example following this synthetic scheme -dendrimers containing halide methyl 
groups that are transformed to azides and react with an alkyne moiety- is the synthesis of 
degradable dendrimers of high molecular weight using CuAAC.3 These dendrimers contain 
as a branching unit the degradable 1,3,5-triazaadamante moiety (TAA), which is 
illustrated in figure 1.2. TAAs are stable under basic conditions but undergo rapid 
hydrolysis in acid conditions.  

 

0

20

40

60

80

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012



Chapter 1. Synthesis of oligoethylene glycol dendrons 
 

36 
 

N
NN

O

O

NHO

O

O

Cl

O Cl
OCl

 

Figure 1.2. Structure of TAA monomer. 

The high molecular weight of the monomer unit, coupled with the high reaction yield due 
to the CuAAC enabled the rapid synthesis of large dendrimers up to generation 3 and a 
molecular weight over 30 kDa (see figure 1.3). 

 

Figure 1.3. Degradable third generation dendrimers formed by assembly of TAA monomers. 
Image extracted from ref3. 

Different types of click chemistry can be applied together for the rapid synthesis of large 
dendrimers. Hawker and Malkoch in 2010 reported the synthesis of a sixth generation 
dendrimer using two orthogonal click reactions: CuAAC and thiol-ene coupling.4 Two 
different monomers, both based on propionic acid, had to be synthesized and they were of 
the motif AB2 or CD2 (see figure 1.4). The first monomer contained one thiol and two 
azides, and the second monomer contained one alkyne and two alkenes. 
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Figure1.4. Building block monomers for the synthesis of dendrimers by the CuAAC and thiol-
ene coupling click chemistry reactions. 

The reiterative clicking of monomers AB2 and CD2 eliminated one step from the dendrimer 
growing process, namely the installment of anchors for click chemistry thereby making 
the synthesis less time consuming. The end result was that the sixth generation dendrimer 
could be obtained in a single day. The structure of the fourth generation dendrimer is 
given in figure 1.5.  

 

Figure 1.5. Generation 4 dendrimer formed by the assembly of the two different monomer 
building blocks. Image extracted from ref4. 
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Apart from being an effective tool for the construction of dendrimers, click chemistry can 
also serve as a synthetic approach for the decoration of the dendrimer periphery. 
Decoration of the surface can yield multivalent dendritic compounds presenting multiple 
active ligands. This feature results in a higher active compound compared to monomeric 
ones. One challenging case of this application is the conjugation of unprotected biologically 
active peptides to a dendrimer. The research group of Liskamp has used click chemistry to 
synthesize dimeric and tetrameric compounds by clicking cyclic RGD moieties onto a 
branched alkyne scaffold.5 The CuAAC provided an efficient method for the complete 
attachment of the cyclic RGD peptides resulting in multivalent RGD dendrimers that 
display a higher affinity towards the integrin receptor as compared to the monomeric 
compound.  

Other researches have used click chemistry in order to obtain multifunctional dendrimers 
by clicking two dendron wedges together and afterwards decorating the periphery using 
sequential click reactions.6 

 

Figure 1.6. Sequential click reactions for the construction of multifunctional asymmetrical 
dendrimers. Image extracted from ref6. 

In this approach which is illustrated in figure 1.6, two different polyester dendron wedges 
were prepared: one dendron with a dibenzocyclooctyne (DIBO) moiety in the focal point 
and terminal alkynes, and another dendron with an azide in the focal point and TMS-
protected alkynes in periphery. The two dendrons were connected by strain-promoted 
alkyne-azide cycloaddition (SPAAC) yielding an asymmetrically protected dendrimer 
which was afterwards diversely decorated with with polyethylene glycol or galactosyl 
residues. 

 

 

 

 

 

 

 



Objectives 
 

39 
 

Objectives  

These examples indicate that click chemistry is a versatile utility for the assembly, 
functionalization and linking of dendrimers. The common ground between the given 
examples is the robust ability of click chemistry to efficiently fuse two moieties together 
under mild reaction conditions. The main advantage is the requirement of only 
stoichiometric amounts of starting materials without the formation of byproducts. This 
leads to the formation of defect-free dendrimers which do not need complicated 
purification. Furthermore, click chemistry is often compatible with many functional 
groups residing in the dendrimer.  

These reasons formed the motivation behind our interest in exploring click chemistry as a 
synthetic tool for the growth of our OEG-based dendrons. This dendron family is 
composed of a first generation OEG-based dendron, which can also be considered a 
building block for dendrimer growth, that consist of a diethylene triamine pentaacetic acid 
(DTPA) core unit functionalized with four short OEG-branches. The second generation 
dendron can be obtained through amide bond formation by assembly of four dendrons 
onto the branches of the central core dendron.7 But this approach was quite difficult and 
required purification by reverse phase chromatography and therefore yields were 
moderate. Our belief was that click chemistry could help to overcome these issues and 
provide a tool for the successful assembly of higher generation dendrons. Due to its 
widespread use in dendrimer assembly, the CuAAC reaction was chosen for this purpose. 

Development of the synthetic methodology involving click chemistry for the PEG-based 
dendron system was divided into the following three facets: 

• Synthesis of a new branching unit functionalized with an alkyne moiety. 
• Functionalization of the dendron surface with azides to function as anchors for 

CuAAC.  
• Fine-tuning of the CuAAC reaction conditions to optimize product yields and 

purity. 
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Results and discussion 

1.2. Synthesis 

1.2.1. Synthesis DTPA derived benzyl ester core 

As in the case in most case of dendrimer synthesis, everything starts in the core. The first 
generation dendron was synthesized using an analog of the pentaacid DTPA as a core. 
DTPA stems from a family of polyamine carboxylic acid compounds, which also includes 
ethylene diaamine tetraacetic acid (EDTA) and the cyclic structure 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacid (DOTA). These compounds are used widely as 
complexing agents for lanthanide ions for application in medical diagnostics. DTPA 
possesses five carbolyxic acids which can be used as sites for functionalization. These five 
functional groups permit a high degree of branching and therefore it was seen as a suitable 
structure of a  branching unit.  

Additionally, the functional groups can be protected diversely and this allows the 
synthesis of a dendron with several functionalities. In our case, the core unit which is used 
most has one carboxylic acid protected orthogonally towards to other four.  This implies 
that dendrons with a 4+1 motif can be constructed. The single carboxylic acid is protected 
by a benzyl group whilst the other four are protected by the acid-labile tert-butyl group.  
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Scheme 1.1. Synthesis of pentafunctional DTPA derived dendron core unit. 

The core, which can also be denominated a dendron of generation 0.5, was constructed in 
a few synthetic steps (see scheme 1.1) following a protocol for the synthesis of 
multidentate ligands.8, 9 First of all, 2.2 equivalents of tert-butyl bromoacetate was reacted 
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with 1.0 equivalent of ethanolamine using KHCO3 as the base. This reaction yielded the 
compound 1 without the need for purification and with quantitative yield. Secondly, the 
bromoderivative 2 was synthesized by brominating compound 1 using NBS and PPh3. 
Compound 2 was purified using flash chromatography in order to get rid of the difficult to 
remove PPh3 and finally obtained with a yield of 71%. And finally, 2.2 equivalents of the 
bromoderivative 2 were reacted with the amino acid analogue, glycine benzyl ester p-
tosylate, in order to obtain the completely and orthogonally protected compound 3. This 
reaction was completed in one day and took place in a biphasic reaction mixture of CH3CN 

and a highly concentrated phosphate buffer with pH 8. Use of the p-tosylate of the glycine 
benzyl ester was required in order to reduce the overalkylation of the central tertiary 
amine. Without the p-tosylated glycine benzyl ester, the monoalkylated and trialkylated 
products would be formed more and the yield would be lower. The multifunctional 
dendron core could be obtained at a multi-gram scale and high purity after flash 
chromatography. Using an acidic solution of 4 M HCl in dioxane, the tert-butyl protecting 
groups can be removed quantitatively and subsequently yielding the partially deprotected 
tetraacid 4, which has four carboxylic acids available for further conjugation, and one 
carboxylic acid protected by a benzyl ester with a global yield of 41%.  

 

1.2.2. Synthesis DTPA derived alkyne core 

The first generation alkyne functionalized building block dendron was synthesized using a 
different analog of the pentaacid diethylene triamine pentaacetic acid (DTPA) as a core. 
Instead of having five carboxylic acids available for conjugation, the alkyne core only has 
four. The carbolyxic acid in the focal point of the DTPA core, which was protected by a 
benzyl ester, has made way for an alkyne moiety. This alkyne group serves as a handle for 
copper-catalyzed click chemistry. The reason for the introduction of the alkyne moiety 
instead of an azide group was based on safety. The core already contains three nitrogens; 
the introduction of three more nitrogens in the form of an azide, would make the core 
more prone to explosion and therefore more dangerous to work with. The alkyne core was 
synthesized in a manner very similar to the synthesis of DTPA core (see scheme 1.2). The 
bromoderivative compound 2 was reacted with 0.45 equivalents of propargylamine in 
order to obtain the protected alkyne functionalized dendron core 5 with a yield of 83% 
and a purity of 99%.  This reaction was completed in one day and took place in CH3CN at 
an elevated temperature of 80°C. In this specific situation, overalkylation of the central 
tertiary amine was avoided by using DIEA as a base instead of the biphasic system of ACN 
and phosphate buffer. Final treatment with 4 M HCl in dioxane renders core 6 
quantitatively and with a global yield of 59%. 
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Scheme 1.2. Synthesis of alkyne functionalized DTPA derived building block unit. 

 

1.2.3. Synthesis first generation dendron 

 The first generation dendron was constructed by conjugating four monodisperse 
oligoethylene glycol (OEG) chains of exact length to the deprotected dendron core. The 
conjugated oligoethylene glycol chain, 1-(tert-butoxycarbonyl-amino)-4,7,10-trioxa-13-
tridecanamina (Boc-TOTA), is functionalized with one free amine and one Boc-protected 
amine. The compound is commercially available and its defined length permits the 
synthesis of monodisperse dendrons. Also many other monodisperse OEG-chains of 
distinct lengths and with different functional groups can be introduced to create dendrons 
with different properties. In our research group, there was lot of experience with Boc-
protected amine-functionalized dendrons, so therefore these the first types of dendrons 
synthesized in this project.  

The OEG-chains were introduced by means of amide bond formation using PyBOP as the 
coupling agent (see scheme 1.3). The best conditions for this reaction were previously 
established. The solvent consisted of a 7:3 mixture of DCM and DMF and the basicity was 
adjusted to pH 8 by the drop-wise addition of DIEA. The reaction concentration was 
approximately 10 mg/mL. The reaction was monitored by means of HPLC-MS until 
completion which usually took about one hour. 
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Scheme 1.3. Synthesis of first generation core dendron with Boc-protected amines. 

The exact same reaction conditions can be applied for the synthesis of either the first 
generation DTPA-based dendron or the alkyne-functionalized building block dendron (see 
scheme 1.4).  In fact, this synthetic approach is so robust, that both types of dendrons can 
be obtained at a multi-gram scale (85% yield) and high purity (>95%) and without the 
need for further purification. If the purity of the core compounds is excellent, the pure 
compounds 7 and 8 can be isolated by using a simple work-up of washes with 5% aqueous 
NaHCO3 and precipitation in hexane. 
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Scheme 1.4. Synthesis of alkyne-functionalized first generation dendron with Boc-protected 
amines. 

In order to have other options available in later synthetic steps for the introduction of 
azide moieties, another set of dendrons was synthesized consisting of hydroxyls at the 
periphery. These were synthesized in similar fashion as described above, starting from 
both DTPA derived precursors but longer alcohol-functionalzed OEG-chains were 
introduced (see scheme 1.5). 
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Scheme 1.5. Synthesis of first generation core dendron and building block dendron with 
alcohol groups.  

Due to the highly hydrophilic nature of the dendrons, any workup involving aqueous 
washes was impossible. Also purification by flash chromatography would be very 
complicated. Therefore these compounds were purified, after precipitation in hexane, by 
reverse phase chromatography and finally isolated with excellent purity (>95%) but 
moderate yields (60% for 9 and 53% for 10) . 

 

1.2.4. Introduction azides 

For the introduction of azides moieties in the periphery of the core dendron, two different 
strategies were explored:  one pathway for the conversion of amines to azides, and the 
other for the conversion of alcohols to azides. Having two different strategies for the 
introduction of azides into the dendrons allows for having more flexibility in their 
construction and design. 

 

1.2.5. Diazo transfer G1 

Taking into account that the first dendrons synthesized in this work were functionalized 
with four Boc-protected amine groups, a synthetic pathway was devised for the 
conversion of amines to azides, the so called diazo transfer reaction. In the past, the diazo 
transfer reaction was performed using trifluoromethanesulfonyl azide (TfN3) as an azide 
donor in a copper-catalyzed reaction. The major drawbacks of TfN3 lie in its highly 
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explosive nature and its poor shelf-life. To overcome these issues, Goddard-Borger and 
Stick developed a new efficient, inexpensive, and shelf-stable diazo transfer reagent: 
imidazole-1-sulfonyl azide hydrochloride.10 After introduction of this new reagent, it has 
found widespread use for the conversion of amines to azides, for example in the 
preparation of azido-peptides11 or oligonucleotides.12 It has also been applied for the 
decoration of PAMAM dendrimers with an adenosine receptor antagonist.13 The diazo 
transfer reagent can be easily prepared at a large multi-gram scale. 

The diazitation of amines using this new diazo transfer reagent is normally performed in a 
protic solvent such as MeOH, EtOH or 2-propanol and using K2CO3 as the base and CuSO4 
as the copper catalyst source. These reaction conditions (entries 1 and 2 in table 1) were 
initially tried for the dendron 7 (see scheme 1.6). When following the reaction by HPLC-
PDA and HPLC-MS it could be detected that the copper required to catalyze the diazo 
transfer reaction is sequestered by the chelating core (a derivative of the chelator DTPA) 
of the dendron. Therefore more equivalents of CuSO4 are required to catalyze the reaction. 
The required amount of copper was determined by HPLC analysis. In a step-wise manner 
0.25 equivalents of CuSO4 were added to the first generation dendron 7 until the amount 
of dendron-copper complex did not increase anymore as deteted by HPLC-MS; after 
adding a total of 0.5 equivalents of CuSO4, the ratio of free dendron and dendron-copper 
complex stayed constant. At first, the solvent of choice was methanol. But in basic 
conditions when using methanol, transesterification of the benzyl ester occurred. 
Therefore the solvent was changed to ethanol, THF or 2-propanol. But in these solvents, 
the K2CO3 salt used as base in the diazo transfer reaction did not solubilize well. Therefore, 
triethylamine (Et3N) was employed as base as well (entry 6 in table 1).  
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Scheme 1.6. Diazo transfer reaction applied to first generation dendron 7. 

These reaction conditions (entries 3-6 in table 1) did not yield many satisfactory results 
because the produced yields were moderate, the results were not very reproducible and 
the desired compound was difficult to purify because the undesired byproducts eluted 
similarly when purified by flash chromatography over basic alumina oxide. To see 
whether the copper chelation interfered with the reaction, other metal catalysts such as 
Zn(II) and Ni(II) were explored.14 But neither of these alternatives (see entries 7 & 8 in 
table 1.1) gave the desired improvement.   
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Entry Base Catalyst Solvent 
Conversion 

(determined by HPLC) 

1 K2CO3 CuSO4 MeOH/H2O (1:1) 53% 

2 K2CO3 CuSO4 MeOH 31% 
3 K2CO3 CuSO4 EtOH 39% 
4 K2CO3 CuSO4 THF 32% 
5 K2CO3 CuSO4 2-propanol 61% 
6 Et3N CuSO4 2-propanol 64% 
7 Et3N ZnCl2 2-propanol 44% 
8 Et3N NiCl2 2-propanol 51% 

9 K2CO3 - DMF/H2O (1:1) 84% 

10 - - DMF/PBS (pH 8) 56% 

11 NaOH - 
DMF/borate buffer 

(pH 8.5) 
83% 

12 NaOH - DMF 94% 

Table 1.1. Reaction conditions explored for the diazo transfer reaction applied to the first 
generation dendron. 

In the end the best reaction conditions were found by the discovery of useful information 
in the literature about the application of the diazo transfer reaction in peptides and 
proteins.15, 16 In these specific articles, the authors claim that the new diazo transfer 
reagent in fact is so effective, that no copper catalyst is required to drive the reaction to 
completion. The fact that no copper catalyst is needed effectively removes one reaction 
parameter, which was complicated by the chelating capacity of the dendrons, from the 
equation. According to the authors of these papers, what indeed influences greatly the 
diazo transfer reaction is the choice of solvent and the pH of the reaction media. By 
controlling the pH, they were able to selectively diazotize specific amines in an entire 
protein. They also found out that the diazo transfer reaction is more effective when carried 
out in more polar solvents such as DMF and H2O instead of protic solvents such as MeOH, 
EtOH or 2-propanol.  
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Scheme 1.7. Diazo transfer reaction applied to first generation dendron 7. 

Taking this newly acquired knowledge into account, new reaction conditions were tried 
using the solvent DMF as a starting point (see entries 9-12 in table 1). DMF was chosen 
instead of the more effective solvent H2O because of the poor solubility of the final 
compound 11 (see scheme 1.7). As more amines are converted to azides, the solubility in 
water of the dendron decreases because the solubility properties are dominated by the 
periphery.17 

Figure 1.7. HPLC traces of diazo transfer reaction of first generation dendron: A) After 15 minutes; B) 
After 30 minutes; C) After 60 minutes; D) After 90 minutes. HPLC was run with a C18 Sunfire column 

running a gradient 5→100 ACN in H2O in 8 minutes. 
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The progress of the reaction was carefully monitored with HPLC-PDA and HPLC-MS. It was 
of vital importance to maintain the pH of the reaction in the range of 7.5-8.5. Under this 
specific range, the diazo transfer would not proceed and above this range secondary 
reactions would occur resulting in the formation of impurities. As the reaction took place, 
the pH slowly decreased and additional base had to be added to allow the diazo transfer to 
proceed. This also happened even was the pH of the reaction mixture was kept in check by 
means of a 2 M borate buffer (pH 8.5). The recurring decrease in basicity meant that the 
diazo transfer reaction required a quite hand-on approach.  So at the beginning, base was 
added to increase the pH to 8.0-8.5 in order to jump-start the diazo transfer. Then using 
HPLC, the reaction was monitored at intervals of 15 to 30 minutes (see figure 1.7). If no 
progress could be observed anymore, and the pH was measured to be too low, another 
shot of base was added to re-establish the pH of the mixture and favour the diazo transfer 
reaction. This was repeatedly done until the formation of the required product was 
complete. The desired product 11 could be isolated by flash chromatography over basic 
alumina oxide at a good yield of 89%. 

 

1.2.6. Mesylation & azide displacement 

A widespread method for the introduction of azides intro dendritic materials is the 
conversion of alcohols to azides.2, 18, 19 For this particular synthetic strategy, the earlier 
described hydroxyl-terminated dendrons 9 and 10 were prepared. This conversion is 
done by forming the intermediate dendron with a good leaving group such as a halogen or 
a mesyl chloride. The azide is then introduced by reaction with an excess of NaN3. The 
synthetic steps are illustrated in scheme 1.8. 
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Scheme 1.8. Synthesic strategy for the conversion of alcohols to azides. 

The first generation core dendron was subsequently subjected to the mesylation reaction 
using excesses of triethylamine and methanesulfonyl chloride in dry, ice-cooled THF under 
an argon atmosphere. After work up, the mesylate intermediate dendron could be isolated 
(83% yield) and was reacted overnight with an excess of NaN3 in DMF heated to 80°C. The 
final azide-functionalized dendron 12 could be obtained with an overall yield of 59%.  

 

1.2.7. Click chemistry towards the second generation dendron 

Having obtained the required components (azide functionalized core dendrons 11 and 12 
& alkyne functionalized building block dendrons 8 and 10), the construction of the second 
generation dendron by CuAAC could get underway.  

Traditionally, for the coupling of an azide containing reagent to an alkyne containing 
reagent, a mixture of Cu(II)  (i.e. CuSO4) and a reducing agent (i.e. sodium ascorbate 
(NaAsc)), which produces the Cu(I) in situ, is used.  Therefore the first trials to construct 
second generation dendrons were performed using catalytic amounts of the Cu(II) source 
and the reducing agent: 0.05 equivalent of CuSO4, and 0.1 equivalent of NaAsc per 
azide/alkyne moiety. The first attempts were done with the Boc-protected alkyne dendron 
8 and the core dendron 11. The reaction was performed in a 1:1 mixture of acetone/H2O 
in order to facilitate the solubility of both dendrons and salts. Progress of the reaction was 
monitored using HPLC-MS.  Even after hours of reaction time, no desired product could be 
observed by HPLC-MS. Not even incomplete incorporation, meaning that just one or two 
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alkyne-functionalized building block dendron were introduced onto the azide dendron, 
could be observed. In the HPLC chromatogram (see figure 1.8) one peak appeared just in 
front of the peak of both starting dendrons.  

 

Figure1.8. HPLC chromatogram of the reaction for formation of the second generation 
dendron using catalytic amounts of CuSO4 and NaAsc . HPLC was run with a C18 Sunfire 

column running a gradient 5→100 ACN in H2O in 8 minutes. 

 The masses detected in this new peak correspond to the mass of the original dendrons 
plus 63 Da units more . This number corresponded exactly to the mass of a single copper 
ion and therefore the increase in mass of the dendrons can be attributed to the chelation 
of copper by both dendrons. This complexation means that the copper, which is required 
to catalyze the CuAAC, was sequestrated from the reaction media, and therefore cannot 
participate in the reaction.  To overcome this issue, an excess of copper/reducing agent 
had to be used instead of just a catalytic amount. The required excess was determined by 
adding, in a step-wise manner, 0.2 and 0.4 equivalents of CuSO4 and NaAsc respectively 
until formation of the second generation dendron occurred. This finally happened when a 
total of 3.0 and 6.0 equivalents of CuSO4 and NaAsc were added to the reaction mixture.  

These conditions indeed yielded the desired second generation dendron, albeit together 
with other unidentifiable side products (see figure 1.9), which were difficult to remove. 
The formation of these byproducts was most probably caused by the excess of NaAsc as 
they appeared after the addition of NaAsc.  

 

Figure 1.9. HPLC chromatogram of dendron 12 after workup using CuSO4 and NaAsc as the 
CuAAC reagents. HPLC was run with a C18 Sunfire column running a gradient 5→100 ACN in 

H2O in 8 minutes. 

Dendrons 8 & 11 

Dendrons (8 + Cu) 

& (11 + Cu) 

Impurities 
Dendron G2 
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To overcome this complication, alternatives for NaAsc were explored. These alternatives 
included the reducing agents tris(2-carboxyethyl)phosphine TCEP20, 21 and 
triphenylphoshine (PPh3).22  However, the problem with using phosphines as reducing 
agents, especially in larger quantities, is the reduction of azides to amines. Thus these 
alternative did not work out. Another tried alternative was the copper immobilized on 
charcoal.23  This alternative was first tried in a trial experiment clicking phenylacetylene 
onto the azide functionalized dendron. After 15 minutes of microwave heating at 100 °C all 
the phenylacetylene moieties were incorporated. Applying these conditions to the 
formation of the second generation was not succesful. Only the incorporation of  a single 
alkyne funcionalized building block dendron could be detected (in trace amounts), even 
after extended microwave heating.  
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Scheme 1.8. Synthesis of second generation dendron 13 containing Boc-protected amine 
groups. 

The best results were achieved by omitting the use of reducing agents and using a direct 
source of Cu(I) such as CuCl (see scheme 1.8). The base DIEA makes the alkyne more 
accessible for coordination with the copper and thereby facilitates the reaction.24 Under 
inert conditions, the oxidation of Cu(I) to Cu(II) by oxygen is impeded and the reaction 
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proceeds smoothly. These reaction conditions allow the multi-scale synthesis (at least 1 g) 
of the monodisperse second generation dendron 13 with almost quantitative yields (95%) 
and high purity without the need for further purification (see figure 1.10). The only 
manipulation required was a workup with aqueous washes with a solution of 5% NaHCO3 

and 0.05 M of the chelating agent EDTA in order to remove the base and the excess of 
copper in solution and the copper trapped in the core branching units. 

 

Figure 1.10. HPLC chromatogram of dendron 13 after workup using CuCL as the CuAAC 
reagent. HPLC was run with a C18 Sunfire column running a gradient 5→100 ACN in H2O in 8 

minutes. 

These conditions for the CuAAC reaction were also very suitable for the dendrons fitted 
with alcohol functional groups (see scheme 1.9).  
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Scheme 1.9. Synthesis of second generation dendron 14 containing alcohol functional 
groups.  

No standard workup involving washes with EDTA could be used to isolate the desired 
compound because the hydrophilic dendron goes to aqueous phase. Instead the second 
generation dendron was dissolved in aqueous EDTA to remove the trapped copper. Due to 
its hydrophilicity the second generation dendron could be purified by dialysis in water 
thereby removing the base, EDTA and the EDTA-copper complex. Afterwards the second 
generation dendron 14 with alcohols could be obtained with high purity (see figure 1.11). 
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Figure 1.11. HPLC chromatogram of dendron 14 after purification by dialysis. HPLC was run 
with a C18 Sunfire column running a gradient 5→100 ACN in H2O in 8 minutes. 

The optimization of the CuAAC reaction permitted the construction of second generation 
dendrons with either alcohol functional groups or Boc-protected amines. Before 
proceeding to the construction of the third generation dendron, a strategic choice had to 
be made between the diazo transfer reaction or the mesylation/azide displacement for the 
synthesis of the second generation azide functionalized scaffold. The choice was made to 
continue with the diazo transfer reaction. The yield of this reaction was higher and 
involved less steps. Furthermore, the Boc-protected amine dendritic platforms are easier 
to handle than the hydrophilic alcohol functionalized platform and the amines can be 
conjugated more easily with different type of moieties through amide bond formation.  

 

1.2.8. Diazo transfer second generation dendron 

The successful construction of the second generation dendron signified that obtaining the 
third generation dendron was two steps away. The first step consisted of the 
incorporation of sixteen azides into the second generation dendron surface. Then 
afterwards the third ge  neration dendron could be formed by clicking the alkyne 
functionalized building block onto the azide functionalized scaffold via CuAAC. However, 
as the number of functional groups on the periphery increases, the complexity of the 
chemistry is multiplied. To ensure complete conversion of the amines to azides, higher 
quantities of reagents are required, as well as longer reaction times resulting in more 
secondary reactions and more defects in the structure.  
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Scheme 1.10. Diazo transfer reaction applied to first generation dendron 13. 

The same diazo transfer reaction conditions which were used for the first generation 
dendron were applied to the second generation dendron (see scheme 1.10). Progress of 
the reaction was monitored with HPLC-PDA and HPLC-MS by tracking the steady increase 
in retention time of the peak in the chromatogram (see figure 1.12). In similar fashion to 
the first generation dendron, the pH was kept in the range of 8.0-8.5 by adding small 
amounts of aqueous NaOH. Controlling the reaction in this case was even more tedious 
than as it was for the first generation dendron and formation of impurities could not 
entirely be avoided. The impurities characteristically had an increase of mass in 
increments of 27 Da as detected by HPLC-MS. The number 27 corresponds to the increase 
in mass after introduction of the azide moiety. Because all amines in the periphery had 
been converted already, perhaps other sites for diazotation exist in the dendritic structure.  
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Figure 1.12. HPLC traces of diazo transfer reaction third generation dendron: A) After 30 
minutes; B) After 120 minutes; C) After 180 minutes; D) After 240 minutes; E) After 300 

minutes. HPLC was run with a C18 Sunfire column running a gradient 5→100 ACN in H2O in 8 
minutes. 

Despite the tricky nature of the reaction, complete formation of the azide functionalized 
dendron could indeed be achieved albeit coupled with the formation of defect dendrons. 
However, the desired product, without defects, could be isolated by means of reversed 
phase chromatography with excellent purity (>95%). 

 

1.2.9. Click reaction towards the third generation dendron 

The synthetic approach for growing dendrons by CuAAC was robustly optimized by using 
a direct source of copper (I). Also, the diazo transfer reaction enabled the synthesis of the 
second generation azide-functionalized dendron. These two accomplishments allowed the 
construction of higher generation dendrons to be taken one step further by synthesizing 
the third generation dendron. The same conditions used for obtaining the second 
generation dendron were applied (see scheme 1.11).  
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Scheme 1.11. Synthesis of third generation dendron 16 consisting of Boc-protected amines. 

The reaction was monitored using HPLC-MS. Due to the sheer size of the third generation 
dendron, the formation of the desired product itself could not be monitored. However, the 
disappearance of the second generation azide-functionalized dendron could be observed 
together with the decreasing quantity of the alkyne-functionalized dendron. 

Finally, NMR also confirmed the formation of the third generation dendron. Formation of 
the triazole moiety by CuAAC is easily identified by the appearance of a characteristic 
sharp peak at about 7-8 ppm which represents the single proton of the heteroatomic ring 
(see figure 1.13).  
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Figure 1.13. NMR spectrum of third generation dendron with free amines. The inset shows 
the partial structure of the dendron and some of the protons which can be identified in the 

NMR spectrum. 

 

Furthermore, the adjacent alkyne methylene proton (t1) as well as the methylene protons 
of the OEG-chain (t2 & t3) will undergo a shift upfield after the click reaction has occurred.  

Signal G3 

 Theoretical 
value 

Integrated 
value 

           t 20 20.16 
           t1 40 39.59 
           t2 40 36.33 
           t3 40 42.47 
          c 84 75.63 
          c1 84 81.57 
          p 128 123.15 
          p1 168 172.62 

 

Table 1.2. Theoretical and integrated values of proton signals of the third generation 
dendron with free amines. 

 Integration of the signals corresponding to the triazole ring and the adjacent protons and 
subsequently comparing them to the protons of the OEG-chain and the DTPA-derived core 
led to the conclusion that the third generation dendron was successfully formed. The 
integrated values and the theoretical values are given in table 1.2.  
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1.3. Physical characterization  

In order to further confirm the formation of the desired product, other analytic 
techniques, such as dynamic light scattering (DLS) and size exclusion chromatography 
(SEC) had to be applied. For this purpose, the Boc-protecting groups of the third 
generation dendron, together with the second and first generation dendrons, were 
removed by acidic treatment using TFA and subsequently lyophilized. This yielded the 
water soluble amine-functionalized dendrons which could be analyzed by SEC and DLS. 
For analysis by SEC and DLS, the dendrons had to be dissolved in a buffer (0.2 M 
phosphate, 0.05 NaCl, pH 7.2) in order to avoid aggregation. Also zeta-potential 
measurements were performed to gain insight about the charge of the dendrimers.  

 

1.3.1. Dynamic light scattering 

DLS enabled the estimation of the diameter of the dendrons and more importantly, 
allowed for the relative comparison of the size of the first, second and third generation 
dendron (see figure 1.14). 

Figure 1.14. Size distribution by volume of dendrons G1, G3 and G3 as measured by DLS. 

The sizes of the dendrons were estimated to be around 1.5 nm, 3.5 nm and 9 nm for the 
first, second and third generation dendron respectively. This was in quite good agreement 
with the reported dimensions of PAMAM dendrimers of similar molecular weight (see 
table 1.3). The generation 3 PAMAM dendrimer with MW 6909 Da and a diameter of 3.6 
nm corresponds well with the second generation OEG-dendron with MW 6128 and a 
diameter of 3.5 nm. However, the third generation OEG-dendron with MW 25000 and a 
diameter of 9 nm does not correspond so well with the generation 5 PAMAM dendrimer 
with MW 28826 which has a lower diameter of 5.4 nm. This discrepancy for higher 
molecular weight possibly hints at a lower degree of packing for the OEG-dendrons 
meaning that their hydrodynamic radius is larger than their molecular weight would 
indicate.  

 

G1 
G3 

G2 
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Generation 
Molecular 

weight 
(Da) 

Diameter 
(nm) 

Surface 
groups 

0 517 1.5 4 
1 1430 2.2 8 
2 3256 2.9 16 
3 6909 3.6 32 
4 14215 4.5 64 
5 28826 5.4 128 
6 58048 6.7 256 
7 116493 8.1 512 
8 233383 9.7 1024 
9 467162 11.4 2048 

Table 1.3. Properties of PAMAM dendrimers of generation 1-9. Data copied from 
www.dendritech.com. 

 

1.3.2. Size exclusion chromatography 

These results were corroborated by SEC analysis. SEC is a chromatographic method used 
to separate molecules such as proteins or polymers by their size, not by their molecular 
weight, although the two properties are correlated obviously.  The technique is based on 
the discrimination of molecules by mean of their passage through the pores of the packing 
materials. Therefore SEC is not based on interaction with the stationary phase but on the 
passageway. Larger molecules are not able to enter the pores whereas smaller molecules 
can access most pores. This means that the smaller molecules travel a longer way and 
elute last from the column.  

SEC was performed using a Waters Ultrahydrogel 250 column with PBS buffer as eluent 
and the dendrons eluted at 12.0, 10.4 and 9.4 minutes for G1, G2 and G3 respectively (see 
figure 1.15).  
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Figure 1.15. SEC traces of dendrons G1, G2 and G3 as determined using a Waters 
Ultrahydrogel 250 column and PBS as the eluent. 

The peaks corresponding to the dendrimers G2 and G3 have a shoulder compartment on 
their right. This indicates that there are some dendrimer species present which contain 
defects and that dendrimer assembly was not totally complete. However, the main peaks 
show a neat symmetry and therefore it can be concluded that dendrimer construction was 
successful.   

 

1.3.3. Zeta potential 

The zeta potential describes the electric potential of the ionic double layer surrounding 
particles in solution. It is a parameter used to measure to attraction or repulsion between 
particles and therefore is one of the parameters known to affect stability of colloidal 
systems and brings insight into the causes of dispersion, aggregation and flocculation. And 
because the zeta potential describes the charge at the surface of the particle it can also be 
used to foresee possible interactions with other types of oppositely charged particles. In 
the case of the dendrimers, the charge at the surface is determined by the nature of the 
functional groups at the periphery. Therefore the zeta potential was measured for both 
amine-functionalized and acetylated dendrimers of generation 1, 2 and 3. Acetylation of 
the amines was done with acetic anhydride and DIEA. 

 

5 7 9 11 13 15

Elution time (minutes) 

G1 G2 G3 
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Figure 1.16. Zeta potential of dendrons of generations 1-3 with either acetyl groups or free 
amines at the periphery. 

In figure 1.16 the zeta potential for the different dendrimers at increasing concentration is 
depicted. Although the measurements can have quite some variation, some trends can be 
observed. As expected, the polycationic dendrimers with free amine groups have a 
positive zeta potential of around 30 mV resulting from the positively charged amine 
groups. The acetylated dendrimers on the other hand, possess a neutral charge at the 
periphery. These results are coherent with results from the literature. The zeta potential 
of PAMAM dendrimers was measured to be between 10 and 30 mV whilst PAMAM 
dendrimers capped with other functional groups had a zeta potential of about 0 mV.25-27 
The positive charge of amine terminated dendrimers is associated with cytotoxicity but 
can also be used to form dendriplexes with DNA.25, 26, 28, 29 

 

1.4. Biological evaluation 

To evaluate whether OEG-based dendrons synthesized in this work can be used for further 
biomedical applications, their biocompatibilty was assessed by performing cytotoxicity 
and hemocompatilibity assays. 

For this purpose, dendrons of generation 1 to 3 with different functional groups in the 
periphery were prepared: G1-NH2, G1-Ac, G1-N3; G2-NH2, G2-Ac, G2-N3; G3-NH2, G3-Ac. 
Despite its succesful synthesis, the third generation polycationic dendrimer G3-NH2 was 
ommitted in the end because aggregates formed at the concentrations which were to be 
evaluated.  

Previous results with cytotoxicity assays in the literature show that large cationic 
dendrimers with a high number of free amines can lead to cell death30, 31 or change the 
morphology of red blood cells.32 Dendrimers with other functinal groups at the periphery 
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and therefore are not polycationic do not induce cytotoxicity.33, 34 Therefore we choose to 
also evaluate acetylated dendrons in order to determine whether the suspected 
cytotoxicity of large dendrons is in fact caused by their size or by their surface charge. 
Furthermore, this acetyl analogues could be a good mimic of the potential structures to be 
synthesized and used for further applications.  Dendrons functionalized with azides were 
evaluated for their biocompability because they might serve as cross-linkers for 
biomaterials. 

 

1.4.1. Cytotoxicity 

The cytotoxicity induced by the dendrimers was assayed by incubating the different types 
of dendrimers with L929 fibroblast cells. These studies were performed at the 
Interfacultary Research Center of Biomaterials at the University of Liège under the 
supervision of Dr. Christian Granfils. The advantage of using fibroblasts instead of tumor 
cells is that fibroblasts are part of healthy tissue whilst tumor cells are pathological. The 
dendrons were incubated for a duration of two hours and the cell viability was measured 
using the MTT assay. 

 

Figure 1.17. Cell viability of fibroblasts as assasyed by MTT after 2 hours of incubation with 
the dendrons.  

As can be seen in figure 1.17, the cell viability did not seem to be affected significantly or in 
a concentration-dependent manner.  Not even the polycationic dendrons of generation 2 
and 3 did cause significant cell death in the time frame of two hours. Therefore the 
dendrons seem to be biocompatible in this particular cell-line. 
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1.4.2. Hemolysis 

When the integrity of cellular membrane of erythrocytes is compromised, the content of 
the cell (the cytoplasm) is released into the surrounding medium. This process of 
erythrocyte rupture is called hemolysis and can be characterized by measuring the release 
of hemoglobin. Hemolysis can lead to anemia, jaundice or other pathological conditions. In 
additions, toxic effects can cause damage to the lungs or other organs. 

Hemolysis induced by the dendrons was assessed according to the ASTM (standard 
practice for assessment of haemolytic properties of materials, American Society for 
Testing and Materials Designation) using Drabkin’s method. The hemolysis rate was 
measured at the Interfacultary Research Center of Biomaterials at the University of Liège 
under the supervision of Dr. Christian Granfils. The dendrons were incubated with whole 
blood during a 15 minute period at a concentration range of 0.1 – 100 µM.  Compounds are 
considered non-haemolytic when release of free Hb is <2% and are considered haemolytic 
when release of free Hb is >5%.  

 

Figure 1.18. Hemolysis induced by dendron in whole blood, expressed as percentage to 
whole blood hemoglobin content.  

In figure 1.18 the release of free Hb, and thus the degree of hemolysis, is given for every 
type of dendron. Not any single type of dendron, not even the polycationic dendrons G1-
NH2, G2-NH2, and G3-NH2, induced a significant release of free Hb. These results means 
that the integrity of the cellular membrane of the red blood cells was not affected at the 
assessed concentrations. The integrity of the cellular membrane is strongly dependent of 
the chemical groups residing on the periphery of the dendron. 
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1.4.3. Red blood cell morphology 

Hemmaglutination is the process in which red blood cells, the erythrocytes, clump 
together and form aggregates. These aggregates can undermine the healthy circulation of 
blood and therefore hemmaglutination induced by foreign particles has to be studied in 
order to determine the hemocompatiblity. 

Polycationic molecules, such as dendrimers, can have multivalent interaction with the 
negative charges which reside on the membrane of the erythrocytes.  The negative charge 
on the outside of red blood cells is mainly caused by the carboxylic acid of the 
monosaccharide derivative sialic acid. This is illustrated by the fact that with sialic acid the 
zeta potential of a red blood cell is -15.7 mV, while without sialic acid the zeta potential is -
6.06 mV.35 Hemmaglutination occurs when the attracting interaction between the 
oppositely charged polycations and erythrocytes exceeds the repulsion of the negatively 
charged cellular membranes.  

The morphology of red blood cells was determined by microscopic studies performed at 
the Interfacultary Research Center of Biomaterials at the University of Liège under the 
supervision of Dr. Christian Granfils. In figure 1.19 the microscopic images are given of red 
blood cells after 15 minute incubation with the different types of dendrons at 0.1 µM and 
100 µM doses. The red blood cells seemed to be unaffected by any type of dendron as no 
hemmaglutination or change in cell morphology could be observed.  

Based on the polycationic nature of dendrons G1-NH2, G2-NH2, and G3-NH2, a degree of 
hemmaglutination could be expected due to interaction with the negatively charged 
membrane of the erythrocytes. But this effect could not be observed in the microscopic 
images. It is possible that the positive charge is neutralized by interactions with plasma 
proteins (especially negatively charged proteins at pH 7.4). Consequently, the interaction 
between the erythrocytes and the dendron is reduced to a minimum and 
hemmaglutination is thereby avoided. 
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Figure 1.19. Microscopic images of red blood cells (smear) in whole blood after 15 minutes 
exposure to the different dendrons. Control 1: Whole blood without exposure to dendrons 

and without incubation. Control 2: Whole blood without exposure to dendrons but with 
incubation. 
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1.4.4. Cell count and size distribution of platelets, white blood cells and red blood 
cells 

Determining the cell count and size distribution of the cellular components can give more 
insight into the effect of the dendrons on the integrity of the blood cells. The platelets, for 
example, can be very sensitive to having contact with foreign surface which can lead to 
platelet activation and aggregation. Furthermore, the shape and size of erythrocytes is 
important for their ability to pass through small diameter capillaries. In sickle-cell disease, 
the changed morphology of the erythrocytes can result in obstruction of smaller blood 
vessels.  

The cell count and size distribution of the blood cells was determined at the Interfacultary 
Research Center of Biomaterials at the University of Liège under the supervision of Dr. 
Christian Granfils. The different types of dendrons were incubated in whole blood for 15 
minutes at different concentrations (0.1 µM, 1 µM, 10 µM and 100 µm). The results for the 
cell count for platelets, white blood cells and red blood cells are given in figure 1.20. No 
significant changes could be observed in the cell count nor the size distribution of 
platelets, white bloods cells and red blood cells.   
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Figure 1.20. Cell count of red blood cells (above), platelets (middle) and white blood cells 
(below) after 15 minutes of incubation with the dendrons. Control 1: Whole blood without 
exposure to dendrons and without incubation. Control 2: Whole blood without exposure to 

dendrons but with incubation. 

 

1.4.5. Complement system activation 

As the name suggests already, the complement system is a system that augments the 
ability of antibodies and phagocytic cells to clear pathogens (such as bacteria or viruses) 
from the organism and complements the cellular and humoral immunity. The system is 
made up of a large number of plasma proteins that react with one another to opsonize 
pathogens and induce a series of inflammatory responses which help to fight infection.36  
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If the complementary system is activated by the presence of nanoparticles, the resulting 
activation cascade can lead to the rapid elimination of these nanoparticles from the 
systemic blood pool through phagocytic uptake by the vacuum cleaner like mononuclear 
leukocytes. In the complementary system, the plasma protein C3 plays a very central core; 
it is cleaved into the anaphylatoxin C3a and the opsonization marker C3b. Because of its 
central core in complement system activation, this protein is considered the important 
parameter to study.37 

 

Figure 1.21. Complement system activation in whole blood induced by the dendrons after 15 
minutes exposure. The complement system activation is expressed in percentage of C3a 

concentration with respect to control 3. Control 1: whole blood incubated with Zymosan. 
Control 2: Whole blood without exposure to dendrons and without incubation. Control 3: 

Whole blood without exposure to dendrons but with incubation. 

In figure 1.21 the results for the study of the complement system activation are given. The 
concentration of C3a was measured by means of an ELISA kit assay after incubation of the 
dendrons during 15 minutes at concentrations of 0.1, 1, 10 and 100 µM of dendrimer. As a 
positive control, Zimosan was used. Zimosan is a polysaccharide originating from a 
bacterial cell membrane and it activates the complement system. These studies were 
performed at the Interfacultary Research Center of Biomaterials at the University of Liège 
under the supervision of Dr. Christian Granfils. Compared to the positive control, 
significant activation up to 200% could be observed for the polycationic dendron Bn-G2-
NH2. But this activation did not show any dependence on the concentration as the 
activation is higher at 1 and 10 µM than at 100 µM. The activation of the complement 
immune system by positively charged particles has been described before.38, 39 Activation 
of the complement immune system signaling pathway by polycationic nanoparticles 
depends on the size and density charge of the particle; larger particles with a high density 
charge lead to higher complement activation. The activation can be reduced by modifying 
the surface of the molecules with polyethylene glycol chains.   
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1.4.6. Hemostasis 

Hemostasis is the mechanism possessed by an organism in order to prevent blood loss.The 
effect exerted by the different types of dendrons on the hemostasis was determined by 
performing blood coagulation assays through both the intrinsic and extrinsic pathway. 
The intrinsic pathway is a coagulation cascade that begins with the exposure of blood to a 
foreign material (a surface that is not the membrane of a normal, healthy endothelial cell) 
or with trauma to platelets within the blood (via, for example, interactions with a foreign 
material).40 To start the intrinsic cascade, factor XII binds to the foreign surface and is 
activated, starting a chain of events. Platelets will adhere to the surface of the new 
material and can potentially results in the activation of the inflammatory response.  The 
extrinsic pathway is a coagulation cascade that begins with trauma to vascular walls and 
surrounding tissue.40 This trauma causes the release of thromboplastin. The resulting 
cascade leads to appearance of thrombin and the formation of fibrin for sealing the gap in 
the endothelial wall.   

The effect of the dendrons on the coagulation cascase was studied at the Interfacultary 
Research Center of Biomaterials at the University of Liège under the supervision of Dr. 
Christian Granfils. Any effect on the intrinsic pathway was assayed by means of the total 
coagulation activity (TCA) assay. This assay allows verifying if the factors associated with 
the signaling cascade of the intrinsic pathway are adsorbed or denatured by foreign 
material, in this case the dendrons. The influence of the dendrons on the extrinsic pathway 
for blood coagulation was assayed using the Quick bioassay (also called the prothrombin 
time (PT) assay).  Also this assay allows verifying interference of the dendrons with the 
signaling cascade. In both assays, kaolin is added to start the coagulation process and the 
time until thrombus formation is measured and compared with the positive control.  

 

 

 

The results for the coagulation assays for both the intrinsic and extrinsic pathway are 
given in figure 1.22. As we can see in the right panel, blood coagulation through the 
extrinsic pathway is not affected at all by the presence of any type of dendron. One the 
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Figure 1.22. Thrombus formation in whole blood after 15 minute to exposure to the 
dendrons. Thrombus formation via the intrinsic pathway is given on the left, and via the 

extrinsic pathway on the right. Control 1: Whole blood without exposure to dendrons and 
without incubation. Control 2: Whole blood without exposure to dendrons but with 

incubation. Control 3: Whole blood incubation with kaolin. 
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other hand, the intrinsic pathway is inhibited upto 50% by the dendron Bn-G2-NH2 at a 
dose of 100 µM. At lower doses the intrinsic pathway was not affected by this specific 
dendron.  

The inhibition of the intrinsic pathway by the dendron Bn-G2-NH2 can lead to the 
assumption that some interactions occurs between this polycationic molecule and some 
proteins which are present in plasma. Other studies in the literature, for example with 
PDMAEMA polymers37, show an inhibition of both the coagulation cascades. The 
polycationic nature of the dendron presumably interacts with plasma proteins which have 
a net negative charge at physiological pH and thereby interfere with the signaling 
pathway.  
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Conclusions 

Two branching units derived from the pentaacid DTPA were successfully synthesized. 
These are functionalized in the focal point with either a benzyl ester protected carboxylic 
acid or an alkyne moiety. By introduction of monodisperse OEG-chains onto these 
branching units, first generation dendrons were constructed with good yields and 
excellent purities. 

Dendrimers of generation 2 and 3 can be constructed with high efficacy by the copper-
catalyzed azide-alkyne cycloaddition (CuAAC) using a direct source of Cu(I) as the catalyst. 
This click reaction is orthogonal towards many functional groups and allows obtaining the 
desired construct with excellent yield and purity. 

For the introduction of the azides in order to perform the CuAAC, two distinct strategies 
have been developed: hydroxyl to azide, and amine to azide conversion. Of these two 
methodologies, the amine to azide conversion using the diazo transfer reaction is the most 
efficient. Furthermore, this pathways permits the decorating the formed dendrimer 
through click chemistry and amide bond formation. 

This methodology allows for a high degree of adaptability in different parameters of 
dendrimer synthesis. The introduced OEG-chains can vary in length and can possess 
distinct types of functional groups thereby giving the first generation dendron with 
distinct functionality.  

The biocompatibility of the OEG-based dendrimers synthesized in this work was evaluated 
by assaying the cytotoxicity and the hemocompatibility.  

The hemocompatiblity studies showed that the dendrimers are well tolerated in blood, 
even at high doses up to 100 µM. The morphology of red blood cells was not affected after 
incubation with the dendrimers, and no significant hemolysis could be detected. 
Furthermore, the cell count and size distribution of erythrocytes, leukocytes and platelets 
was not influenced by any type of dendron. Both the intrinsic and extrinsic pathways of 
coagulation were not inhibited by the dendrimers, except for the cationic second 
generation dendrimer which inhibited the intrinsic pathway at the highest dose of 100 µM. 
In addition, the complement immune system was not activated by any type of dendrimer, 
except for the cationic second generation dendrimer. 

The cytotoxicity was assayed in fibroblasts and incubation of the synthesized dendrons 
did not result in any immediate cell death. However, it should be noted that the incubation 
time was short and no hard conclusions can be drawn about the long-term safety of the 
dendrons. 

The results for the biocompatibility studies are coherent with previously obtained results 
in which the biocompatibility of OEG-based dendrons constructed by amide bond 
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formation was evaluated.7 Also with these dendrons the coagulation and complement 
immune system were affected to a degree by polycationic dendrimers.  These dendritic 
platforms did not display any cytotoxicity in the SK-BR-3 cell-line, but did result in cell 
death at higher doses of polycationic dendrons in the HT-29 cell line. The results indicate 
the cytotoxicity is highly dependent on the type of cells interacting with the dendrons.  
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Introduction 

2.1 DTPA based chelators 

In the previous chapter it was described how the dendrons were able to complex copper 
and other metals such as zinc and nickel. This chelating capacity hindered the diazo 
transfer reaction initially until the use of the copper in the reaction was avoided. Also, the 
chelating capacity required the use more equivalents of copper for the CuAAC. This can be 
attributed to the branching unit of the dendron, which is a derivative of the chelator DTPA 
as illustrated in figure 2.1. 
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Figure 2.1. Molecular structure of dendrons with the DTPA derived core outlined in blue. 

DTPA is a polyamino carbolyxic acid and an expanded version of EDTA, another polyamino 
carbolyxic acid. Its chelating properties are used in the paper industry for sequestering 
metals ion in the bleaching process. DTPA is also added to cosmetic hair products to 
capture magnesium and calcium ions. In biomedicine DTPA, or another workhorse ligand 
DOTA, is used for imaging by complexating a paramagnetic gadolinium ion or a radioactive 
indium ion. In the clinic today, a variety of both cyclic and acyclic chelating ligands, based 
respectively on DOTA and DTPA, are employed in imaging application for medical 
diagnosis (see figure 2.2). Due to the toxicity of a free Gd(III) ion, the complexation 
properties of the Gd-DTPA  are studied most with the purpose of developing more stable 
ligands. DTPA is an octadentate ligand with eight coordination sites; three nitrogen 
centres and five carboxylates. The gadolinium ion has nine coordination sites and the 
remaining vacant site is occupied with a water molecule which helps in enhancing the 
signal in MRI by transferring the paramagnetic effect of Gd(III) to the bulk via an exchange 
process. The bonding between the metal center of Gd(III) and the ligand occurs through 
donation of shared electron pairs by the ligand to the metal ion.1 

The stability of the metal-ligand complex is described by two parameters: the 
thermodynamic stability and the kinetic stability. The thermodynamic stability describes 
the dynamic equilibrium between the metal [M], the ligand [L] and the complex [ML].  

[M] + [L]  ⇌  [ML] 
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Therefore the thermodynamic stability constant Ktherm can be formulated as follows.  

K𝑡ℎ𝑒𝑟𝑚 =
[ML]

[M][L] 

The constant Ktherm describes the dissociation of the metal-ligand complex. The higher the 
constant, the stronger the affinity of the ligand for the metal will be and thus release of 
free metal ions will be lower.  

Nowadays more importance is given to another parameter describing the stability of the 
complex, namely the kinetic stability. The kinetic stability describes the complex inertness 
against substitution with other chelators and/or metal ions in the organism. Determining 
this parameter is done by performing two in vitro experiments: transmetallation and acid-
assisted decomplexation.2 

 

Figure 2.2. Clinically approved contrast agent for magnetic resonance imaging with Gd(III). 
Image extracted from ref3. 

Derivatization of the DTPA ligand results in modification of the stability constants of 
complexes. The conversion of one carboxylate group into an amide moiety effectively 
decreases the thermodynamic stability constant by three orders of magnitude because the 
basicity of the backbone nitrogens is lowered. For instance, the thermodynamic stability 
constant of DTPA-BMA is 16, see table 2.1. However, this is offset by the higher selectivity 
of, for example, bis-amide derivatives of DTPA for Gd(III). The selectivity can be 
determined by calculating the ratio of the stability constants of Gd(III) and Zn(II). This 
means that these derivatives preferably bind Gd(III) over endogenous metals such as 
Zn(II). This is further confirmed by studies in which the kinetic stability of the bisamide 
complexes is high and comparable to DTPA.  
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Ligand L 
Log Ktherm 

(GdL) 
Log Ktherm 

(CaL) 
Log Ktherm 

(CuL) 
Log Ktherm 

 (ZnL) 
DTPA 22.1 10.7 21.4 18.3 

DTPA-BMA 16.9 7.2 13.0 12.0 
DOTA 25.8 17.2 22.6 21.0 

HP-DO3A 23.8 14.8 22.8 19.4 
DO3A 21 11.7 22.9   19.3 

Table 2.1. Thermodynamic stability constants of several ligand-metal complexes. Data 
extracted from ref4. 

Also in the case of a trisamide derivative of DTPA, the thermodynamic stability constant is 
lower than that of the parent molecule DTPA or bisamide derivatives.5 In contrast with the 
thermodynamic stability, the kinetic inertness of the trisamide was higher. The kinetic 
inertness was characterized by studying the rate of metal exchange with Eu(III), and Cu(II) 
and Zn(II). This is explained by the fact that the metal exchange reaction occurs via 
proton- and metal ion assisted disassociation of the trisamide. And due to the lower 
basicity of the amide groups, and as well the weaker interactions of the amide groups with 
attacking metal ions, these metal exchange reactions proceed more slowly. In the 
literature no studies can be found about tetraamide derivatives of DTPA, but there are 
some studies about pentaamide derivatives.6, 7 These derivatives have the lowest 
thermodynamic stability of all DTPA derivatives. This is illustrated by the fact that the 
heavy metal indicator Xylenol Orange turns purple, indicating the presence of free metal 
ions, in the presence of Gd-pentaamide DTPA complexes. The pentaamide DTPA and 
Xylenol Orange have a similar stability for Gd(III) and therefore a positive colorometric 
result is given. Furthermore, the positive charge of the DTPA pentaamide induces a slower 
water exchange and this has a detrimental effect on the relaxivity and thus the image 
contrast. However, the slower water exchange is beneficial in another type of MRI which 
does not depend on relaxivity: namely PARACEST imaging.8, 9 In this type of imaging, the 
higher bound water lifetime actually helps transfer the saturation effect to the water pool. 
And a higher number of amide moieties in fact promotes this effect. For this type of 
imaging also other lanthanides such as Eu(III) and Yt(III) can be used, which are not as 
toxic as Gd(III). For PARACEST imaging, tetraamides of DOTA have been prepared and 
although their thermodynamic stability might be unremarkable, their kinetic inertness 
permits their use in vivo.3, 10    

In radionuclide imaging with 111In, bisamides derivatives of DTPA have been synthesized 
in order to target cancer sites for imaging and diagnosis. For example a hydrophobic 
moiety such as stearylamide can be coupled to DTPA and improve specific targeting of LDL 
receptors.11 Functionalization of the DTPA molecule leads to drastic changes in its 
biodistribution and clearance. More hydrophilic complexes are cleared by the kidneys 
while more lipophilic complexes are cleared by the liver and the gastrointestinal tract.12 
Another example in the literature involved the conjugation of a single folic acid derivative 
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onto a DTPA molecule. The conjugate was doped with radioactive 111In and this 
radiopharmaceutical was successfully able to localize in cancerous tissues.13 

Complexes of DTPA and Tb(III) or Eu(III) are being explored as alternatives to standard 
fluorescent dyes in imaging applications. These chelates have remarkable spectra 
characteristics such as line-like emissions, low absorption coefficients and long 
luminescent lifetimes, up to milliseconds.14 Light-absorbing chromophores are attached to 
the chelator to serve as an antenna and absorb the photonic energy and transfer it to the 
encapsulated lanthanide ion. These antennas are needed because the lanthanide ion itself 
absorbs poorly.15 

 

2.2. Dendrimer DTPA conjugates 

The low molecular weight of DTPA causes the Gd-DTPA complex to be excreted rapidly by 
the kidneys and therefore remains only a short time in the blood. This is not effective in 
situations of medical diagnostics where a lengthy blood-pool persistence of the contrast 
agent is required. To overcome this issue, constructs have been made in which the 
monomeric DTPA molecule is attached covalently to macromolecular carriers such as 
proteins, linear polymers16, 17 and dendrimeric platforms.18 The use of macromolecular 
constructs had the added advantage of positively affecting the T1 relaxation rate. The 
higher molecular weight of large macromolecules causes an increase in rotational 
correlation time, a so-called slower molecular tumbling rate19, and thereby improves the 
relaxivity per gadolinium ion. This effect results in a higher sensitivity of MRI in medical 
diagnostics.20 The additional advantages of dendrimers are their controlled size and 
architecture and the ability to functionalize the terminal groups with active moieties for 
targeting and improved pharmacokinetics.19 In a recent study19, PAMAM dendrimers of 
generation 4 and 5 were functionalized with DTPA and PEG-chains of 2 and 5 kDa. The 
increase in molecular weight prolonged the retention time in the vascular pool which 
could be useful for vascular imaging in atherosclerosis, cancer and inflammatory diseases. 
However, using high molecular weight PEG-chains negatively influences the relaxation 
properties of the construct. The chains of 5 kDa impede water access to the DTPA chelator 
unit and this effect reduces the relaxivity. With PEG-chains of only 2 kDa this effect is not 
so pronounced. Targeting molecules can be added to the periphery to improve the 
specificity of dendrimeric contrast agent. Dendrimers can be functionalized with galactose 
moieties to serve in liver cell targeting21, with peptides or folic acid for specific tumour 
targeting.22, 23 

Apart from just in MRI, improved tissue specificity and pharmacokinetics by 
functionalization of dendrimers can also be achieved for radionuclide imaging using 
111In.24, 25 The research group of Liskamp have constructed dendrimeric constructs of 
cyclic RGD and a radioactive indium bearing DOTA moiety.26 The multimeric constructs 
displayed a longer retention time in the tumor.  
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The multivalent nature of dendrimers permits their use as luminescent probes by 
decorating the functional groups at the periphery with a multitude of sensitizing moieties 
and thereby enhancing the light absorption. Additionally, depending on the dendrimer 
framework, luminescent probes based on dendrimers are able to contain a higher number 
of lanthanide ions and this effect aids in maximizing the number of absorbed and emitted 
photons. In the literature several examples of studies27-29 can be found in which 
dendrimers, based on a polyamido amine or a polylysine framework, are used to bind 
several lanthanide ions such as Tb(III) or Eu(III). The amide moieties within the 
dendrimer architecture allow the coordination of the lanthanide ions within its structure. 
The combination of more lanthanide ions and more sensitizing moieties results in 
complexes which are more effective luminescent emitters.  

Perhaps the most intriguing aspect of using dendrimers as scaffolds for building construct 
for medical imaging is the potential to devise multimodal imaging agents. Advances in the 
synthesis of dendrimers has allowed for the decoration of the dendrimer surface with 
different moieties for MRI, radionuclide and/or fluorescence imaging.30 For example, a G2 
PAMAM dendrimer decorated with DTPA moieties was functionalized in the core with 
biotin.31 Four copies of this biotinylated dendrimer based MRI agent was then attached to 
a fluorescently labeled avidin molecule. This system was able to effectively target ovarian 
tumours in order to permit successful molecular imaging by either MRI or fluorescence. 
Other example include the use of dual-mode imaging agents for detecting sentinel lymph 
nodes and the lymphatic system by MRI and fluorescence32, or by radionuclide imaging 
and fluorescence.33 
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Objectives 

Despite hindering metal-catalyzed reactions, the chelating capacity ofour DTPA-based 
dendrons could be used beneficially. For example, metals ions which are used for 
biomedical applications, mainly imaging, could potentially be complexated by the inner 
core of the dendron while at the same time taking advantage of other characteristics of the 
dendron such as biocompatibility, controlled size, multifunctionality and multivalency in 
order to increase the functional efficacy of the metal ion. Before being able to explore the 
use of the dendrons as multifunctional chelating platforms, more information had to be 
acquired about how the architecture of the central core influences the complexation of 
different metal ions. For this purpose, three dendrons were synthesized which differed by 
the moiety in their focal point: a benzyl ester (18), an amide bond (25) and a free 
carboxylic acid (23) (see figure 2.3). The hypothesis was that the benzyl ester would cause 
the lowest chelating capacity while the free carboxylic acid would cause the highest 
complexating capacity. The functional groups at the periphery of the dendron were 
acetylated to avoid interference with the chelation while maintaining their solubility in 
water.  
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Figure 2.3. Acetylated first generation dendron with different moieties in the focal point.  
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Results and discussion 

2.3. Synthesis model platforms 

The dendron with the benzyl ester in the focal point (18) was synthesized in two steps 
starting from the standard first generation dendron 7. The Boc-groups were removed by 
acidic treatment with TFA and the free amines were acetylated using DIEA as base and 
acetic anhydride as the acetylating agent. In fact, acetylated dendron with the benzyl ester 
in the focal point corresponded to compound 18 in chapter 1 which was used in the 
biocompatibility assays. The dendron with the free carboxylic (23) acid was obtained from 
this dendron by removal of the benzyl protecting group by means of hydrogenation (see 
scheme 2.1).  
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Scheme 2.1. Synthesis of acetylated dendron with free carboxylic acid in the focal point. 

The final model chelating platform, with the amide bond moiety in the focal point (25), 
was obtained by introducing a total of five OEG-chains (see scheme 2.2). This was carried 
out by conjugating five Boc-TOTA units to DTPA bisanhydride using PyBOP as the coupling 
agent. 
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Scheme 2.2. Synthesis of Boc-functionalized 5-armed dendron. 
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Scheme 2.3. Synthesis of acetylated 5-armed dendron. 

Afterwards, the Boc-protecting groups were removed with TFA and the deprotected amine 
groups were acetylated using DIEA and acetic anhydride (see scheme 2.3). 

 

2.4. Complexation experiments 

As was shown before in chapter 1 with the chelation of copper, the expectation was that 
complexation of a metal ion by the dendron would induce a change in the retention time in 
the HPLC chromatogram. Furthermore, by using HPLC-MS(ES+) it was expected to be 
possible to discriminate between the dendron-metal complex and the non-complexed 
dendron. The metals ions selected for the chelation experiments were the trichlorides of 
Gd(III), Tb(III) and In(III) and also the salts ZnCl2 and CuSO4 were explored. The first three 
metal ions are interesting for their possible applications in biomedicine. Gd(III) and 
Tb(III) are lanthanides which are used in magnetic and illuminescence imaging and In(III) 
can serve as a radioactive label for the detection of tumors.  Zn(II)  was chosen because it 
is present in abundance in the human body and Cu(II) because of the click reactions using 
copper.  The chelation experiments were set up as follows: 

• A weighed amount of dendron was dissolved in a small volume of water.   
• A stoichiometric amount of metal ion (in water) was added 
• After adjusting the pH to 7 by adding NaOH, the mixture was allowed to complex 

overnight 
• A small sample was taken for HPLC-PDA & HPLC-MS analysis 
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For example, incubation of 1.0 equivalent of aqueous GdCl3 (0.1 M) with compound G1-5Ac 
(25) produced the following HPLC chromatogram and MS spectra as given in figure 2.4. 

 
 
 
 
 
 

  

On the left there is the chromatogram trace of compound G1-5Ac 25, and on the right the 
chromatogram trace of compound G1-5Ac with GdCl3 is depicted. As is clearly visible in 
the chromatogram, after incubation there is not a single compound but in fact there are 
two. As can be detected by MS, the minor peak represents the compound G1-5Ac (MW: 
1614), while the main peak represent the compound G1-5Ac[Gd] (MW: 1771). The ratio of 
the area under the two peaks is around 80:20. Coordination of a metal ion by the dendron 
induces a change in retention time in HPLC as the metal-dendron complex elutes before 
the dendron itself. This methodology is far from being a flawless way to quantify the 
chelation of a metal by a ligand, but it does in fact give more information about which 
metal ion is complexated well by a specific type of dendron core architecture. However, 
this analysis by HPLC is performed in an acidic environment (pH around 2), in which the 
complexes are thermodynamically less stable.34 The dissociation of a metal-ligand complex 
occurs through the proton-assisted disassociation and at low pH this proceeds more 
quickly. In other words, at physiological pH the metal-dendron should be more stable than 
indicated by the HPLC analysis. 

In table 2.2 are given the results for the first three different ions explored. In general, the 
dendrons with the benzyl ester moiety in the focal point are the poorest chelating agents. 
In the case of In(III), dendron 23 with the free carboxylic acid shows complexation up to 
100%, and dendron 25 shows a 90% complexation percentage. In the case of the 
lanthanides Gd(III) and Tb(III), dendron 25 shows the highest complexation rate of 80% 
whereas the dendron with the free carboxylic acid gives a complexation of 70%. This is 
unexpected because the free carboxylic acid in theory should bind more strongly to the 
metal ion than an amide moiety. 
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Figure 2.4. HPLC chromatograms & mass spectra of compound G1-5Ac (25) before (left) 
and after incubation with GdCl3 (right). 
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The entry for the dendron Bn-G1-4Ac chelating In(III) is empty because incubation with 
InCl3 resulted in removal of the benzyl group as InCl3 is a strong Lewis acid. Thus InCl3 
cleaved the benzyl group, leading to the formation of dendron COOH-G1-4Ac, and was then 
chelated.   

Dendron GdCl3 TbCl3 InCl3 

Bn-G1-4Ac  
(18) 

AUC ratio CD:FD 
0:100 

Mass: 731.92 
(M+2)/2 

AUC ratio CD:FD 
0:100 

Mass: 731.98 
(M+2)/2 

- 

G1-5Ac  
(25) 

AUC ratio CD:FD 
80:20 

Mass: 591.14 
(M+Gd)/3 

AUC ratio CD:FD 
 80:20 

Mass: 591.82 
(M+Tb)/3 

AUC ratio CD:FD 
90:10 

Mass: 864.21 
(M+In)/2 

COOH-G1-4Ac 
(23) 

AUC ratio CD:FD 
70:30 

Mass: 763.96 
(M+Gd)/2 

AUC ratio CD:FD 
70:30 

Mass: 764.04 
(M+Tb)/2 

AUC ratio CD:FD 
100:0 

Mass: 742.02 
(M+In)/2 

Table 2.2. Chelation of Gd(III), Tb(III) and In(III) by the different dendrons as determined by 
HPLC-PDA and HPLC-MS analysis. CD means complexed dendron and CF free dendron. 

 

 
Dendron 

 
CuSO4 

 
ZnCl2 

Bn-G1-4Ac 
(18) 

AUC ratio CD:FD  
10:90 

Mass: 761.42 (M+2)/2 

AUC ratio CD:FD 
0:100 

Mass: 731.98 (M+2)/2 

G1-5Ac 
(25) 

 
AUC ratio CD: FD 

0:100 
Mass: 807.43 (M+2)/2 

 

 
AUC ratio CD:FD 

0:100 
Mass: 807.51 (M+2)/2 

 

COOH-G1-4Ac 
(23) 

AUC ratio CD:FD 
20:80 

Mass: 715.77 (M+Cu)/2 

AUC ratio CD:FD 
5:95 

Mass: 715.31(M+Zn)/2 

Table 2.3. Chelation of Cu(II), Zn(II) by the different dendrons as determined by HPLC-PDA 
and HPLC-MS analysis. CD means complexed dendron and CF free dendron. 
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The influence of the type of metal ion on the complexation is reflected in the chelation of 
endogenous metal ions such as Zn(II) and Cu(II), see table 2.3. In general, the dendrons 
showed a much lower rate of complexation than with Gd(III), Tb(III), and In(III). Dendron 
23 with the free carboxylic acid complexates up to 20% whereas dendron 25 does not 
seem to chelate at all. These results indicate that derivativation of the DTPA core offers the 
possibility to selectively complexate distinct metal ions.  

 

2.5. Chelation experiments second generation dendron 

The chelation experiments were extended to second generation dendrons in order to see 
how the increase in size would affect the chelating properties. For this purpose two 
different acetylated second generation dendrons were synthesized by click chemistry: one 
with the benzyl ester intact (20) and the other with the free carboxylic acid (26) in the 
focal point (see figure 2.5).  
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Figure 2.5. Structure of acetylated second generation synthesized by click chemistry. The 
central DTPA moiety with the focal point is outlined in blue, and the apical DTPA moieties in 

the branching units are outlined in red.  

The second generation dendron consists of a total of five DTPA-based moieties but of two 
different types. It is important to distinguish these two different types: 1) the central DTPA 
moiety which is part of the core which can be functionalized differently in the focal point 
(benzyl ester or carboxylic acid); and 2) the four DTPA moieties which are used to grow 
the dendron and these are termed the apical DTPA moieties. The apical DTPA moieties are 
different from a normal DTPA molecule because they have a triazole group connected  
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Figure 2.6. HPLC chromatograms and mass spectrum of second generation benzyl ester (20) 
dendron chelating Gd(III). The mass charges of non-chelating dendron are outlined in green 

whereas those of the chelating dendron are given in blue.  

to the central nitrogen in the apex position. Due to this difference it was not possible to 
predict a priori whether these apical positions would be able to chelate a metal ion. The 
first dendron corresponded to compound 20 in chapter 1. The other dendron 26 was 
synthesized easily by eliminating the benzyl group through hydrolysis with NaOH. For the 
second generation dendrons, the same chelation determination approach as for the first 
generation dendron was utilized. But instead of a stoichiometric amount, 5 equivalents of 
metal ion, in this case GdCl3, were added because of the presence of 5 DTPA derived 
building block cores in one single molecule. This allowed us to see whether the triazole 
moieties contribute to the complexation of metals. The mass spectrum (see figure 2.6) 
show that two distinct species can be detected: 1) the non-complexating acetylated second 
generation dendron (M: 6799.47 Da) and; 2) the second generation dendron chelating a 
single Gd(III) ion (M+Gd: 6956.72 Da). This result indicates that the triazole derivatized 
DTPA moiety is not able to chelate and the consequence is that the type of functional 
group in the focal point of the dendron is vital to the chelating capacity of the second 
generation dendron. The other second generation dendron with the free carboxylic group 
in the focal point has a higher capacity to chelate metal ions as measured by mass 
spectrometry (see figure 2.7). Instead of detecting two species, the only species detected 
by mass spectrometry is dendron-metal complex with a mass of 6866.59 corresponding to 
the dendron chelating a single Gd(III) ion.  
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Figure 2.7. HPLC chromatograms and mass spectrum of second generation carboxylic acid 
dendron (26) chelating Gd(III). The mass charges of the chelating dendron are outlined in 

green.  

The first chelation experiments with the first generation dendron, which contained an 
amide moiety in its focal point, indicated that the amide moiety aids in chelating metals. 
This feature aroused the interest in seeing whether second generation dendrons, which 
were constructed using amide bond formation instead of triazole formation, could chelate 
more metal ions. This means that the dendron would be able to chelate four metal ions in 
the DTPA based building block cores as indicated in figure 2.8.  
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Figure 2.8. Structure of acetylated second generation based on amide framework (27). The 
chelating apical positions are outlined in red.  

To investigate this, the acetylated second generation dendron was taken from previous 
work on OEG-based dendrons (doctoral thesis of Lorena Simon) and was subsequently 
incubated with 5 equivalents of GdCl3 overnight. The dendron with amide bond chemistry 
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has a molecular weight of 6703.37 Da and the molecular weight of the metal-dendron 
complex bearing 4 Gd(III) ions is 7332.37 Da. Using mass spectrometry the species 
containing 4 Gd(III) ions could be detected (see figure 2.9).  

 

Figure 2.9. HPLC chromatograms and mass spectrum of Gd(III) chelation by second 
generation benzyl ester dendron based on an amide framework. The mass charges of 

the chelating dendron are outlined in green. 

These results indicate that the second generation dendron with amide moieties in the 
apical position could be used to carry a higher load of metal ions as compared to the first 
generation dendron.   

 
2.6. Relaxivity experiments gadolinium chelating dendrons 

The analysis performed by HPLC and LC-MS gave more insight into how the chelating 
abilities of the dendrons was influenced by their chemical structure. Gadolinium ions can 
be chelated in the core of the dendron or in the branching units based on an amide 
framework. This feature offers the possibility to strategically place the gadolinium in 
specific locations inside the dendron. As has been mentioned earlier, dendritic constructs 
of gadolinium based contrast agents have the advantage of increasing the relaxivity 
because the greater molecular size of a dendrimers decreases the molecular tumbling rate 
τR. The other main factor that influences the relaxivity is the water exchange rate τM. Both 
of these factors are illustrated in figure 2.10.  

 

Figure 2.10. Main molecular parameters that influence relaxivity: molecular rotation (τR) and 
water exchange (τM). Image adapted from ref35. 
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The water molecules that are affected by the complex can be classified into three 
categories36: 1) inner-sphere water, where the water oxygen is directly coordinated to the 
gadolinium ion; 2) second-sphere water which hydrate the ligand complexating the 
gadolinium and; 3) outer-sphere water molecules which comprise the bulk solvent in 
proximity to the complex. Water exchange has to occur fast enough so that the 
paramagnetic effect can be transmitted catalytically to a high number of water molecules. 
However, it should not too fast either otherwise the paramagnetic effect cannot be 
transmitted effectively to a single water molecule. The optimal value for the residence 
time of a water molecule coordinated to gadolinium is in the range of 1-30 ns37, but most 
commercial contrast agents have values of approximately one order of magnitude 
higher.38 The residence time of the water molecule near the gadolinium ion is determined 
by the steric congestion around the center and by the overall charge; electrostatic 
repulsion by a negative charge facilitates the bound water molecule leaving.7, 39 The 
second- and outer-sphere relaxivity is hard to predict but seems to depend heavily on the 
diffusion of diffusion of water molecules near the metal center and on exchangeable 
protons coming from the molecule.  

The conjugation of Magnevist, a commercially available contrast agent based on Gd-DTPA, 
to PAMAM dendrimers of different generations, resulted in a higher relaxivity per 
gadolinium ion.40 Magnevist itself has a relaxivity of 5.5 mM-1 s-1 while a generation 2 
PAMAM dendrimer (3.2 kDa; 2.9 nm) gives a relaxivity of 16 mM-1 s-1, a generation 4 
PAMAM dendrimer (14.2 kDa; 4.5 nm) a relaxivity of 28 mM-1 s-1 and finally a generation 9 
PAMAM dendrimer (935 kDa; 13.5 nm) results in a relaxivity of 36 mM-1 s-1 per 
gadolinium. In these studies the contrast moiety was conjugated to the periphery of the 
dendrimer. Another strategy relies on placing the gadolinium in the barycenter of a 
macromolecular structure meaning that the ion will lie upon any axis of orientational 
motion. In the central core of the dendrimer, the gadolinium ion will undergo little motion, 
as compared to the periphery of the dendrimer, and thereby the relaxivity will be 
enhanced. Parker and colleagues have applied this principle by conjugation of 
oligoethylene glycol41 or polysaccharide42 dendron wedges to a gadolinium-containing 
DOTA core resulting in dendritic constructs with a molecular weight between 2 and 4 kDa. 
In the case of the oligoethylene glycol based macromolecule, the relaxivity constant was 
increased up to 20 mM-1 s-1, whereas the the polysaccharide construct resulted in a 
remarkably high relaxivity constant of 23.5 mM-1 s-1.  

These reported results indicate that placing the gadolinium ion at the barycenter of a 
dendrimer is an interesting approach to increase the relaxivity per gadolinium and 
thereby improve the efficacy of the contrast agent and reduce the required clinical dose. 
For this reason, the use of different OEG-based dendrons containing DTPA moieties for 
enhancing the contrast in MRI was explored.  The used dendrons 23, 25, 26, 27 are 
described in this chapter. Dendron 35 is a first generation dendron carrying four peptide 
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moieties and its synthesis is described in chapter 4. Dendron 28 is the third generation as 
synthesized in chapter 2 but with a free carboxylic acid in its focal point.  

The metal-dendron complexes were prepared by incubating the dendrons with a slight 
excess (1.2 eq. per chelating moiety) of GdCl3 in water at pH 7. After overnight incubation, 
the small excess of gadolinium was removed by dialysis. The water proton relaxation 
measurements were performed by Dr. Ana Paula Candiota in the GABRMN laboratory of 
Prof. Carles Arus at the Autonomous University of Barcelona on a Bruker minispec 
instrument at a concentration range of 0.125-2 mM in water.  The instrument was used to 
measure the relaxation time T1 and T2 and the relaxivities r1 and r2 were calculated by 
determining the slope of the regression line of 1/T1 and 1/T2 versus the concentration 
with a least-squares method. The relaxivities r1 and r2 for the different types of dendron-
metal complex are given in table 2.4. The commercially available contrast agent DOTAREM 
was used as a reference.  

Compound Agent r1 (mm-1 s-1) r2 (mm-1 s-1) 
 DOTAREM 3.96 4.69 

23 COOH-G1-Ac 4.26 5.18 
25 G1-5Ac  3.92 5.92 
35 G1-4RGDS  36.70 41.44 
27 Bn-G2-Ac amide 16.10 22.71 
26 COOH-G2-Ac click 8.51 11.80 
28 COOH-G3-Ac 12.34 24.12 

Table 2.4. Relaxivity constants r1 and r2 of different gadolinium chelating dendrons. 

Situating the gadolinium ion in the barycenter of the OEG-based dendron indeed had a 
positive effect on the relaxation rate. The first generation dendron produced an 
insignificant increase, but the larger second and third generation dendrons gave a two-
fold and three-fold increase in the relaxation rate.  

 

Figure 2.11. MRI signal intensity of DOTAREM (upper row) and COOH-G3-Ac (lower row) at 0, 
0.125, 0.25, 0.5, 1 and 2 mM of Gd(III). 

The contrast enhancement induced by the third generation dendron is clearly visible in 
figure 2.11. The signal intensity of the tubes in the lower row containing the third 
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generation dendron is higher than in the tubes containing DOTAREM, especially at lower 
concentrations.  

The increase in relaxivity was not as high as compared to the values reported by Parker 
and co-workers for their polysaccharide or polyamine based dendritic structures. They 
used DOTA as the central chelating moiety whereas DTPA was the chelating moiety in the 
OEG-based dendrons. The water exchange rate for DTPA derived chelators is lower than 
for ligands based on the more rigid and compact DOTA.43 Furthermore, four of the five 
carboxylic acids of DTPA were converted to amides and this lowers the exchange rate and 
thus also the relaxivity.7 This was not the case in the DOTA core used by the research 
group of Parker, where four carboxylic acids were left intact.  

The second generation dendron based on an amide framework (27) also exhibited a 
higher relaxation rate of 16.10 mM-1 s-1 per gadolinium, four times greater than DOTAREM. 
This means that trapping the gadolinium ion in the amide apical centers, which are the 
branching units between the central core and the periphery of the dendron, also has a 
positive effect on the relaxivity. This effect seems to be even greater than when situated in 
the barycenter. Placement of a gadolinium ion in the apical centers has the advantage of an 
increased cargo load (4 Gd(III)) compared to placement in the barycenter (1 Gd(III)). And 
compared to other dendrimer structures (i.e. PAMAM) which carry the gadolinium-ligand 
complex at the periphery, the gadolinium placed in the amide apical center is closer the 
core of the dendrimer and its axis of motion. This helps to decrease the rotation of the 
gadolinium ion and increase the relaxivity, similarly as with placement in the barycenter. 
Therefore, placement in the amide apical center offers an elegant option to load a dendron 
with multiple gadolinium ions. These gadolinium ions are closer the core of the dendrons 
and thus exhibit higher relaxivity. At the same time the periphery of the dendron is 
available for decoration with any desired functional moiety.  

The most dramatic increase in the relaxivity constant r1 was caused by the dendron 35, the 
first generation dendron outfitted with four peptide RGDS sequences. The relaxivity was 
increased by a factor 8-9 as compared to the other first generation dendrons, even though 
the molecular weight of the peptide-dendron conjugate was only 1.5 times higher. 
Therefore the small increase in molecular weight could not be used explain the large 
increase in relaxivity.  A possible contribution to the relaxivity gain could arise from the 
possible formation of a hydrogen-bonded network of second-sphere water molecules 
attracted by the charged residues of the peptide sequences.44, 45 

Due to the decreased rotation of the gadolinium ion imposed by the dendrimer structure, 
the relaxivity constant r1 increased. But as can be seen in table 2.4, there is the added 
advantage of an increase in the r2 constant also. To shorten the T2 relaxation time of 
protons, and consequently enhance the contrast, nanoparticles of superparamagnetic iron 
oxide (Fe2O3) are employed.46 Contrast agents based on T1 relaxation give rise to brighter 
images, whereas agents based on T2 relaxation cause darker images. Combination of these 
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two imaging modes can help to gain complementary information.  In the literature, not 
many examples of dual mode contrast agents can be found, but the results are quite 
astonishing. Dual mode contrast agents can be prepared by decorating the periphery of 
superparamagnetic iron oxide nanoparticles with gadolinium based ligands.47, 48 The 
resulting dual mode contrast agents were able to increase the signal intensity of both the 
T1 and T2 weighted images with a factor 2-5. The most spectacular results were achieved 
by encapsulating DOTAREM in hydrophilic chitosan hydrogel nanoparticles49. No 
superparamagnetic iron oxide particles were used to increase the r2 relaxivity and using 
only gadolinium astonishing relaxivity improvements could be obtained (i.e. 24 times 
higher for r1 and 52 times higher for r2). The remarkable improvement in relaxivity was 
attributed by the authors to the highly hydrated nature of the hydrogel network which 
enhance the outer-sphere water molecule interactions and effectively transfers magnetic 
effect to the bulk water. This principle was also used to explain the higher r2 relaxivity of 
polyamide dendrimers outfitted with hydroxypyridino (HOPO) complexes. 50, 51.  The 
outer-sphere water exchange plays a large role in T2 relaxation. Therefore, the increased r2 

relaxation induced by the OEG-based dendrons synthesized in this work might be 
explained by the hydrophilic character of the molecules which gives rise to a higher 
number of hydrogen bonded second and outer-sphere water molecules.  

Application of the OEG-based dendrons as ligands for gadolinium-based dendrons has 
some advantages and disadvantages. The DTPA moieties, which make up the core and 
branching units of the dendrons, are modified by conversion of the carboxylic acids to 
amides. This negatively affects both the stability of the metal-ligand complex and the 
water exchange rate. The low stability is illustrated by the fact that incubation of the 
complexes (without any free gadolinium) with Xylenol Orange, a metal indicator, gives a 
positive result. Furthermore, the complexes are incompatible with PBS buffer, and for this 
reason the relaxivity experiments were performed in water. The stability of the complexes 
could be improved by modification of the DTPA building block to introduce additional 
carboxylic acids in order the bind the gadolinium more strongly. A higher number of 
carboxylic acids would also increase the water exchange rate and thereby also the 
relaxivity r1. The slower exchange rate attributed to the amide moieties is the factor 
limiting the potential gain in relaxivity r1 which could be obtained by the increase of size of 
the dendrons. This leads us to one of the advantages of the OEG-based dendrons. The 
synthetic methodology enables the construction of higher molecular weight dendrons 
which inhibit the rotation of the gadolinium ion in the barycenter and thereby increase the 
relaxivity r1. The second generation dendron based on an amide framework can carry four 
gadolinium ions in the apical centers, providing a platform with a higher payload. An 
added advantage of the OEG-based dendrons is their hydrophilic nature which causes the 
relaxivity r2 to be increased as well. Furthermore, the periphery of the dendrons can be 
decorated with functional moieties, for instance peptides, which can be used for active 
targeting, but conveniently enhances the relaxivity constants r1 and r2 even more. The 
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simultaneous increase in the relaxivity constants r1 and r2 can be used to develop 
contrast agents for dual mode imaging which can give complementary information. 
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Conclusions 

The dendrons synthesized in this thesis are capable to chelate metal ions due to the 
building block, a derivative of DTPA, which is a well-known chelating agent. The chelating 
ability was determined in a quantitative manner by means of HPLC-PDA and HPLC-MS.  

The chelation depended for the most part on the derivation of the DTPA moiety; to be 
more precise, the functional group in the focal point of the dendron. The dendrons with a 
carboxylic acid or an amide group possessed the greatest capacity to chelate metal ions.  

The chelation also depended on type of metal ion used. Indium ions were chelated more 
than the lanthanides gadolinium and terbium. These three metals are interesting for 
biomedical applications ranging from radionuclide imaging, magnetic resonance imaging 
and fluorescence.  

The second generation dendron constructed by click chemistry (26), which has triazole 
moieties in the apical positions, is not able to carry a higher payload of four metal ions in 
these positions. The focal point DTPA moiety is the only location able to chelate. However, 
the second generation dendron based on an amide framework (27), which has amide 
moieties in the apical positions, can carry multiple metal ions, as tried with Gd(III).  

The possibility to use the dendrons as contrast agents for MRI by chelating gadolinium 
was explored by performing relaxivity studies. The increase in size of the second and third 
generation dendrons increased the relaxivity constant r1 and thereby also the contrast. In 
addition, when outfitted with short peptide chains, the dendrons significantly enhanced 
the relaxivity constants r1 and r2. This effect was believed to be caused by the hydration 
induced by the peptide chains.  These results indicate that the dendrons could potentially 
be used as dual mode contrast agents for MRI.  
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Introduction 

3.1. Radionuclide imaging 

An octreoscan or octreotide scan is a type of scintigraphic imaging used for the detection 
of tumors, particularly neuroendocrine tumors.1, 2 It relies on tagging octreotide, a 
metabolically stable analog of somatostatin, with a radioactive label such as 111In. After 
intravenous injection, the labeled conjugate travels through the bloodstream and attaches 
to somatostatin receptors which are overexpressed in neuroendocrine tumors. Through 
detection of the radiation emitted by 111In by utilizing a gamma camera it is possible to 
construct a two dimensional image in which the location of these tumors can be visualized 
non-invasively by physicians. By using different targeting peptides, radionuclide imaging 
with 111In can be applied for the detection of other tumors such as, for example, in the 
gastrointestinal tract.3 

Lately there has been an increased interest in the development of multivalent receptor 
targeting ligands.4 Presenting a multitude of ligands leads to a higher binding affinity as 
compared to the monovalent analogues5. The higher binding affinity can potentially 
increase the sensitivity and specificity of imaging agents bearing targeting molecules.6  An 
obviously suitable structure to construct multivalent ligands is the dendrimer. The unique 
features of the dendrimer, which include synthetic control over the branching and number 
and type of peripheral functional groups, and the high control over the monodispersity of 
the structure, make dendrimers very suitable scaffolds for the multivalent presentation of 
biologically relevant ligands. The multivalent potential of dendrimers was used in a study 
by Liskamp et al. in which monomeric, dimeric and tetrameric [Tyr3]octreotide-based 
analogues were prepared for tumor imaging and/or radionuclide imaging.7 These 
constructs were outfitted with a DOTA chelator unit and labeled with 111In. Biological 
studies showed that the dimeric conjugate was retained longest in the tumor. 
Unfortunately, the binding of the tetrameric conjugate was lower than expected due to it 
hydrophobic character. 

Aside from multivalency, another approach to improve the quality of medical imaging is by 
combining different detection techniques into a single imaging agent.8 Every single 
imaging modality has its own strengths and weaknesses.9 Therefore, by creating 
multimodal imaging agents and combining different systems, limitations associated with 
any individual technique can be overcome and complementary diagnostic information can 
be acquired.10, 11 
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Objectives 

The goal of this chapter is to construct a dendritic platform which combines both concepts 
of multivalency and multimodality. The intrinsic chelating capacity of the DTPA-derived 
core, together with the ability to decorate the dendron with distinct moieties, enables the 
assembly of such multifunctional imaging dendrons. In a way, this approach is a proof-of-
concept to see whether the DTPA-based dendrons effectively chelate metals for in vivo and 
in vitro applications. Indium was chosen instead of gadolinium or terbium because HPLC 
analysis in the previous chapter indicated that the indium ions were chelated to a higher 
degree than the mentioned lanthanides.   

For this purpose, two different types of active receptor targeting chelating dendrons were 
designed. These two platforms were derived from the model chelating dendrons with the 
most chelating capacity as described in the previous chapter. To be more precise, these 
were the dendrons with the free carboxylic or amide bond in the focal point. Active 
targeting functionality was introduced by decorating the dendron with RGDS, for which 
the receptor is overexpressed in tumor cells. As a negative control, another set of 
dendrons was functionalized with the scrambled analogue of RGD, namely DGRS. The 
dendritic architecture enables a multivalent presentation of the ligand RGD and thereby 
increases binding.12 Afterwards a fluorophore was introduced to endow the dendron 
platform with multimodal imaging capability. The end products would be the dendrons 
depicted in figure 3.1.  

O
O

O
HN

N N

O

O

N

O

O

O
O O

H
N

OO
O

H
N

O
O

O
H
NO

O
O

O
HN

N N

O

O

N

O

O

O
O O

H
N

OO
O

H
N

O
O

O
H
N

NH
O

O

O

O

HO

Fluorophore

RGDS/DGSR peptide

Metal chelating core Metal chelating core

 

Figure  3.1. Molecular structure of chelating platforms I (left)and II (right).  
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The following goals had to be completed: 

• Synthesis of both dendron platforms and subsequent introduction of the peptide 
and fluorescent moieties. 

• After the introduction of both the targeting and fluorescent moieties, it was 
important to check if the platform was stable able to chelate the indium ion. This 
was done by HPLC-MS. 

• The synthesized platforms were then evaluated for cytotoxicity in in vitro studies 
and tested in vivo as multimodal imaging platforms.  
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Results & discussion 

3.2. Synthesis peptides 

The growth of tumors cannot proceed beyond a certain size without vascularization of the 
cancerous tissue. Therefore angiogenesis plays a vital role in solid tumor growth and 
metastasis.13 The angiogenic endothelial cells overexpress the cell surface integrin 
receptor14 and these are also abundantly present in tumor cells themselves.15 For these 
reasons the integrin receptor serves as a prime target for cancer therapy and imaging by 
outfitting therapeutics and imaging agents with the RGD peptide sequence as a selective 
targeting moiety for the integrin receptor.16 RGD-integrin binding is affected by the 
conformation of the peptide sequence as cyclic RGD peptides show a higher affinity and 
selectivity compared to linear sequences.13 However, the ease of synthesis of the linear 
precursor made them targeting moiety of choice for the proof of concept. As was 
mentioned earlier, the two prepared linear sequences were bioactive RGDS, and the 
scrambled negative control DGSR. 

The peptide moieties were synthesized by standard manual SPPS using the Fmoc strategy 
and performed on a 2-chlorotrityl resin with diisopropylcarbodiimide (DIPCDI) and 
OxymaPure as the coupling agents. After the incorporation of the fourth and final amino 
acid, the Fmoc group protecting the N-terminal was removed and the free amine group 
was acetylated using DIEA and acetic anhydride. The peptides were cleaved from the resin 
by treatment with 1% TFA in DCM to make sure the side chain protecting groups were 
kept intact. 

 

3.3. Synthesis chelation platform I 

The precursor for the first chelation platform was the orthogonally protected dendron Bn-
G1-2Z-2Boc (29) which was kindly provided by Dr. Daniel Pulido of UQC-PCB. The 
synthesis of the first platform is illustrated in scheme 3.1. The Boc-protecting groups were 
removed by acidic treatment with hydrochloric acid in dioxane. Afterwards the peptides, 
with their protecting groups still intact, were introduced by amide bond formation using 
PyBOP as the coupling agent. Using the same standard conditions as for the incorporation 
of OEG-chains into the DTPA-derived core unit, the conjugation of the protected peptides 
was successfully completed in one hour and could be confirmed by HPLC-MS. Both the 
benzyl group and the two Z-protecting groups were then removed by hydrogenation. 
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Scheme 3.1. Synthesis of chelation platform I.  

Finally the protecting groups of the peptide sequences with removed with an acidic 
cocktail consisting of TFA:H2O:TIS (95:2.5:2.5). The final products were isolated by means 
of dialysis using a membrane with a 1 kDa molecular weight cut off.  

To see whether the conjugated peptides interfered with the capability of the platform to 
chelate indium, analysis by ES-MS was performed. The theoretical mass of the platform 
with In(III) is 2231.01. Analysis by ES-MS gave the following mass charge states: 374.51 
(M+6)6+; 444.22 (M+5)5+, and 564.14 (M+4)4+. 

 

3.4. Synthesis chelation platform II 

The starting point for the synthesis (see scheme 3.2) of the second chelation platform was 
the normal first generation dendron Bn-G1-4Boc (7). After removal of the benzyl 
protecting group by hydrogenation, the fifth branch was incorporated by amide bond 
formation. The fifth branch was actually a modified TOTA unit in which one amine group 
was masked by an azide which would later be reduced. 
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Scheme 3.2. Synthesis of precursor dendron for chelation platform II. 

This modified TOTA unit was synthesized by applying the diazo transfer reaction to Boc-
TOTA to convert the amine to an azide and subsequent removal of the Boc-protecting 
group by treatment with HCl (see scheme 3.3). The diazo transfer reaction was quickly 
completed in less than 15 minutes in just water.  
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Scheme 3.3. Synthesis of modified OEG-chain with an azide masking the amine. 
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Afterwards the peptides, with their protecting groups still intact, were introduced by 
amide bond formation using PyBOP as the coupling agent (see scheme 3.4). Using the 
same standard conditions as for the incorporation of OEG-chains into the DTPA-derived 
core unit, the conjugation of the protected peptides was successfully completed in one 
hour and could be confirmed by HPLC-MS.  
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Scheme 3.4. Synthesis of chelation platform II. 

After the conjugation of the peptides, the azide was reduced to unmask the amine with 
ammonium chloride and zinc as the reducing agent.  The final step was the deprotection of 
the side chain protecting groups of the peptides with a cocktail of TFA, H2O and TIS. The 
pure compounds were obtained after dialysis using a membrane with a 1 kDa molecular 
weight cut off.  

The chelation capability of the platform was not impeded by the conjugation of the 
peptides. The theoretical mass of the platform with In(III) is 3347.57. Analysis by ES-MS 
gave the following mass charge states: 558.72 (M+6)6+; 670.29 (M+5)5+; and 837.62 
(M+4)4+. 
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3.5. Conjugation fluorophore onto dendritic platforms 

Both platforms were labeled with a fluorescent dye based on CW800. The labeling was 
performed by utilizing an NHS ester derivative of the dye and coupling it to a free amine of 
the chelating platform. This was successfully carried out for both dendrons. However, in 
the case of chelating platform I, only a single fluorophore was introduced despite the 
presence of two free amines available for conjugation. But this did not present a real 
complication. 

After incorporation of the fluorescent dye, the functionalized dendritic platforms were still 
able to chelate In(III) as detected by mass spectrometry. The theoretical mass of platform I 
with In(III) is 3212.22. The detected mass charge states were: 812.33 (M+4)4+; and 
1072.86 (M+3)3+. For platform II the theoretical mass with In(III) is 4328.88. The detected 
mass charge states were: 867.76 (M+5)5+; 1083.79 (M+4)4+; and 1444.58 (M+3)3+.  

 

3.6. Cell viability studies 

The cytotoxicity of the dendrons was evaluated in three different cancer cell lines (4T1 
breast cancer, B16 melanoma, and TC1 cervical tumor cells) and one healthy cell line (D1 
dendritic cells). The cell viability was measured after 24, 48 and 72 hours by means of the 
MTS assay. These cell viability studies were performed by Dr. Luis Javier Cruz Ricondo at 
Leiden University Medical Center. The cell viability data of all cell types after 72 hours is 
given in figure 3.2. 
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Figure 3.2. Cytotoxicity after 72h of peptide-functionalized dendrons in different cell lines.  
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In general, the dendrons did not exhibit any cytotoxicity after 72 hours. Only in the TC1 
cervical tumor cell line and at the highest dose of 1000 µg/mL did the dendrons 34 and 35 
induce cytotoxicity up to 50%. This occurred with both the bioactive RGDS and the 
scrambled control sequences. The TC1 cell line is a bit sensitive but the reason for cell 
death induced by specifically these two dendrons is unclear.  

 

3.7. Binding and uptake 

The binding and uptake of the dendritic constructs functionalized with peptides and a 
fluorophore was assayed in 4T-1 breast cancer cells. These assays were performed by Dr. 
Luis Javier Cruz Ricondo at Leiden University Medical Center. The binding to the integrin 
receptors of the cellular membranes was determined by measuring the fluorescence signal 
intensity produced by the conjugate at 4°C after 1h. Cellular uptake of the constructs was 
determined by measuring the fluorescence at 37°C after 1 h. The data are illustrated in 
figure 3.3. 
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Figure 3.3. Cell binding (left panel) and cellular uptake (right panel) of the functionalized 
dendritic constructs 4T-1 breast cancer cells. 

Decoration of the dendron with a RGD sequence resulted in an increased cell binding and 
uptake as illustrated by the higher fluorescence of bioactive dendrons 34 and 30 as 
compared to the constructs decorated with a scrambled sequence (31 & 35). The increase 
in binding and uptake is also dose-dependent. An increase in binding and uptake was also 
produced through multimerization; the tetrameric construct 34 was more successfully 
able to bind to the integrin receptor and be subsequently internalized by the tumor cell.  

The results of the cellular binding and uptake assays indicated the RGD sequence is able to 
specifically target tumor cells and justified the use of the constructs for in vivo 
experiments.  
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3.8. Imaging studies 

In the imaging studies, the goal of the experiments was to take advantage of the 
multimodality of the dendrimeric platforms by using two different imaging techniques 
(radionuclide imaging and fluorescence) to visualize tumors in mice. These studies were 
performed by Dr. Luis Javier Cruz Ricondo and Marieke Stammes at Leiden University 
Medical Center. These tumors (4T1 cell line) were implanted in the dorsal region near the 
neck. At the moment of writing this thesis, these experiments were still on-going and the 
first experiment to be concluded was performed with the multimodal platform 31. This 
dendron was loaded with radioactive 111In and the amount of free radioactive indium after 
incubation was determined to be 0.5% as detected by radio-HPLC. Afterwards, the 
radiolabeled dendron was administrated to tumor-carrying mice in order to study their 
anatomical fate. The experiments for fluorescent imaging were performed with a Pearl® 
Impulse small animal imaging system which employs optimal near-infrared spectral 
region (NIR) for optical fluorescent imaging. NIR light penetrates tissue to greater depths 
and tissue autofluorescence is decreased, leading to a better signal-to-noise ratio. The 
images obtained with this equipment for the first dendron 31 are given in figure 3.4.  

  

   

Figure 3.4. Linked optical and fluorescent images after 6h (above) and 24h (below) of mice 
after incubation with the multimodal imaging platform 31. 

After 6 hours of circulation in the bloodstream, the fluorescent dendron has been 
distributed across the whole body, but more so in parts of the body which are well 
perfused such as the tail (medium intensity – green) and the liver (medium/high intensity 
– yellow). After a full day the dendron has localized more in specific areas such as the liver 
(high intensity- red) and also in the tumors. These tumors are marked clearly by the two 
circular fluorescent spots in the area of the neck. However, this result was unexpected 
considering that this dendron was not designed to target the tumor because it was 
decorated with the scrambled negative control peptide. But as indicated by the results of 
binding and uptake given by figure 3.3, the negative control dendrons are internalized by 
the cancer cells as well, but to a smaller degree as compared to the bioactive dendrons. 
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Therefore, one should not expect the in vivo results to be ‘black and white’. Given the fact 
that the bioactive dendrons with the correct RGDS sequence are internalized more by the 
tumor cells, it can be expected that these will accumulate more in the tumors and give a 
stronger signal in fluorescent imaging in future experiments.  

 

Figure 3.5. SPECT images obtained through different body planes: transverse (left), coronal 
(middle) and sagittal (right).  

Similar results were obtained after the initial experiments with radionuclide imaging 
using SPECT.  The first scans obtained by SPECT are given in figure 3.5.  The big black spot 
at the bottom of the images of the coronal and sagittal plane corresponds to the liver 
indicating the unspecific uptake of the dendron by this organ. The areas indicated by the 
red circles correspond to the implanted tumors.  
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After performing the imaging studies, the mice were euthanized and the organ tissues 
were collected for further study. The amount of radiation was measured for each organ 
tissue in order to study the biodistribution of the dendritic imaging platforms. These data 
are given in figure 3.6.  

 

 
Figure 3.6. Radioactivity measured for each organ tissue. Above: radioactivity measured in 

counts per minute per kilogram of tissue. Below: distribution of total radioactivity per organ 
tissue. 

The major organs for the uptake of the dendrons were the kidneys, liver and spleen and 
the tumors. The liver was the organ giving the largest amount of radiation but that was for 
a main part caused by the size of the organ. When looking at the radiation per kilogram of 
tissue, it can be seen that most of the dendrons are eliminated through the renal system 
because their molecular weight allows them to be filtered and end up in the urine.  This is 
coherent with a previous experiment, which is part of the doctoral thesis of Lorena Simon, 
in which a similar OEG-based dendron was functionalized with the anti-tumoral drug 5-
fluorouracil. After administration to mice, the dendron accumulated quickly in the kidneys 
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and was cleared within a single day.  A positive result in our experiment is that apart from 
accumulating in the liver and kidney, the dendrons show uptake in the tumor tissue as 
well. In 2008, a study was published in which a PAMAM dendrimer was decorated with a 
single cyclic RGD peptide for targeting αvβ3 integrin receptors and with several chelating 
units carrying 111In for radionuclide imaging.17 In this study, the in vivo tissue distribution 
showed mostly renal and reticuloendothelial accumulation, but little accumulation in 
tumor tissue. The authors attributed the little tumor uptake to the inability of the agent to 
go extravascular or a poor choice of target/ligand system. However in our case, the 
dendrons with the scrambled peptides already accumulate to a respectable degree in the 
tumors. This indicates that our dendrons are able to extravasculate and reach the target 
tissue. And given the fact that these results were obtained with the negative control, the 
active targeting dendrons are expected to accumulate even more, giving rise to better 
images.        
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Conclusions 

Two distinct multimodal platforms for imaging based on fluorescence and radionuclide 
imaging were constructed. Both platforms carry a fluorophore, peptides for targeting and 
have the capacity to chelate indium. 

 The first platform is decorated with two targeting peptides whereas the second platform 
is functionalized with a total of four targeting peptides. The first platform is able to bind 
metal ions more strongly whilst the second platform has a higher number of targeting 
peptides and therefore is able target specific receptors more efficiently.  

The improved targeting of the tetrametic constructs is confirmed by the binding and 
cellular uptake experiments performed with breast cancer cells. Tetrameric platforms are 
internalized more efficiently than dimeric platforms. And more importantly, the platforms 
decorated with bioactive peptides are internalized more than those with scrambled 
peptides sequences.  

The initial experiments performed for multimodal imaging were promising. The fully 
functionalized platform carrying scrambled peptides could form a complex with 
radioactive indium. Despite the fact this platform was used as a negative control it still 
accumulated to some degree in the tumor tissue as indicated by fluorescence and SPECT 
imaging due to unspecific binding and internalization. 

It is expected that the dendron with bioactive peptides sequences will accumulate more in 
tumor tissues and exhibit a higher signal in both fluorescence and SPECT imaging. 
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Introduction 

4.1. Tissue engineering 

Tissue engineering has been defined as an interdisciplinary field that applies the 
principles of engineering and life sciences toward the development of biological 
substitutes that restore, maintain, or improve tissue function or a whole organ.1 It is based 
on the triad of cells, structural scaffolds and morphogenic factors which are combined in 
vitro in the laboratory to constitute an artificially constructed tissue (see figure 4.1). After 
placement in the body to replace a part of a tissue or an organ, the construct will be 
remodeled and assimilated by the body while the structural scaffold degrades in a 
controlled fashion. 

 

Figure  4.1. The tissue engineering triad with its required components. Cells, morphogenic 
factors and a scaffold are combined to form an engineered tissue replacement. Image 

extracted from ref2. 

The scaffold is a three-dimensional material, generally based on an artificial or natural 
polymer, which provides cells a structure onto which to grow in all three directions and 
form a tissue. The scaffold is critical for recreating the microenvironment in which cells 
proliferate and differentiate in a controlled manner. A good scaffold should allow cell 
migration and attachment; enable diffusion of nutrients, oxygen and waste products; 
deliver biochemical factors that induce cell signaling; and influence the cells mechanically 
and biologically to control their activity. An important factor for a scaffold and its 
influence on cell migration and attachment is to have an adequate pore size for the cells to 
reside in. Additionally the porosity is also important for the diffusion of cells and nutrients, 
oxygen and waste products through the scaffold. 
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4.2. Cartilage 

The natural repair of articular cartilage by the human body is limited by several factors.3 
Articular cartilage is avascular and therefore the diffusion of progenitor cells and nutrients 
required for the repair is hampered. Furthermore, the chondrocytes which manufacture 
the material for cartilage formation, have a low mitotic capacity and therefore do not 
proliferate rapidly and migrate to the lesion site to aid the repair. For these two reasons 
cartilage has low autoregenerative capacity and its damage progressively gets worse after 
injury. The drawback of current therapeutic surgical techniques (based on microfracture 
therapy or osteochondral transplants) is that the repaired tissue lacks the structural 
integrity of the original cartilage and has inferior mechanical properties. Tissue 
engineering can provide a therapy for the successful regeneration of cartilage by creating 
a more durable and functional replacement of the degenerated tissue.    

 

Figure  4.2. Molecular organization of articular cartilage. Left panel: Extracellular matrix 
containing collagen fibers and hyaluronic acid surrounding the chrondrocytes. Right panel: 

The hyaluoronic acid proteoglycan subunit. Image extracted from ref4. 

Articular cartilage comprises the material covering the end of the bones and acts as a 
weight bearing, low friction, wear resistant tissue in synovial joints. It consists of living 
chondrocytes, which manufacture the molecular extracellular components, collagen fibers 
and proteoglycans such as hyaluronic acid coupled to negatively charged proteins, as is 
depicted in figure 4.2. The collagen fibers provide the resistance to tensile stress while the 
proteoglycans attract water and swell and therefore resist compression.  

A tissue engineering strategy for the repair of articular cartilage has been devised as 
depicted in figure 4.3. It is a process of several steps starting with the isolation of 
mesenchymal stem cells and ending with the implantation of the engineered scaffold. The 
first step is the isolation of mesenchymal stem cells from either bone marrow or adipose 
tissue. The harvested cells are expanded ex vivo and are differentiated towards 
chondrocytes by adding morphogenic factors. Afterwards the cells are seeded into a 
scaffold. An ideal solution would be the use of an injectable biomaterial which solidifies in 
vivo and consequently allows an almost non-invasive therapy. The end result would be an 
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injectable cocktail of scaffold, cells and morphogenic factors for the repair of articular 
cartilage tissue.  

 

Figure  4.3. The step-wise tissue engineering process for articular cartilage repair starting 
from stem cell harvesting (step 1) ultimately leading to implanting an engineered construct 
(step 4). Step 2 is the expansion and differentiation of the harvested cells and step 3 is the 

inclusion into a material scaffold. Image extracted from ref2. 

 

4.3. Dendrimers and biomaterials 

The wide applicability of dendrimers is also demonstrated in the field of biomaterials. The 
Grinstaff research group in Boston works with biodendrimers as cross-linking agents for 
cartilage tissue engineering hydrogels.5 The highly branched structure of dendrimers 
allows higher cross-linking densities as compared to cross-linking with linear 
components. Also, as the material is slowly degraded, the mechanical integrity of the 
dendrimer cross-linked network is maintained. The functional groups of the used 
biodendrimers are methacrylates which allow cross-linking to occur by explosion to UV-
light. The same research group also uses dendrons as corneal adhesives for the closure of 
ocular ulcerations.6 
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Objectives 

The general goal of the project described in this chapter was to develop OEG-dendrons for 
enhancing the properties of biomaterials. This objective was explored in two ways: 
platforms prepared for cross-linking or for the introduction of bioactive moieties. 

To achieve these two subgoals, two different platforms of OEG- dendrons were prepared. 
Their molecular structures are depicted in figure 4.4. One family acts as a cross-linking 
agent and is composed of four azides groups for cross-linking the biopolymer by CuAAC 
and one bioactive moiety. The other family was designed to work as a functionalization 
platform and is composed of four bioactive moieties and one azide group as an anchor for 
attachment by CuAAC to the biopolymer. The multivalent display of bioactive moieties 
leads to an increased activity, as has been proved in the case of RGD clustering.7, 8 
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Figure 4.4. Molecular structure of dendritic platforms for cross-linking (left) and 
biofunctionalization (right). 

This project was carried out in collaboration with the AO Research Institute Davos where 
research is performed on using hyaluronic acid based hydrogels for articular cartilage 
tissue engineering. Therefore the platforms described above are used to enhance the 
properties of materials consisting for the main part of hyaluronic acid. 

 

4.4. Hyaluronic acid 

The main component of the scaffold material consisted of alkyne functionalized hyaluronic 
acid.9, 10 The molecular structure is given in figure 4.5. As described above, hyaluronic acid 
is a natural component of articular cartilage and thus is an attractive candidate for forming 
the scaffold. However, unmodified hyaluronic acid is rapidly degraded by the body after 
implantation and therefore cross-linking is required in order to enhance the stability of 
the material. Physical cross-linking of the material can be achieved by functionalization of 
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the hyaluronic acid backbone with thermoresponsive polymer poly (N-
isopropacrylamide) (PNIPAM). The hydrophobic domains of the PNINAM collapse at 
temperatures above 32°C, thereby causing the molecule to coil and interact with other 
PNIPAM coils resulting in the formation of a hydrogel. This phenomenon means that 
PNIPAM is an injectable liquid at room temperature and forms a gel at body temperature. 
Furthermore, it has good biocompability and although it is nonbiodegradable the human 
body can excrete the polymer through the kidneys if the molecular weight is small enough. 

 

 

 

 

Figure 4.5. Molecular structures of azide-fuctionalized PNIPAM (left) and alkyne 
functionalized hyaluronic acid (right). 

By controlling the grafting rate of the PNIPAM onto the hyaluronic acid fiber, the 
mechanical properties as well as the gelling properties of the formed hydrogel can be 
tuned precisely to meet specific tissue engineering requirements.  

 
 

4.5. Synthetic steps 

The synthesis of the two different platforms and subsequent functionalization with 
different moieties consisted of the following three steps: 

• Modification of a commercially available OEG-chain with an orthogonal protecting 
group resistant to other treatments necessary for the synthesis of the platform. 

• Conjugation of two different OEG-chains to the orthogonally protected DTPA-
derived branching unit (compound 3) in order to obtain the multifunctional first 
generation dendron platform. 

• Selective removal of the protecting groups followed by the incorporation of the 
different moieties by amide bond formation. 

After successful synthesis of the different dendritic platforms, they were delivered to the 
AO Research Institute Davos where they would be incorporated in biomaterials for 
articular cartilage tissue engineering.  
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Results and discussion 

4.6. Synthesis  

4.6.1. Modification OEG-chain 

The commercially available OEG-chain utilized for the synthesis of the dendron was a 
bifunctional molecule consisting of six ethylene glycol units. At one end it contains an 
azide group, while at the other end it has a free amine group. The length of this particular 
OEG-chain is longer than the previously utilized Boc-TOTA molecule because the longer 
length of the branches would facilitate the cross-linking of the material and also would 
enhance the accessibility of the bioactive moieties. The protecting group used for the 
protection of the free amine would have to be able to resist the acidic treatment used for 
removal of the tert-butyl groups of the DTPA derivative core while also being resistant 
towards the hydrogenation of the benzyl protecting group at the focal point of the DTPA 
core. Therefore base-labile trifluoroacetyl was chosen to protect the free amine of the 
OEG-chain.  The trifluoroacetyl protecting group was introduced by using trifluoroacetic 
anhydride (TFAA) and DIEA (see scheme 4.1).  
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Scheme 4.1. Modification of OEG-chain by protection of the amine with TFAA followed by 
the conversion of the azide to an amine. 

After successful protection, the azide moiety at the other end of the chain was reduced by 
hydrogenation to obtain the free amine. This way, the new modified bifunctional OEG-
chain with a trifluoroacetyl protected amine at one end, and a free amine at the other end 
was acquired. Using this approach it is not necessary to synthesize two different modified 
OEG-chains for the synthesis of both types of functionalization platforms. 
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4.6.2. Construction cross-linking agent 

For the synthesis of the functionalization dendron selective elimination of the protecting 
groups of DTPA-derivative branching unit (3) had to be made (see scheme 4.2). The 
modified OEG-chain (35) was the initial branch to be introduced. First of all, the benzyl 
group of the DTPA derivative 3 was selectively removed thereby liberating the carboxylic 
acid of the focal point for conjugation. For the removal of the benzyl group, standard mild 
conditions of catalytic hydrogenation using the heterogenous catalyst system of palladium 
on carbon were used. The reaction was usually completed in just a few hours at room 
temperature and normal atmospheric pressure. Then the modified OEG-chain 35 was 
conjugated to the focal point using the standard conditions with DIEA, PyBOP as coupling 
agent and a 7:3 mixture of DCM/DMF as the solvent. Then the tert-butyl groups protecting 
the other four carboxylic acids were removed by treatment with hydrochloric acid in 
dioxane. The last four branches to be introduced were the original commercially available 
OEG-chain consisting of one free amine and one azide. Also this conjugation was 
performed using the standard conditions using PyBOP and DCM/DMF as the solvent. The 
final product could be isolated after purification by reverse phase chromatography. 
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Scheme 4.2. Synthesis of dendritic cross-linking agent 37. 
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The cross-linking dendron (37) required purification by reverse phase chromatography. 
Also, further functionalization with a bioactive moiety (a later step in the synthesis) on the 
branch located at the focal point made this platform a costly commodity. And because 
there was no previous experience in cross-linking the hyaluronic acid biopolymer with 
these types of dendritic cross-linking agents, another simpler cross-linker dendron 38 was 
synthesized (see scheme 4.3).  
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Scheme 4.3. Synthesis of ‘practice’ cross-linking dendron 38. 

This dendron served as ‘practice’ cross-linking agent in order to find the right conditions 
for cross-linking the hyaluronic acid and to avoid using the costly functionalized platform. 
The practice dendron could be synthesized easily in one step starting from DTPA-
dianhydride and incorporating five azide-functionalized OEG-chains using PyBOP. The 
final product could be obtained after purification by flash chromatography with a good 
yield of 84%. 

 

4.6.3. Construction functionalization platform I 

The synthesis of the functionalization dendron requires an adequate combination of 
protecting group elimination processes of the DTPA-derivative branching unit (see 
scheme 4.4). The first step was the selective removal of the tert-butyl protecting group 
thereby making the carboxylic acids available for conjugation. Afterwards, the modified 
OEG-chains (36) were introduced using the standard conditions with DIEA,  PyBOP as the 
coupling agent and a mixture of DCM/DMF (7:3) as the solvent. This yielded the first 
generation dendron consisting of four branches with the amine groups protected with  
trifluoroacetyl amide group. This dendron was purified by means of reversed phase 
chromatography. The next step was the selective removal of the benzyl group and 
liberating the final carbolyxic acid in the focal point for conjugation. For the removal of the 
benzyl group, standard conditions of catalytic hydrogenation using the heterogenous 
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catalyst system of palladium on carbon were used. The reaction was usually completed in 
just a few hours at room temperature and normal atmospheric pressure. The final step of 
the synthesis was the conjugation of the fifth OEG-chain. The last branch to be introduced 
was the original commercially available OEG-chain consisting of one free amine and one 
azide at its ends. Also this conjugation was performed using the standard conditions using 
PyBOP and DCM/DMF (7:3) as the solvent. The final product could be obtained without 
purification.
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Scheme 4.4. Synthesis of TFAA-protected functionalization platform 40. 

 

4.6.4. Construction functionalization platform II 

The modified OEG-chain with one amine protected with the base-labile trifluoroacetyl 
group was useful for the synthesis of both platforms 36 and 39. But for the repeated 
synthesis of only the functionalization platform, it made more sense to protect the amine 
of the OEG-chain with an acid-labile group such as Boc.  Elimination of Boc-protected 
amines is easier and faster using HCl in dioxane than the removal of the trifluoroacetyl 
group with aqueous NaOH. Removal of the benzyl group in the core’s focal point and 
subsequent incorporation of the final azide-functionalized OEG-chain leaves the Boc-
protecting groups intact. But this newly modified OEG-chain cannot be used for the 
synthesis of the cross-linking platform. This is because after conjugation of the first OEG-
chain to the core, removal of the tert-butyl groups will remove the Boc-group also. 

For the synthesis of the new modified OEG-chain, the free amine was first protected with a 
Boc-group using tert-butyl dicarbonate and DIEA (see scheme 4.5). Then the next step was 
the reduction of the azide to an amine. Instead of performing a hydrogenation, other 
methods were pursued because previous assays showed that the standard hydrogenation 
with Pd/C did not cleanly convert the azides into amines. The methods explored include 
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the use of PPh311, iodotrimethylsilane12 and Zn/NH4Cl13 as reducing agents for the 
reduction of azides (see table 4.1).  

Entry Reduction system Solvent 
Conversion 

(determined by HPLC) 

1 PPh3 THF 45% 

2 TMSI ACN >95% 

3 NH4Cl/Zn 
EtOH/H2O 

(7:3) 
>95% 

Table 4.1. Reaction conditions used for the conversion of the terminal azide to an amine.  

Reduction with PPh3 caused the formation of secondary byproducts, and the sideproduct 
PPh3O is difficult to remove afterwards. Reduction with iodotrimethylsilane gave the 
desired product cleanly, but the reducing agent is difficult to remove afterwards. In the 
end the best option was using the Zn/NH4Cl system. Reduction took place cleanly and the 
formed salts could be removed by precipitation in ACN. 

O O O O O O NH2
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O O O O O O N3
H2N

O O O O O O N3

H
N

DCM
3h, RT, 97%

Boc2O (1.1 eq.)
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EtOH/H2O (7:3)
3h, RT, 76%

Zn (1.3 eq.)
NH4Cl (2.3 eq.)

O
O

O
O

41

74%  

Scheme 4.5. Modification of OEG-chain by protection of the amine with Boc followed by the 
conversion of the azide to an amine. 

The second type of functionalization platform was then synthesized using the approach as 
for the first type, except using the Boc-protected modified OEG-chain 41 instead of the 
trifluoroacetyl-protected modified OEG-chain 36 (see scheme 4.6). 
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Scheme 4.6. Synthesis of Boc-protected functionalization platform 43. 

This approach yielded the final Boc-protected dendron 43 with an improved overall yield 
of 56% as compared to the 15% overall yield of the TFAA-protected dendron 40 for 
functionalization.  

 

4.6.5. Conjugated bioactive moieties 

The peptide sequences which conjugated onto the dendritic platform were selected 
because they serve as epitopes for factors associated with osteo- and chondrogenesis. And 
in addition, the pyrene moiety was chosen as a fluorescent tag. Their structures and 
functions are given in table 4.2.  

The peptide sequence Arg-Gly-Asp (RGD) is the minimum unit of the cell adhesion domain 
in extracellular matrix proteins such as fibronectin, fibrin and vitronectin.14 All these 
proteins are ligands for the integrin receptor which resides on the cellular membrane. It is 
widely used to steer cellular adhesion to artificial materials. The presence of RGD plays an 
important role in initiating the differentiation of human mesenschymal stem cells (hMSC) 
into chondrocytes.15-17 Furthermore, the RGD-sequence maintains hMSC viability of many 
types of hydrogels18, 19 and the synthesis of proteoglycans is upregulated resulting in the 
accumulation of proteoglycans.14 The peptide sequence YPVHPST is an epitope for bone 
morphogenetic protein 2 (BMP-2). The cytokine BMP-2 plays an important role in the 
development of bone and cartilage as it induces chondrogenic or osteogenic 
differentiation of hMSCs.20, 21 It is added to long-term tissue cultures of chondrocytes to 
maintain the phenotype and stimulate redifferentiation.22 Additionally it stimulates the 
preferred production of collagen type II over type I.23 Collagen type II is one of the main 
components of articular cartilage while collagen type I is found in scar tissue. The fourth 
peptide consists of the sequence HRGYPGLDG. This sequence is found in  
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Table 4.2. Bioactive moieties chosen for conjugation onto dendritic platforms. 

the helical region of collagen type II and is required for intermolecular collagen binding. 
The peptide sequence LPLGNSH, is an epitope for TGF-β1. This is a cytokine similar to 
BMP-2 and stimulates chondrocyte differentiation and production of articular cartilage 
components such as collagen type II and proteoglycans.24 Pyrene and its derivatives are 
commonly used probes for fluorescence. It absorbs strongly in the UV region and 
fluoresces primarily around 400 nm. The fluorescence of pyrene depends strongly on the 
environment it is located in and therefore is applied widely as a tool to characterize 
hydrogels through fluorescence.25 
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The pyrene fluorescent probe was commercially available whilst the peptides were 
synthesized by solid phase peptide synthesis (SPPS) on a 2-chlorotrityl resin. The shorter 
peptides RGDS and DGSR were synthesized manually using diisopropylcarbodiimide 
(DIPCDI) and Oxyma Pure as the coupling agents. The peptides YPVHPST, HRGYPGDLG 
and LPLGNSH, which have longer sequences, were synthesized on an automated solid 
phase peptide synthesizer using HBTU/HOBt and DIEA. After coupling of the final amino 
acid, the Fmoc group was removed and the N-terminal was protected with a Boc-group 
using tert-butyl dicarbonate and DIEA. The peptide was cleaved from the resin using a 
mildly acidic cocktail of 1% TFA in DCM in order to keep all the protecting groups intact 
for later conjugation to the dendron. The protected peptides were obtained at purities 
exceeding 90%.  

 

4.6.6. Conjugation bioactive moiety onto cross-linking agent 

The first dendritic platform to be outfitted with a bioactive moiety was the platform for 
cross-linking (see scheme 4.7). To this platform three different moieties were conjugated: 
1) bioactive RGDS yielding final cross-linking agent 44; 2) the negative control sequence 
DGSR (yielding cross-linking agent 45); and 3) the fluorescent dye pyrene (yielding cross-
linking agent 46). The base labile TFAA protecting group was removed by dissolving the 
dendron in an aqueous 0.01 M NaOH solution and the reaction was left overnight. After 
deprotection, the solution was lyophilized to remove the water.  
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Scheme 4.7. Conjugation of moieties onto cross-linking dendron. 

Then the moiety was introduced using the standard coupling conditions using DIEA, 
PyBOP as the coupling agent in DCM/DMF (7:3). The reaction was monitored by HPLC and 
LC-MS. After complete incorporation of the peptides, the side chain protecting groups 
were removed by an acidic cocktail of TFA/H2O/TIS (95:2.5:2.5). The desired compounds 
were purified by semi-preparative chromatography.  The yields and purities are given in 
table 4.3. The synthetic methodology allowed the synthesis at a scale exceeding 100 mg. 
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Compound Moiety Function Yield Quantity 
Purity 

(λ=210 nm) 

44 RGDS 
Epitope for 

integrin 
40% 140 mg 89% 

45 DGSR Negative control 70% 240 mg 91% 

46 Pyrene Fluorescent dye 77% 81 mg 99% 

Table 4.3. Yields and purities of final dendron conjugates for cross-linking. 

 

4.6.7. Conjugation peptides onto biofunctionalization platforms 

The conjugation onto the functionalization platform proceeded in two ways depending on 
which type of functionalization platform was used: i.e. with TFAA protecting groups or 
with Boc protecting groups. The platform with TFAA protecting groups was outfitted with 
the bioactive RGDS and negative control sequence DGSR. Deprotection of the TFAA group 
was done with aqueous NaOH as described above and the peptide sequences were 
introduced using the standard conditions of PyBOP and DIEA in DCM/DMF (7:3) as 
illustrated in scheme 8. After complete incorporation and subsequence elimination of the 
side chain protecting groups of the peptides conjugated, the compounds were purified by 
semi-preparative chromatography. The yields and purities are given in between 
parentheses in table 4.4. 
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Scheme 4.8. Conjugation of peptides onto TFAA-protected functionalization platform 40. 

The platform with Boc protecting groups was outfitted with the bioactive RGDS sequence 
and the scrambled DGSR sequence. And in addition, three new peptide-dendron 
conjugates comprising the sequences YPVHPST, HRGYPGLDG, and LPLGNSH were 
synthesized. The Boc-protecting groups at the end of the OEG-branches of the dendron 
were removed by acidic treatment with TFA/H2O (95:5). Afterwards the peptides were 
introduced onto the dendron by the standard method using PyBOP and DIEA in DCM/DMF 
(7:3) (see scheme 4.9). The successful conjugation of the peptides was evaluated by HPLC-
MS. 
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Scheme 9. Conjugation of peptides onto Boc-protected functionalization platform 43 

For the conjugates with longer peptide sequences, it could be tricky to monitor the peptide 
conjugation because the chromatogram was difficult to interpret. To overcome this issue, a 
small aliquot of the crude product was taken for total elimination of side chain peptide 
protecting groups by a cocktail consisting of TFA/H2O/TIS (95:2.5:2.5). The 
chromatogram of the deprotected conjugate proved to be less difficult to interpret and the 
desired compound could easily identified by HPLC-MS. 

After confirmation of the successful conjugation of the peptide, the whole crude was 
deprotected and the excess of peptide was removed by means of dialysis in water using a 
dialysis membrane with MWCO 1kDa.  The yields and purities of all biofunctionalization 
platforms 47-51 are given in table 4.4. 

The peptide-dendron conjugates could be obtained at purities over 90% and pretty good 
yields. The success rate of the peptide incorporation seemed to depend mostly on the 
length and the peptide sequence. However, the synthetic methodology was useful for 
obtaining quantities ranging between 50 and 130 mg.  

Compound 
Peptide 

sequence 
Epitope Yield Quantity 

Purity 
(λ=210 nm) 

47 RGDS 
Epitope for 

integrin 
58% 

(42%) 
52 mg 95% (81%) 

48 DGSR 
Negative 
control 

66% 
(29%) 

50 mg 99% (87%) 

49 YPVHPST 
Epitope for 

BMP-2 
45% 57 mg 90% 

50 HRGYPGLDG 
Epitope for 

collagen type II 
51% 65 mg 95% 

51 LPLGNSH 
Epitope for 

TGF-β1 
75% 130 mg 91% 

Table 4.4. Yields and purities of final dendron conjugates for biofunctionalization. The yields 
and purities of the conjugates made using platform 
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4.7. Evaluation of the synthesized dendrons as cross-linking agents and 
platforms for biofunctionalization 

All the evaluation experiments performed with hyaluronic acid based hydrogel and OEG-
based dendrons were performed by Ryan Seelbach of the Nanotechnology Platform (PCB) 
at the AO Foundation in Davos, Switzerland, under the supervision of Dr. David Eglin.  

 

4.7.1. Evaluation of the cross-linking agents  

The azide functionalized dendrons were used to cross-link the alkyne fynctionalized 
hyaluronic acid biopolymers fibers described above in figure 5. The cross-linking was 
performed by means of the copper-catalyzed azide-alkyne cycloaddition (CuAAC). The 
hypothesis was that cross-linking the biopolymers fibers would result in the formation of 
a hydrogel network. 

The first cross-linking experiments were performed with the model dendron with five 
azide moieties. A solution of 1% (w/v) of hyaluronic acid biopolymer fiber together with 
5% (w/v) cross-linking dendron 38 was prepared. The catalyst used for the CuAAC 
mediated cross-linking was the copper/TBTA catalyst-ligand complex. The cross-linking 
induced by the copper catalyzed click reaction resulted in the formation of a solid gel, as 
can be seen in the bottom of the test tube in figure 4.5.  

 

Figure 4.5. Image of test tube containing a hyaluronic acid hydrogel cross-linked with azide 
functionalized OEG-dendron 38. 

However, after a few hours the formed hydrogel began to lose its integrity and solidity and 
turned more into a viscous liquid. It was suspected that the breakdown was caused by 
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degradation of the higher mass hyaluronic acid molecules into smaller fragments. 
Different types of oxidative systems, for example systems consisting of copper, can release 
hydroxyl radicals which can damage and fragment the hyaluronic acid polymer.26, 27   

Therefore the breakdown of the hydrogel material was attributed to the hyaluronic acid 
biopolymer, not to the used cross-linking dendrons. In fact, when using pentaazide 
dendron 38 to cross-linking alkyne functionalized PEG-chains (10 kDa) a stable hydrogel 
was successfully formed which was still stable after two years of storage at 4°C (see figure 
4.6).  

 

Figure 4.6. Formed hydrogel (at the top of the falcon tube) after cross-linking 10 kDa PEG-
chains with azide functionalized dendron 38 

Due to the aforementioned complication when cross-linking hyaluronic acid, this 
particular subproject was put on the shelf until a possible solution was encountered. 
Therefore more focus was put on the other project involving dendrons and the hyaluronic 
acid biopolymer: namely the biofunctionalization of the biopolymers using peptide-
dendron conjugates, as described below. 
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4.7.2. Evaluation of the biofunctionalization platforms  

When using dendrons as biofunctionalization platforms, hydrogel formation occurred due 
to the presence of the PNIPAM molecules. The mechanism of hydrogel formation induced 
by PNIPAM is illustrated in figure 4.7.  

 

Figure 4.7. Functionalization of hyaluronic acid biopolymer fibers with NIPAM and dendrons 
through click chemistry. Afterwards, the gels are encapsulated inside the hydrogel as it is 

formed by heating to 30 °C. 

The hyaluronic acid backbone was functionalized with both PNIPAM and the decorated 
dendron through the CuAAC reaction resulting in the formation of the hyaluron-dendron-
PNIPAM conjugate. The result of the click reaction to functionalize the hyaluronic acid 
fiber was a highly viscous liquid which, when heated to temperatures above 30 °C, 
solidified due the presence of PNIPAM (see figure 4.8). 

Figure 4.8. NIPAM functionalized hyaluronic acid as a viscous liquid (left) and as a solidified 
hydrogel (right) after heating. 

In order to be able to better control the grafting of both the dendron and PNIPAM 
components, and thereby to be better able to control the properties of the material, it was 
chosen to conjugate the dendron and PNIPAM separately as is illustrated in figure 4.9.  A 
bioactive unit consisting of hyaluronic acid and a decorated dendron was prepared 
parallel with a gelling unit consisting of hyaluronic acid and PNIPAM. Both units were then 
combined to yield the biocomponent hydrogel which contained hyaluronic acid, PNIPAM 

Hyaluronic acid 

PNIPAM 

Dendron 
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Figure 4.9. Schematic layout of the biocomponent hydrogel platform which combines: 1) 

dendrimer decorated hyaluronan with; 2) thermo-responsive hyaluronan. 

and a biofunctionalization platform.  When seeded with cells, the formula described above 
in fact represents an injectable cocktail of cells, scaffold and biochemical signals for the 
tissue engineering of damaged osteoarticular tissues. Mesenchyal stem cells (MSC) are one 
of the most suitable types of cells to achieve this objective. They are multipotent stromal 
cells which can differentiate into a variety of cells such as osteoblasts (for bone formation) 
and chondrocytes (for cartilage formation). They possess this multipotency while at the 
same time have a great capacity for proliferation.  

For the first biological experiments, three different hydrogels were prepared: gel RGDS 
was prepared with bioactive RGDS dendron, gel RGD- was prepared with negative control 
DGSR dendron, and gel HA was prepared without any dendron. These gels were seeded 
with hMSCs and the cell viability was studied together with histological examination and 
RT-PCR analysis to determine the fenotype of the implanted cells. Rheological testing 
showed that the mechanical properties of the hydrogels were not influenced by the 
incorporation of the dendrimers.  
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Figure 4.10. Microscopic images of Calcein AM/Ethidium homodimer staining of hMSCs 
cultured for 1 and 7 days in the thermoreversible hydrogels; green = living cell;    red = dead 

cell. Scale bar = 100 µm.  

After incapsulation inside the hydrogels, the cells were homogenously distributed as can 
be observed in the microscopic images given in figure 4.10. Visual examination of these 
images shows that the cell density in gel RGDS was higher than in the other two gels.  

 

4.7.3. Cell viability 

After encapsulation of the stem cells in the material, the cell viability was assayed after 
one week and after three weeks. A Live/Dead stain was used to indicate viable cells and 
the relative live to dead cells were quantified from representative fluorescent images. The 
results are given in figure 4.11.  

 

Figure 4.11. Normalized mean viabilities of hMSCs encapsulated in RGDS, RSGD and Hyal 
hydrogels and cultured in osteogenic permissive (basal) and differentiation (ODM) media 

over 21 days.  
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The data show some interesting trends. First of all, cell viability of the gel RGDS with 
bioactive RGD is higher after three weeks than after one week.  This indicates that not 
many cells have died but in fact have been able to proliferate. Secondly, cell viability is 
higher in the gel RGDS than in both gels RSGD and HA at week three and higher than gel 
HA at week 1. And the last observable trend is that the cell viability is lowest of all in the 
gel containing the scrambled peptide sequence, gel RSGD. The last two trends indicate that 
hMSCs are comfortable in a biochemical environment containing RGD sequences, but are 
not as comfortable in an environment which contains the random RGD sequence. The gels 
cultured in gels containing HA showed an essential stable viability rate. In conclusion, the 
RGD sequence apparently enhances the cell viability of hMSCs in the hydrogels. However, 
this difference was not statistically significant; the found p-value was 0.059 when 
calculated with Kruskal-Wallis ANOVA pairwise comparison. Choosing a 90% confidence 
interval would have given a statistical difference though.  

 

4.7.4. Histology 

In order to identify cell distribution and morphology and most importantly matrix 
deposition in the cell-hydrogel constructs, toluidine blue stained cryosections were used. 
Toluidine blue is a cationic dye which is used to stain proteoglycans which are present in 
articular cartilage. Therefore this staining dye can be used in histological examination of 
the gels to detect the production of this particular component of cartilage. Sections of the 
three types of gels were taken after 7 and after 21 days and were stained with toluidine 
blue. The microscopic images are given in figure 4.12. 

Based on the toluidine blue stained cryosections, cells were nicely distributed throughout 
the hydrogels. There was no major deposition of ECM in any of the cell-material 
combinations. However, there was a good distribution of cells throughout the 
biomaterials. Many cells appear rounded which is similar to chondrocyte morphology. 
Some cells appeared slightly more elongated. (Figure 4.12 A, B, D, F, H, J) Multi-nucleated 
cells, indicative of osteocytes, were also observed.  Small aggregates of cells were seen 
throughout the sample groups. These aggregates appeared to have a relatively small 
amount of surrounding ECM that did not extend further than 10-15 microns away. 

Although no prominent ECM deposition was observed in any of the material groups, 
particular cell morphologies and multinucleated cells indicated the presence of 
chondrocyte-like and osteocyte-like cells. It is possible that the cells chose both types of 
morphologies due to the fact that they elected the endochondral regeneration pathway. 
The small amount of ECM observed indicates that matrix production should be examined 
with a parallel assay on the culture media such as the DMMB assay to quantify 
proteoglycan production. 



Chapter 4. Dendrons as cross-linking agents and platforms for biofunctionalization 
 

142 
 

 

Figure 4.12. Toluidine blue stained cryosections of hMSCs cultured in the bicomponent 
hydrogel at days 7 and 21 in basal medium and ODM. Scale bar: 100 m. 

 

4.7.5. RT-PCR analysis 

To gain more insight into the differentiation, RT-PCR analysis was performed to determine 
the fenotype of the implanted hMSC. The desired fenotype would be that of chondrocytes 
and osteoblasts; the cells responsible for repair of cartilage and bone. 

The expression of genetic markers for osteogenesis and chrondogenesis, such as alkaline 
phosphatase (hALP), osteocalcin (hOC), RUNX2 and SOX9, was measured using qRT-PCR. 
Proliferating osteoblasts show an increased alkaline phosphate activity and therefore is a 
suitable marker for osteogenesis.28 It is suggested that it plays a role in mineralization 
process by hydrolyzing organic phosphate substrates to release free inorganic 
phosphate.29, 30 Osteocalcin is another marker used for the evaluation of the bone 
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formation process.31 The osteocalcin protein is important for the mineralization process 
and is promoted by the RUNX2 gene.32, 33 RUNX2 is a key transcription factor associated 
with obsteoblast differentiation.34 It regulates the expression of many bone-specific genes. 
For instance, direct evidence shows that RUNX2 is essential for the execution of the BMP2 
signaling pathway for osteoblast differentiation. Bone formation is totally absent in 
RUNX2-null mice  while upregulation leads to an increase in bone mineralization.35, 36 
SOX9 is a high-mobility-groups transcription factor which is expressed in chrondrocytes 
and is responsible for chrondrocyte differentiation and cartilage production.16, 37 
Mutations in the gene responsible for the transcription of SOX9 can results in the human 
skeletal disorder disease campomelic dysplasia (CD). The expression patterns implicate 
that SOX9 is active during the very early stages of chondrogenesis. This means that SOX9 is 
a determinant of chrondrocyte differentiation rather than a consequence.  

The hMSC were harvested from three different donors and the measured relative mRNA 
expression levels are given in figure 4.13.  

 

 

  

Figure 4.13. qRT-PCR of (A) hALP, (B) hColl 2, (C) hOC, (D) hRUNx2, and (E) hSOX9. Data was 
normalized to day 0 monolayer culture with hGAPDH serving as endogenous control. 

The osteogenic and chondrogenic transcription factors, hRUNx2 and hSOX9 respectively, 
were examined to determine if either phenotype was preferentially selected based upon 
the material and choice of medium. There is an initial downregulation at days 7 and 14 for 
both SOX9 and Runx2 (Figure 4.13 D and 14.3 E) in basal media conditions for RGDS and 



Chapter 4. Dendrons as cross-linking agents and platforms for biofunctionalization 
 

144 
 

DGSR whereas the Hyal and Alg groups have an expression comparable to the day 0 
monolayer culture. However, over time there is a strong upward trend of expression of 
this marker in the RGDS group, and at day 21 the expression is upregulated. The DGSR and 
Hyal group also show an increasing trend of expression although to a lesser degree. There 
is a downregulation of hALP in the RGDS and DGSR over the culture period. (Figure 4.13 
A) Moreover, although the expression in the Hyal and Alg groups was initially 
downregulated, by day 21 the expression returned to the levels measured with the day 0 
monolayer culture.  There was an upregulation of hColl2 which was most prominent for 
cells in RGDS and with basal media. In the case of hOC, only the Alg group showed an 
upregulation over the culture period which was only observed in basal media. Both 
dendron grafted hydrogels showed downregulation of hOC. Interestingly, the osteogenic 
medium did not support expression of osteogenic markers and in some cases even 
suppressed the expression compared to basal conditions as was the case with the Alg 
groups between basal and differentiation media at day 21. Examination of hColl2 showed 
upregulation, yet more pronounced in basal media conditions, especially with the RGDS 
group. The upregulation of chondrogenic and osteogenic markers in the basal media 
cultures indicates that the hMSCs were pursuing the endochondral pathway in the RGDS 
group. 

These results support the theory that RGDS promotes osteogenesis in permissive medium 
conditions, albeit via the endochondral route. The hMSCs cultured with the biocomponent 
hydrogels combined with ODM were not induced along the direct ossification pathway. 
Rather the mRNA expression remained similar to the day 0 monolayer culture. RGDS 
dendrons influence an overall suppression of osteogenic markers in hMSCs. The 
osteogenic differentiation medium was designed to push the hMSCs along the direct 
ossification pathway which is common in the healing of irregular and flat bones and 
augmented clavicular fractures which are fixed with implantation of titanium plates. 
However, the medium seemed to do more to suppress the osteogenic markers than to 
influence the upregulation compared to the basal media. Furthermore, the pattern of 
genetic modulation shows both osteogenic and chondrogenic marker upregulation in the 
osteogenic permissive medium suggesting the hMSCs are moving along the endochondral 
route. This assessment is further supported by the upregulation of collagen II which is a 
major component of cartilage. Future work should assess the terminal differentiation of 
the cells via hypertrophic markers such as collagen X.  
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Conclusions 

The orthogonally protected DTPA-derived core allowed the synthesis of differently 
functionalized dendrons, which were of a 4+1 motif, for two distinct uses: one served as a 
cross-linking agent and the other as a functionalization platform. Furthermore, 
modification of the OEG-branch permits utilizing different synthetic strategies. 

The cross-linking dendritic platform at first is successful at cross-linking the alkyne 
functionalized hyaluronic acid and thereby forming a hydrogel network. However, the 
integrity of the formed hydrogel is compromised due to degradation of the hyaluronic acid 
caused by the formation of hydroxyl radicals. No solution for this particular problem has 
been found yet and further work needs to be carried out to overcome this issue. 

Both platforms can be functionalized with either peptides or another carboxylic acid 
containing moiety through amide bond formation. The largest peptide that was introduced 
contained nine amino acid residue; possibly even longer peptides can be introduced onto 
the platform. 

The functionalization platform could be used effectively to introduce a cluster of bioactive 
moieties in to the hyaluronic acid-NIPAM hydrogel. The dendron with the bioactive RGD 
sequence was able to augment the cell viability of hMSC which were encapsulated inside 
the material. And in addition, the clusters of RGD steered the cells to differentiate after a 
period of 21 days, as indicated by the expression of genetic markers, and ultimately 
produce produce collagen, a main component of articular cartilage. Work on the other 
peptide-conjugated dendrons still needs to be realized.  
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Introduction 

5.1  Gene delivery 

The interest on treating diseases by gene therapy has clearly bloomed as a consequence of 
the increase in knowledge of disease molecular pathways and the human genome. Gene 
therapy use genetic material as a pharmaceutical agent to treat disease. This can be 
achieved in three different ways: 

• Replacing a mutated gene that causes disease with a healthy copy of the gene. 

• Inactivating, or ‘knocking out’, a mutated gene which is not functioning properly. 

• Introducing a new gene into the body to help fight a disease. 

This method requires guiding functional genetic material, such as plasmids, nucleic acids 
(DNA and RNA) and oligonucleotides, to the target cells.1 Clearly, two types of gene 
delivery vectors can be distinguished, viral and non-viral. The first ones, for example 
based on retroviruses, lentivirus, adenoviruses and adeno-associated viruses, have shown 
to be very efficient by replacing part of their genome with a therapeutic gene, as a 
consequence of the intrinsic nature of viruses. However, their disadvantages2, 3 are also 
very important as safety concerns remain the main bottleneck for clinical application of 
viral gene delivery. As a result of repeated administration, viral vectors may provoke an 
inflammatory or immune response. Additionally, the cargo capability of viral vectors is 
low and they are difficult to produce at the required scale.  

The second type is based on synthetic vectors such as macromolecules, polymers and 
nanosystems that can be rationally designed according to the needs.4-11 They are easier to 
synthesize, have improved safety and are more flexible. These vectors have to interact 
with the nucleic acids, usually forming electrostatic complexes, compacting them and 
preventing their degradation. Thus, different systems functionalized with cationic groups 
have been employed for this objective12, which function by means of complex formation by 
interaction with the anionic phosphate moieties of nucleic acids. 

An ideal carrier should protect the genetic materials from degradation and have good in 
vivo stability. After internalization by the cell, the DNA-carrier complex has to be guided 
towards the nucleus where it should release the DNA for incorporation into the nucleus.13 
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5.2. Dendrimers and gene delivery 

In the particular case of dendritic macromolecules, their properties such as well-defined 
size and structure, flexibility, monodispersity and multivalent molecular surface14-23 have 
attracted attention for biomedical applications. Therefore several types of cationic 
dendrimers have been explored for gene therapy6, 10, 24-32, according to their framework. 
One of the most commonly applied dendrimers for gene therapy is the PAMAM dendrimer. 
The PAMAM dendrimers consists of exterior primary and internal tertiary amine groups 
which have pKa values ranging between 7-9 and 3-6 respectively. The surface amine 
groups bind to the DNA through electrostatic interactions with the negative charged 
phosphate groups DNA molecule. This leads to the formation of the dendriplex: the 
complex between dendrimers and DNA. The tertiary amine groups exert endosome buffer 
effect and release the DNA inside the cytoplasm.  Other dendrimeric frameworks used for 
gene therapy are polypropylenimine or polylysine dendrimers. Also these dendrimers use 
the positively charged amine groups to complexate DNA molecules.  

 

5.3. siRNA 

DNA interference causes postranscriptional gene silencing in most eukaryotic cells.33 It 
offers a new approach for inhibiting specific genes and producing knockout and for 
designing new therapeutics. RNA interference is a mechanism which occurs naturally in 
eukaryotic cells and originally acts as a defense mechanism for maintaining the integrity of 
the genome.34 One way to achieve RNA interference is by using short interference RNA 
sequences (siRNA). These short double stranded RNA sequences are capable of degrading 
complementary mRNA in the cytoplasm. For the delivery of siRNA sequences into the cell, 
vectors based on the viral or non-viral formulations described above are required because 
administration of single siRNA molecules is not therapeutically effective.34 The reason for 
the low efficacy lies in the low stability in physiological fluids and low cellular uptake of 
the siRNA sequences.35 
 
Nef siRNA is a short interference sequence which is able to inhibit HIV replication.36 The 
nef gene is present in the genome of HIV and SIV and is important for replication in vivo. It 
is expressed during HIV infection and is one of most abundant RNA transcripts during the 
early viral replication.  
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5.4. Carbosilane dendrimers for gene delivery 

One of the last dendrimers developed for use in gene therapy are based on a carbosilane 
framework. Although these compounds are highly hydrophobic, water soluble cationic 
carbosilane dendrimers can be synthesized that have been useful as non-viral vectors for 
gene therapy.37-41 Their strong amphiphilic behaviour makes them different with respect 
to others kinds of dendrimers with a more hydrophilic skeleton. These molecules are able 
to bind oligonucleotides and siRNA and transport them to the interior of different types of 
cells.37-41 In addition, these dendrimers protect nucleic material from degradation by 
serum proteins and nucleases and this protective feature is of fundamental importance for 
nucleic material to be able to exert an effect once in the interior of the cell.39 However, the 
major drawback of cationic dendrimers is their intrinsic toxicity. A strategy developed to 
overcome this problem has been the binding of PEG moieties, an approach which also 
increases the solubility of the macromolecule.42-49 
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Objectives 

Taking these previous results into account, a Janus-type amphiphilic dendrimer composed 
of two types of dendrons was designed and synthesized as is depicted in scheme 5.1. 
Half of the amphiphilic dendron is based on a carbosilane framework and the other is 
based on the OEG-DTPA scaffold described before in this thesis. The entire dendrimer is 
decorated with positively charged primary amine groups at their periphery for 
complexating the DNA molecule. The synthesis of these dendrimers was performed by 
click chemistry (CuAAC) using azide and alkyne groups at the focal point of carbosilane 
and OEG-based dendrons, respectively. Due to this composition, the rationale is that the 
properties of both types of dendrons are combined. It is expected that these dendrimers 
would have an improved biocompatibility compared to carbosilane homodendrimers 
while also maintaining the ability to bind the DNA molecule. The biocompatibility of the 
Janus-type dendron, together with complex formation with Nef siRNA, cellular uptake, and 
HIV inhibition were studied in primary peripheral blood mononuclear cells (PBMC).  
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Scheme 5.1. Concept for the synthesis of Janus-type dendrimers. The carbosilane dendron is 
outlined in blue and the OEG-DTPA dendron in red. Coupling of both dendrons is achieved by 

means of CuAAC after which the Boc-groups are removed to give the ammonium NH3
+ 

groups. 
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Results and discussion 
 
5.5. Synthesis  

5.5.1. Synthesis of dendrons  

For the synthesis of carbosilane dendrons, dendrons with a C-Br bond at the focal point 
and Si-H groups at the periphery were chosen as precursors. This was an extension of a 
previously reported synthesis of carbosilane homodendrimers functionalized with amine -
NH2 groups at the periphery by hydrosilylation of allylamine with SiH-terminated 
dendrimers.41, 50 However, this procedure is not adequate for the new dendrons used for 
the preparation of this Janus-type dendrimers due to the chemical incompatibility of 
primary amine groups and C-Br bonds. Because of that, protection of the amine groups 
with Boc was necessary for using the same synthetic procedure. Thus, reaction of Boc-
protected allylamine C3H5NHBoc with 1-3 generation dendrons BrGn(SiH)m (n = 1, m = 2; n 
= 2, m = 4; n = 3, m =8) afforded the corresponding dendrons BrGn(NHBoc)m (n = 1, m = 2 
(52); n = 2, m = 4 (53); n = 3, m =8 (54)) in high yield (Scheme 5.2). The reaction was 
followed by NMR spectroscopy. 
 

i

Ra =
SiMe2H
SiMe(C3H6SiMe2H)2
SiMe(C3H6SiMe(C3H6SiMe2H)2)2

Rb =
SiMe2C3H6NHBoc (52)
SiMe(C3H6SiMe2C3H6NHBoc)2 (53)
SiMe(C3H6SiMe(C3H6SiMe2C3H6NHBoc)2)2 (54)

Rc =

Si
Br

Ra

Ra

Si
Br

Rb

Rb

Si
N3

Rc

Rc

SiMe2C3H6NHBoc (55)
SiMe(C3H6SiMe2C3H6NHBoc)2 (56)
SiMe(C3H6SiMe(C3H6SiMe2C3H6NHBoc)2)2 (57)

ii

 
Scheme 5.2.  Synthesis of generation 1-3 carbosilane dendrons N3Gn(NHBoc)m (n = 1, m = 2 

(55); n = 2, m = 4 (56); n = 3, m =8 (57)). i) C3H5NHBoc, Pt Kardstedt’s catalyst, THF, 60 ºC, 12 
h; ii) NaN3, DMF, NaI, 80 ºC, 12 h. 

The alkyne functionalized OEG-based dendron was made by the conjugation of 
monodisperse OEG-chains to an alkyne functionalized branching united derived from 
DTPA. This dendron corresponded exactly to the alkyne functionalized dendron 8 used in 
chapter 1. Its structure is given in figure 5.1. 
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Figure 5.1. Structure of alkyne functionalized OEG-dendron 8 which makes up one half of the 

amphiphilic  Janus-type dendrimer 

 

5.5.2. Synthesis of Janus-type dendrimers 

The coupling of azide carbosilane dendrons N3Gn(NHBoc)m (54-56) with alkyne OEG-
based wedge 8 was carried out in THF/H2O in the presence of Cu+ at 60 ºC (Scheme 5.3), 
leading to the hybrid dendrimers 58-60. The yield of this reaction was dependent on the 
generation of carbosilane dendron. Whereas compounds 58 and 59 were obtained with 
high yield, compound 60 was isolated with very low yield. Formation of amphiphilic 
dendrimers was confirmed by NMR spectroscopy. The 1H NMR spectra showed one 
resonance at about δ 7.50 for the proton of the triazole ring and the 13C NMR spectra 
showed resonances at about δ 122 and δ 144 for the carbons corresponding to this ring.  
 

i)
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ii)

Si
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61-63  
Scheme 5.3. Synthesis of amphiphilic cationic dendrimers 61-63 from carbosilane dendrons 
N3Gn(NHBoc)m (55-57) and OEG-based dendron 8. I) CuSO4, NaAsc, NEt3, THF/H2O (6:2), 16h, 

60 °C; II) HCl/dioxane, 5h, RT. 
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Treatment of NHBoc dendrimers 58-60 with excess HCl in dioxane led to the 
corresponding amphiphilic cationic dendrimers 61-63 (scheme 3), which were isolated as 
white powders soluble in H2O. The main NMR data of these compounds are, on one side, 
the disappearance of the tBu resonances of Boc groups and, on the other side, the 
resonances for the NH3+ protons observed at high frequency (DMSO-d6). Furthermore, the 
formation of amine-terminated Janus-type dendrimers 61 and 62 through click chemistry 
was confirmed by HPLC-MS. Dendrimer 16 was not characterized by mass spectrometry 
due to the low yield. The observed masses (61: 1641.5; 62: 355.6 (M+6)/6 & 426.5 
(M+5)/5) corresponded to the desired products 61 and 62 respectively. 

 
5.6.  Biomedical studies  

The potential application of amphiphilic dendrimers 61 and 62 for gene therapy, with 6 
and 8 ammonium NH3+ groups respectively, was studied against HIV in peripheral blood 
mononuclear cells (PBMC) and compared with that of the carbosilane homodendrimer 
6441 with 8 NH3+ groups. The very low yield obtained in the synthesis of the amphiphilic 
dendrimer 63 precluded its use in these studies. But first of all, the complexation 
properties of the different compounds were evaluated. The molecular structures of the 
studied compounds are given in figure 5.2.  
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Figure 5.2. Molecular structure of cationoic amphiphilic dendrimers 61-63 described in this 

study and generation two carbosilane dendrimer 64 used as a reference model in biomedical 
assays.  

 

5.6.1. Cytotoxicity dendrimers 

First of all, toxicity of the Janus-type dendrimers in PBMC was tested by MTT assays to 
measure mitochondrial metabolic activity (see figure 5.3). Compounds 61 and 62 did not 
show cytotoxicity at concentrations of 5 and 10 μM respectively, whereas carbosilane 
dendrimer 64 showed toxicity over 1 μM. Although it is clear that the presence of PEG 
fragments diminishes the toxicity, apparently the carbosilane moiety also might play a 
role, as the toxicity of 61 is slightly higher than that of 62. 
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5.6.2. Binding siRNA & dendrimers 

Electrophoresis analyses in agarose gel were performed to study the binding capacity of 
the Janus-type dendrimers toward siRNA Nef (figure 5.4). A single sequence of siRNA was 
complexated with several equivalents (1, 2, 4, 8 and 12) of dendrimer to form the 
dendriplex. The electrophoresis analyses were performed after 2 hours and after 24 
hours. The disappearance of the siRNA band indicated that the dendriplex was 
successfully formed.  

Amphiphilic dendrimer 61 complexes siRNA Nef from a ratio 1:4 but releases it again after 
24 hours. However, dendrimers with eight NH3+ groups form more stable complexes that 
are not released after 24 hours. For amphiphilic dendrimer 62, the dendriplex is formed 
starting from a 1:8 ratio. However, for carbosilane homodendrimer 64 stable dendriplexes 
are generated from ratios 1:1. Therefore, the presence of PEG units in these Janus-type 
dendrimers clearly weakens interaction with siRNA. Also the total number of amine 
groups plays a role in stable dendriplex formation. 

 

 

Figure 5.3. Cytotoxicity as determined by MTT assay of dendrimers 61, 62 and 64 at 
concentrations of 1-20 µM. 

61 62 64 

61 62 64 
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Figure 5.4.  Electrophoresis gel in agarose of dendriplexes at differenent siRNA 
Nef:dendrimer ratios after 2 hours (above) and 24 hours (below).  

 

5.6.3. Cytotoxicity dendriplexes 

Also, toxicity of dendriplexes was evaluated by MTT (figure 5.5). These experiments 
showed again higher tolerance for dendriplexes formed by Janus-type dendrimers 61 and 
62 than for carbosilane homodendrimer 64. For the first one 61, dendriplexes were 
biocompatible up to 1:4 ratios, for the second one 62 up to 1:8 ratio and finally for the 
third one 64 only complexes were non-toxic below a 1:2 ratio. These results are in 
agreement with the toxicity observed for dendrimers alone. 

 
 
 
 
 

 
 
 
 

 

 

 

 

61 62 64 

61 62 64 
Figure 5.5. Cytotoxicity of dendriplexes at variable siRNA/dendrimer in PMBC with siRNA Nef 

concentration of 25 nM. 
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5.6.4. Interaction siRNA & dendrimers 

In order to test the strength of the interaction between siRNA and dendrimers, heparin 
competition assays were performed (see figure 5.6). Heparin is an anionic competitive 
binding agent which through its negatively charged disaccharide groups can interact 
electrostatically with polycationic polymers.35, 51  

Polyacrylamide gel electrophoresis (PAGE) was used to adequately visualize and quantify 
the siRNA released from the dendriplex as heparin concentration increased. It was found 
that release of siRNA from 61, 62, and 64 began at 0.1 U/µg of heparin. Again, the 
influence of OEG units is clear, as higher retention of siRNA is shown by PEG-free 
dendrimer 64. The more the Janus-type dendrimer consists of PEG, the higher the release 
of siRNA will be. This is illustrated by the fact the release of siRNA from 61 was higher 
than from 62, and much higher than the dendrimer 64 that is based only on a carbosilane 
scaffold. 

Analogous dendritic systems to the homodendrimers 64 containing –CH2NMe3+ at the 
periphery reported elsewhere52 resulted to be inactive in HIV inhibition when 
dendriplexes were used. This drawback was ascribed to the high stability shown by the 
dendriplexes, which enables them to internalize their cargo but prevents their release 
inside the cell for in vitro experiments. It seems that the presence of PEG moieties weakens 
such interactions which could be important for the release of the oligonucleotide cargo. 

 

 

Figure 5.6. Polyacrylamide gel electrophoresis of dendriplexes/herparin competition assays 
after 24 hours. Units of heparine are given in U/µg. 
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5.6.5. HIV inhibition 

Finally, a post-treatment inhibitory study on PBMC by p24 ELISA assay was carried out to 
determine the ability of dendrimer/siRNA Nef dendriplexes to interfere in HIV replication 
(Figure 5.7). The viral p24 protein is a structural component of the viral core, the capsid. It 
is a distinctive HIV antigen and therefore is used in assays to detect the presence of the 
virus. Of the three systems employed, the one corresponding to dendrimer 62 gave the 
best results, showing inhibition up to 50 %. 
 

 

Figure 5.7. HIV protein p24 ELISA assay of infected PBMC after 48 hours of treatment. 
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Conclusions 

The click coupling of azide carbosilane dendrons (generations 1 to 3) and alkyne PEG-
based dendron has been successfully employed as a synthetic methodology for obtaining 
Janus-type cationic dendrimers functionalized with 6 or 8 ammonium NH3+ groups. 
However, this reaction gave very low yield when the third generation carbosilane dendron 
was employed.  

The heterodendrimers 61 and 62 were compared with a carbosilane homodendrimer with 
eight NH3+ groups (64) as gene delivery vectors against HIV in peripheral blood 
mononuclear cells (PBMC). The presence of the PEG moiety afforded lower toxicities when 
compared to the homodendrimer analogue and the same trend was observed when the 
corresponding dendriplexes were used.  

With respect to dendriplexes strength, electrophoresis analyses showed that dendrimer 
61 and 62 are able to form dendriplexes at higher ratios than the homodendrimer 64 
evidencing a weaker interaction between dendrimers and siRNA. This fact is corroborated 
by the dendriplex/heparin competition assays.  

Both features, lower toxicity and lower dendriplex strength, seem to be important 
properties for their use as carriers of nucleic material, as Janus-type dendrimer 62showed 
higher level of HIV inhibition when compared to homodendrimer 64 containing the same 
number of positive charges.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5. Janus-type dendrons for delivery of genetic material 
 

164 
 

Bibliography 

1. I. M. Verma and N. Somia, Nature, 1997, 389, 239–242. 
2. E. Wagner, Mol. Ther., 2008, 16, 1-2. 
3. M. Cavazzana-Calvo and A. Fischer, 2007, 117, 1456–1465. 
4. K. Kodama, Y. Katayama, Y. Shoji and H. Nakashima, Current Medicinal Chemistry, 

2006, 13, 2155-2161. 
5. C. R. Dass, Journal of Pharmacy and Pharmacology, 2002, 54, 3-27. 
6. Z. Sideratou, L. A. Tziveleka, C. Kontoyianni, D. Tsiourvas and C. M. Paleos, Gene 

Therapy and Molecular Biology, 2006, 10A, 71-94. 
7. G. A. Pietersz, C. K. Tang and V. Apostolopoulos, Mini-Reviews in Medicinal Chemistry, 

2006, 6, 1285-1298. 
8. E. Fattal and A. Bochota, International Journal of Pharmaceutics, 2008, 364, 237-248. 
9. M. Elfinger, S. Uezguen and C. Rudolph, Current Nanoscience, 2008, 4, 322-353. 
10. M. A. Mintzer and E. E. Simanek, Chem. Rev., 2009, 109, 259-302. 
11. X. Guo and L. Huang, ACCOUNTS OF CHEMICAL RESEARCH, 2012, 45, 971–979. 
12. J.-P. Behr, Accounts of Chemical Research, 2012, 45, 980-984. 
13. Q. Xu, C. H. Wang and D. W. Pack, Curr Pharm Des, 2010, 16, 2350-2368. 
14. R. G. Denkewalter, J. F. Kolc and W. J. Lukasavage, 1983. 
15. R. G. Denkewalter, J. F. Kolc and W. J. Lukasavage, 1982. 
16. R. G. Denkewalter, J. F. Kolc and W. J. Lukasavage, 1981. 
17. F. Vögtle and C. A. Schalley, Topics in Current Chemistry, 2003, 228. 
18. G. R. Newkome, C. N. Moorefield and F. Vögtle, 1996. 
19. G. R. Newkome and C. D. Shreiner, Polymer, 2008, 49, 1-173. 
20. G. R. Newkome, C. N. Moorefield and F. Vögtle, 2001. 
21. D. A. Tomalia and J. M. J. Fréchet, Journal of Polymer Science Part a-Polymer 

Chemistry, 2002, 40, 2719-2728. 
22. J. M. J. Fréchet and D. A. Tomalia, 2002. 
23. D. Astruc, E. Boisselier and C. Ornelas, Chem. Rev., 2010, 110, 1857–1959. 
24. X. Liu, P. Rocchi and L. Peng, New J. Chem., 2012, 9, 256-263. 
25. P. M. H. Heegaard, U. Boas and N. S. Sorensen, Bioconjugate Chem., 2010, 21, 405-418. 
26. D. G. Shcharbin, B. Klajnert and M. Bryszewska, Biochemistry, 2009, 74, 1070-1079. 
27. H. Zhong, Z. G. He, Z. Li, G. Y. Li, S. R. Shen and X. L. Li, Journal of Biomaterials 

Applications, 2008, 22, 527-544. 
28. D. K. Smith, Current Topics in Medicinal Chemistry, 2008, 8, 1187-1203. 
29. Y. Gao, G. Gao, Y. He, T. L. Liu and R. Qi, Mini-Reviews in Medicinal Chemistry, 2008, 8, 

889-900. 
30. H. S. Parekh, Current Pharmaceutical Design, 2007, 13, 2837-2850. 
31. M. Guillot-Nieckowski, S. Eisler and F. Diederich, New Journal of Chemistry, 2007, 31, 

1111-1127. 
32. C. Dùfes, I. F. Uchegbu and A. G. Schatzlein, Advanced Drug Delivery Reviews, 2005, 57, 

2177-2202. 
33. J. Wang, Z. Lu, M. G. Wientjes and J. S. Au, AAPS J, 2010, 12, 492-503. 
34. S. Höbel, C. C. M. Appeldoorn, P. J. Gaillard and A. Aigner, Pharmaceuticals, 2011, 4, 

1591-1606. 
35. S. Y. Lee, M. S. Huh, S. Lee, S. J. Lee, H. Chung, J. H. Park, Y. K. Oh, K. Choi, K. Kim and I. 

C. Kwon, J Control Release, 2010, 141, 339-346. 
36. S. Omoto, M. Ito, Y. Tsutsumi, Y. Ichikawa, H. Okuyama, E. Brisibe, N. Saksena and Y. 

Fujii, Retrovirology, 2004, 1, 44. 



Bibliography 
 

165 
 

37. I. Posadas, B. López-Hernández, M. I. Clemente, J. L. Jiménez, P. Ortega, F. J. de la 
Mata, R. Gómez, M. A. Muñoz-Fernández and V. Ceña, Pharmaceutical Research, 2009, 
26, 1181-1191. 

38. T. Gonzalo, M. I. Clemente, L. Chonco, N. D. Weber, L. Díaz, M. J. Serramía, R. Gras, P. 
Ortega, F. J. de la Mata, R. Gómez, L. A. López-Fernández, M. A. Muñoz-Fernández and 
J. L. Jiménez, Chem. Med. Chem., 2010, 5, 921–929. 

39. N. Weber, P. Ortega, M. I. Clemente, D. Shcharbin, M. Bryszewska, F. J. de la Mata, R. 
Gómez and M. A. Muñoz-Fernández, Journal of Controlled Release, 2008, 132, 55-64. 

40. J. F. Bermejo, P. Ortega, L. Chonco, R. Eritja, R. Samaniego, M. Mullner, E. de Jesús, F. J. 
de la Mata, J. C. Flores, R. Gómez and A. Muñoz-Fernández, Chemistry-a European 
Journal, 2007, 13, 483-495. 

41. P. Ortega, J. F. Bermejo, L. Chonco, E. de Jesús, F. J. de la Mata, G. Fernández, J. C. 
Flores, R. Gómez, M. J. Serramía and M. A. Muñoz-Fernández, European Journal of 
Inorganic Chemistry, 2006, 1388-1396. 

42. A. Sousa-Herves, R. Riguera and E. Fernández-Megia, New J. Chem., 2012, 36, 205-210. 
43. H. Khambete, S. P. Gautam, C. Karthikeyan, S. Ramteke, N. S. H. N. Moorthy and P. 

Trivedi, Bioorganic & Medicinal Chemistry Letters, 2010, 20, 4279–4281. 
44. C. Kojima, C. Regino, Y. Umeda, H. Kobayashi and K. Kono, International Journal of 

Pharmaceutics, 2010, 383, 293–296. 
45. S. J. Guillaudeu, M. E. Fox, Y. M. Haidar, E. E. Dy, F. C. Szoka and J. M. J. Fréchet, 

Bioconjugate Chemistry, 2008, 19, 461-469. 
46. J. Lim, Y. Guo, C. L. Rostollan, J. Stanfield, J.-T. Hsieh, X. Sun and E. E. Simanek, 

MOLECULAR PHARMACEUTICS, 2008, 5, 540–547. 
47. T. Takahashi, J. Hirose, C. Kojima, A. Harada and K. Kono, Bioconjugate Chem., 2007, 

18, 1163-1169. 
48. T.-I. Kim, H. J. Seo, J. S. Choi, H.-S. Jang, J.-U. Baek, K. Kim and J.-S. Park, 

Biomacromolecules, 2004, 5, 2487-2492. 
49. D. Luo, K. Haverstick, N. Belcheva, E. Han and W. M. Saltzman, Macromolecules, 2002, 

35, 3456-3462. 
50. J. Sánchez-Nieves, P. Ortega, M. A. Muñoz-Fernández, R. Gómez and F. J. de la Mata, 

Tetrahedron, 2010, 9203-9213. 
51. C. Waite, S. Sparks, K. Uhrich and C. Roth, BMC Biotechnology, 2009, 9, 38. 
52. N. de Las Cuevas, S. Garcia-Gallego, B. Rasines, F. J. de la Mata, L. G. Guijarro, M. A. 

Munoz-Fernandez and R. Gomez, Curr Med Chem, 2012, 19, 5052-5061. 
 
 

 

 

 

 

 

 

 

 



 

 
 

 



 
 
 

 

Conclusions 
 
 

 

 
 

 

 

  

 



 
 

 



169 
 

Hence, in view of the results presented, the main conclusions of the present thesis are the 
following:  

 

1. The synthetic methodology outlined in this thesis allows the synthesis and 
construction of a wide array of dendrons based on oligoethylene glycol.  The DTPA 
derivative, which is used a building block for the construction of the dendrons, is 
orthogonally protected and allows the synthesis of dendrons functionalized in 
different motifs. Furthermore, different types of monodisperse oligoethylene 
glycol branches of varying length and distinct functional groups can be introduced 
to tailor make a dendron according to specific requirements. The described 
dendritic platform enables itself to be modified in a controlled manner thereby 
giving rise to molecules with a well-defined architecture and thus also 
reproducible effects. 
 

2. Click chemistry, to be more precise the copper catalyzed azide-alkyne 
cycloaddition, is a powerful tool for the construction of second and third 
generation dendrons, in spite of the complications imposed by the chelating 
properties of the DTPA derivative building block core. After optimizing the 
reaction conditions, using a direct source of Cu(I), the second and third generation 
dendron could be obtained with good yields and purities.  
 

3. The different biological studies performed demonstrated that the synthesized 
dendrons consisting of oligoethylene glycol do not present cytotoxicity. In fact, 
these dendrons can enhance the biocompatibility of other systems which are 
cytotoxic.  
 

4. The chelation properties of the DTPA derivative building block, which complicated 
the growth of the second and generation dendrons, were converted into an 
advantageous asset by evaluating the ability of different dendrons to complexate 
metal ions such as gadolinium, terbium and indium which can be interesting for 
diverse biomedical applications. The complexation rate can be influenced directly 
by changing the composition of the DTPA derivative building block.  
 

5. The versatility of the dendron platform is well reflected in the diverse biomedical 
applications which have been described in the current thesis. These applications 
include the use of the dendrons as chelating agents for imaging based on magnetic 
resonance, fluorescence or on radioactivity; as cross-linking agents for and/or  
biofunctionalization platforms for biomaterials; and finally as delivery vehicles for 
genetic material.  
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6. The dendrons described in the present thesis are no stand-alone molecules. They 
can be used in conjunction with other dendrons, as described in chapter 5, to 
improve the properties of the hybrid molecule, or as a component of a complex 
system, as described in chapter 4, to add functionality to the entire system. 
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 Materials 

1. Instruments 

Equipment Type 

Centrifuges 
Eppendorf, models 5415D and 5415R 

Beckman Coulter, model Allegra 21R 

Freeze dryer 
Virtis, model Freezemobile 12 EL; connected to an Edwards 

RV12 vacuum pump 

Magnetic stirrer IKA, model RCT basic 

MilliQ water Millipore, model Milli-Q A10 

MW system CEM corporation, model CEM Discover 

pH meter Crison, model GLP21 

Orbital shaker Heidolph, model Unimax 1010 

Rotatory evaporator 
Heidolph, model Laborota 4003; connected to a Boc Edwards 

vacuum pump or to a Vacuubrand MZ 2C vacuum pump 

Scales 

Mettler Toledo, model PB303-S (2 significant digits, 
precision 1.0 mg) 

Mettler Toledo, model AB204-S (4 significant digits, 
precision 0.1 mg) 

Mettler Toledo, model AT-261 (5 significant digits, precision 
0.01 mg) 

 

 

4. Reagents 

The used reagents were purchased from known commercial suppliers such as: Sigma 
Aldrich, Iris Biotech, Bachem, Alfa Caesar, Merck, Acros Organic, Polypure, etc. 

In general, most reagents were used without previous purification, except for NBS which 
was purified by recrystallization several days before use. 

 

 



Experimental 
 

174 
 

2. Solvents 

The most commonly used solvents were the following:  

Name Quality Supplier 

Acetone Synthesis SDS 

Acetonitrile HPLC SDS 

Dichloromethane Synthesis grade SDS 

Dioxane Synthesis grade SDS 

Diethyl ether Synthesis grade SDS 

Dimethylformamide Synthesis grade SDS 

Ethanol Absolute Panreac 

Ethyl acetate Analysis SDS 

Hexane Analysis SDS 

H2O Milli-Q Millipore 

Methanol HPLC SDS 

tert-Butyl methyl ether Synthesis grade SDS 

TFA HPLC analysis Fluorochem 

   

 

3. Buffers 

Phosphate buffer 100 mM pH 7.2 was prepared by dissolving one tablet of phosphate salt 
in 100 mL of Milli-Q water. 

Phosphate buffer 2 M pH 8: The buffer was prepared by dissolving 28.4 g of Na2HPO4 in 
100 mL of Milli-Q water and dissolving 4.8 g of NaH2PO4 in 20 mL of Milli-Q water. 
Afterwards, 94.7 mL of the first solution was mixed with 5.8 mL of the second solution.  

Borate buffer 2M pH 8.5: The buffer was prepared by dissolving 76.2 g of sodium borate in 
100 mL of Milli-Q water. Afterwards, the pH was just adjusted by the drop-wise addition of 
1 M NaOH.  
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Methods 

1. Flash chromatography 

Flash chromatography was done using silica gel 60 (35-70 μm) from SDS or basic 
aluminium oxide (pH 10) from Sigma Aldrich. TLC was performed on Merck 60F254 silica 
foils or on Fluka aluminium oxide foils and visualized by potassium permanganate stains 
after performing TLC. 

 

2. Thin layer chromatography (TLC) 

Analytical TLC was carried out on Merck Kieselgel silica 60 F254 or Fluka basic alumina 
oxide plates. Compounds were stained using a solution of potassium permanganate. This 
staining solution was prepared by dissolving 40 g of K2CO3 and 6 g of KMNO4 in 600 mL of 
H2O and adding afterwards 5 mL of 10% NaOH.  

 

3, Analytical HPLC 

Analytical HPLC was carried out on a Waters instrument comprising a SunFire™ C18 
reversed-phase analytical column, 3.5 μm, 4.6 x 100 mm, a separation module (Waters 
2695), an automatic injector, and a photodiode array detector (Waters 2298). Data were 
managed with Empower 2 software. UV detection was performed at 210 nm, and linear 
gradients of ACN (+0.036% TFA) in H2O (+0.045% TFA) were run at a flow rate of 1.0 
mL/min over 8 min.  

 

4. Semipreparative HPLC  

Semipreparative HPLC was carried out on a Waters instrument comprising a SunFire™ C18 

reversed-phase semipreparative column, 5.0 μm, 19 x 100 mm, a separation module 
(Waters Delta 600), a Waters 600 controller, an automatic injector, and a dual absorbance 
detector (Waters 2487). UV detection was at 210 nm, and linear gradients of CH3CN 
(+0.05% TFA) into (+0.1% TFA) were run at a flow rate of 15.0 mL/min over 15 minutes.  
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5. HPLC-MS 

HPLC-MS analyse was carried out on a Waters instrument comprising a SunFire™ C18 
reversed-phase analytical column, 3.5 μm, 4.6 x 100 mm, a separation module (Waters 
2695), an automatic injector, a photodiode array detector (Waters 2298), and a Waters 
micromass ZQ unit. Data were managed with MassLynx V4.1 software (Waters). UV 
detection was performed at 210 nm, and linear gradients of ACN (+0.07% formic acid) in 
H2O (+0.1% formic acid) were run at a flow rate of 0.3 mL/min over 8 min.  

 

6. High resolution mass spectrometry 

High resolution mass spectrometry (HRMS) was performed on either a LTQ-FT Ultra 
(Thermo Scientific) or an LCT-Premier (Waters) high resolution mass S2 spectrometer by 
the Mass Spectrometry Service of the Institute for Research in Biomedicine (IRB). 
 

7. NMR spectroscopy 

1H-NMR (400 MHz) and 13C-NMR (100 MHz) spectroscopy was performed on a Varian 
Mercury 400 MHz instrument. Chemical shifts (δ) are expressed in parts per million 
downfield from tetramethylsilyl chloride. Coupling constants are expressed in Hertz. The 
following abbreviations are used to indicate multiplicity: s, singlet; d, doublet, m, 
multiplet; and bs, broad signal. 
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Chapter 1 

1. Synthesis of branching units 

1.1. Synthesis of 2-[bis-(tert-butyloxycarbonylmethyl)amino]ethyl bromide (2) 

N Br

O

O

O O

 

To a solution of tert-butyl bromoacetate (8.05 mL, 54.5 mmol) in 50 mL of DMF, KHCO3 
was added (6.18 g, 61.8 mmol). The suspension was cooled at 0 ºC, ethanolamine (1.48 
mL, 24.5 mmol) was added via syringe over a 5-min period and the solution was stirred at 
0 ºC for 30 min. Then, the reaction mixture was allowed to warm to RT and stirred for 22 
h. After this time, most of the DMF was evaporated under vacuum and 50 mL of saturated 
NaHCO3 was added. The resulting mixture was extracted with diethyl ether (3 x 50 mL), 
and the combined organic phases were washed with 50 mL of brine, dried with MgSO4, 
and evaporated to afford the crude product 1 N,N-bis[(tert-butoxycarbonyl)methyl]-2-
hydroxyethylamine (7.41 g) as an oil. This crude was dissolved in CH2Cl2 (100 mL) and 
solid PPh3 (8.66 g, 33.0 mmol) was added to the solution that was cooled at 0 ºC. After 
that, solid NBS (5.87 g, 33.0 mmol) was added over a 5-min period and the mixture was 
stirred for 2 h at 0 ºC. After this time the solvent was evaporated and a semisolid residue 
was obtained, that was triturated with diethyl ether. The solid was filtered, washed with 
ether and discarded, and the ether phase was evaporated to afford an oily residue that was 
purified by flash chromatography on silica (530% diethyl ether in hexane) yielding the 
bromoderivative 2 (6.18 g, 71%).  

 
1H NMR (400 MHz, CDCl3): δ = 1.43 (s, 18 H), 3.10 (t, J=4.89 Hz, 2 H), 3.40 (t, J =4.98 Hz, 2 
H), and 3.44 (s, 4 H).  
13C NMR (100 MHz, CDCl3): δ = 28.2, 56.5, 56.7, 81.3, and 170.6.  
HPLC: 50100% acetonitrile in water over 8.0 min (SunFire™ C18), tR= 5.84 min 
MS: Theoretical mass for [C15H26BrO4N+H]+: 352.1045. Mass found by LC-MS: 352.14  
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1.2 Synthesis of DTPA core (3) 

N N

O

O

N

O
OO

O

O

O
O

O

 

To a solution of the tosylate of benzyl ester protected glycine (2.60 g, 7.7 mmol) and the 
bromoderivative 2 (6.14 g, 17.0 mmol) in CH3CN (50 mL), 50 ml of PBS buffer (2 M, pH 8) 
was added. The mixture was stirred vigorously stirred during 24 h at room temperature.  
Afterwards the CH3CN was evaporated and the product was extracted from the water 
phase with CH2Cl2 (2 x 50 mL). To the aqueous phase, CH2Cl2 (50 mL) was added and the 
organic phase, combined with the previous organic phase, was washed with brine (2 x 50 
mL), dried with MgSO4 and evaporated. The crude was purified using flash 
chromatography with basic alumina and eluted with 530% of ethyl acetate in hexane as 
eluents and 3.16 g of the compound 3 was obtained at a yield of 58%.  
 
1H NMR (400 MHz, CDCl3): δ = 1.44 (s, 36 H), 2.82 (s, 8 H), 3.42 (s, 8 H), 3.59 (s, 2 H), 5.            
12 (s, 2 H), and 7.35 (m, 5 H);  
13C NMR (100 MHz, CDCl3): δ = 28.13, 52.25, 52.75, 54.87, 56.02, 65.92, 80.79, 128.17, 
128.23, 128.47, 135.87, and 170.60.  
HPLC: 50100% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.41 min. 
MS: Theoretical mass for [C31H61N3O10+H]+: 708.4430. Experimental mass detected by LC-
MS: 708.46 (M+1). Experimental mass detected by HRMS (ES+):  708.4424. 

 

1.2. Synthesis of 4-(prop-2-ynyl)-1,1,7,7-tetra(tert-butoxycarbonylmethyl)-1,4,7-

triazaheptane (5). 

N N

O

O

N

O

O

O

O
O

O

 

To a solution of bromoderivative 2 (1.250 g, 3.55 mmol) in 100 mL of acetonitrile, 
propargylamine (103 µL, 1.61 mmol) and DIEA (1285 µL, 7.0 mmol) were added. The 
resulting mixture was stirred at 80 ºC for 24 h.  Afterwards the acetonitrile was 
evaporated and the resulting oil was dissolved in ethyl acetate (50 mL). The organic phase 
was washed three times with an aqueous solution of 5% NaHCO3 (50 mL), dried over 
MgSO4 and evaporated. The obtained yellow oil was flash chromatographed on basic 
aluminum oxide (520% ethyl acetate in hexane) affording compound 5 (0.8 g , 83%) 
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1H NMR (400 MHz, CDCl3): δ = 1.45 (s, 36 H), 2.15 (t, J = 2.2 Hz, 1 H), 2.66 (t, J = 6.9 Hz, 4 
H), 2.84 (t, 6.9 Hz, 4 H), 3.46 (s, 8 H), and 3.54 (d, J = 2.2 Hz, 2 H). 
13C NMR (100 MHz, CDCl3): δ = 28.2, 42.0, 51.7, 52.1, 56.1, 73.0, 78.7, 80.8, and 170.7.  
HPLC: 30100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.84 min. 
MS: Theoretical mass for [C31H55N3O8+H]+: 598.4062. Experimental mass detected by LC-
MS: 598.45. Experimental mass detected by HRMS (ES+):  598.4060. 

 

2. Synthesis of first generation dendrons  

2.1. Synthesis of Bn-G1-4Boc (7) 

HN
O

O
O

HN

N N

O

O

N

O
OO

O

O
O O

H
N

OO
O

H
N

HN

O
O

O
H
N

NHNH

O

O O

O
O

O

O

O

 

The benzyl-ester protected building block 3 (500 mg, 0.71 mmol) was dissolved in 10 mL 
of 4 M HCl in dioxane. The reaction was left overnight under magnetic stirring after which 
the dioxane was evaporated under reduced pressure. The obtained white powder was 
coevaporated three times with 10 mL of dioxane to obtain the deprotected building block 
4, which was used in the next step without further treatment 
To a solution of compound 4 in 500 mL of CH2Cl2:DMF (7:3, v:v), solid PyBOP (1.617 g, 
3.11 mmol) and 1-(tert-butyloxycarbonyl-amino)-4,7,10-trioxa-13-tridecanamine (0.998 
g, 3.11 mmol) dissolved in 10 mL of CH2Cl2 were added. The pH was adjusted to 8 with 
DIEA. After 1 h of stirring at room temperature, solvents were removed in vacuo. The 
resulting crude was dissolved in 50 mL of CH2Cl2 and washed with 5% NaHCO3 (3 × 50 
mL). The organic phase was evaporated and the resulting crude was transferred to a 50 
mL tube dissolved in CH2Cl2 (10 mL) and hexane (40 mL) was added. The mixture was 
stirred vigorously and centrifuged. The supernatant was discarded and the remaining oily 
precipitate corresponded to pure compound 7 (1.006 g, 85% yield). 
 
1H NMR (400 MHz, CDCl3): δ = 1.43 (s, 36 H), 1.76 (m, 16 H), 2.68 (m, 8 H), 3.18 (m, 16 H), 
3.32 (m, 8 H), 3.42 (s, 2 H), 3.52 (m, 16 H), 3.58 (m, 16 H), 3.62 (m, 16 H), 5.13 (s, 2 H), 
7.35 (m, 5 H), and 7.66 (bs, NH).  
13C NMR (100 MHz, CDCl3) δ = 28.27, 29.30, 29.50, 36.80, 38.22, 52.31, 53.30, 55.29, 58.91, 
66.29, 69.08, 69.24, 69.96, 70.27, 70.29, 78.63, 128.11, 128.28, 128.45, 135.23, 155.88, 
170.52, and 171.11. 
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HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 6.16 min. 
MS: Theoretical mass for [C81H149N11O26]+: 1692.0675. Experimental mass detected by LC-
MS: 848.45 (M+2)/2. Experimental mass detected by HRMS (ES+): 1692.0672.  

 

2.2. Synthesis of Alkyne-G1-4Boc (8) 
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The alkyne functionalized building block 5 (395 mg, 0.66 mmol) was dissolved in 10 mL of 
4 M HCl in dioxane. The reaction was left overnight under magnetic stirring after which 
the dioxane was evaporated under reduced pressure. The obtained white powder was 
coevaporated three times with 10 mL of dioxane to obtain the deprotected building block 
6, which was used in the next step without further treatment.  
To a solution of compound 6 in 500 mL of CH2Cl2:DMF (7:3, v:v), solid PyBOP (1.510 g, 
2.90 mmol) and 1-(tert-butyloxycarbonyl-amino)-4,7,10-trioxa-13-tridecanamine (0.930 
g, 2.90 mmol,) dissolved in 10 mL of CH2Cl2 were added. The pH was adjusted to 8 with 
DIEA. After 1 h of stirring at room temperature, solvents were removed in vacuo. The 
resulting crude was dissolved in 50 mL of CH2Cl2 and washed with 5% NaHCO3 (3 × 50 
mL). The organic phase was evaporated and the resulting crude was transferred to a 50 
mL tube dissolved in CH2Cl2 (10 mL) and hexane (40 mL) was added. The mixture was 
stirred vigorously and centrifuged. The supernatant was discarded and the remaining oily 
precipitate corresponded to pure compound 8 (0.865 g, 83% yield). 

 
1H NMR (400 MHz, CDCl3): δ = 1.43 (s, 36 H), 1.78 (m, 16 H), 2.26 (t, J= 2.2 Hz, 1 H), 2.64 
(m, 8 H), 3.21 (m, 16 H), 3.34 (m, 8 H), 3.39 (d, J= 1.6 Hz, 2H), 3.53 (m, 16 H), 3.59 (m, 16 
H), 3.64 (m, 16 H), and 7.51 (bs, NH).  
13C NMR (100 MHz, CDCl3): δ = 28.4, 29.5, 29.7, 37.1, 38.4, 46.2, 51.7, 53.2, 53.4, 59.0, 69.4, 
69.5, 70.2, 70.4, 70.5, 73.9, 77.8, 78.9, 156.0, and 170.7.  
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 6.11 min. 
MS: Theoretical mass for [C75H143N11O24+H]+: 1583.0380. Experimental mass detected by 
LC-MS: 792.41 (M+2)/2. Experimental mass detected by HRMS (ES+):  1583.0358.  
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2.3. Synthesis of Bn-G1-OH (9) 
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The benzyl-ester protected building block 3 (100 mg, 0.14 mmol) was dissolved in 10 mL 
of 4 M HCl in dioxane. The reaction was left overnight under magnetic stirring after which 
the dioxane was evaporated under reduced pressure. The obtained white powder was 
coevaporated three times with 10 mL of dioxane to obtain the deprotected building block 
4 which was used in the next step without further treatment.  
To a solution of deprotected benzyl ester DTPA derivative 4 in 500 mL of CH2Cl2:DMF (7:3, 
v:v), solid PyBOP (322 mg, 0.62 mmol) and NH2-PEG-OH (229 mg, 0.62 mmol) dissolved in 
10 mL of CH2Cl2 were added. The pH was adjusted to 8 with DIEA. After 1 h of stirring at 
room temperature, solvents were removed in vacuo. The resulting crude was dissolved in 
5 mL of CH2Cl2 and was transferred to a 50 mL tube dissolved in CH2Cl2 (10 mL) and 
hexane (40 mL) was added. The mixture was stirred vigorously and centrifuged. The 
supernatant was discarded and the remaining oily precipitate corresponded to crude 
compound 9. The pure compound (150 mg, 60%) was isolated by means of semi-prep 
purification using a SunFire column and a gradient of 20-60% ACN in H2O.  
 
1H NMR (400 Mhz, CDCl3) δ= 3.26 (bs, 8 H), 3.43 (m, 8 H), 3.54 (t, J = 5.20 Hz, 8 H), 3.58-
3.61 (m, 8 H), 3.62-3.66 (m, 54 H), 3.71 (m, 54 H), 3.71 (t, J = 5.32 Hz, 8 H), 3.86 (bs, OH), 
3.90 (s, 2 H), 5.16 (s, 2 H), 7.35 (s, 5 H), and 8.10 (bs, NH).  
13C NMR (100 MHz, CDCl3) δ = 39.51, 50.57, 51.91, 53.66, 57.08, 61.74, 67.34, 69.45, 70.65, 
72.79, 128.74, 128.81, 128.86, 167.89, and 169.04. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.14 min. 
MS: Theoretical mass for [C85H161N7O38]+: 1888.0881. Experimental mass detected by LC-
MS: 945.52 (M+2)/2. Experimental mass detected by HRMS (ES+):  1888.0848.  
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2.4. Synthesis of Alkyne-G1-OH (10) 
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The alkyne functionalized building block 5 (200 mg, 0.33 mmol) was dissolved in 10 mL of 
4 M HCl in dioxane. The reaction was left overnight under magnetic stirring after which 
the dioxane was evaporated under reduced pressure. The obtained white powder was 
coevaporated three times with 10 mL of dioxane to obtain the deprotected building block 
6, which was used in the next step without further treatment.  
To a solution of deprotected alkyne DTPA derivative 6 in 500 mL of CH2Cl2:DMF (7:3, v:v), 
solid PyBOP (765 mg, 1.47 mmol) and NH2-PEG-OH (544 mg, 1.47 mmol,) dissolved in 10 
mL of CH2Cl2 were added. The pH was adjusted to 8 with DIEA. After 1 h of stirring at room 
temperature, solvents were removed in vacuo. The resulting crude was dissolved in 5 mL 
of CH2Cl2 and was transferred to a 50 mL tube dissolved in CH2Cl2 (10 mL) and hexane (40 
mL) was added. The mixture was stirred vigorously and centrifuged. The supernatant was 
discarded and the remaining oily precipitate corresponded to crude compound 10. The 
pure compound (320 mg, 53%) was isolated by means of semi-prep purification using a 
SunFire column gradient 20-60% ACN in H2O.  
 
1H NMR (400 Mhz, CDCl3): δ = 2.56 (s, 1 H), 3.19 (bs, 4 H), 3.26 (s, 2 H), 3.33 (bs, 4 H), 3.45 
(m, 8 H), 3.56 (t, J = 5.20, 8 H), 3.59-3.62 (m, 8 H), 3.62-3.66 (m, 54 H), 3.72 (t, J = 5.20 Hz, 
8 H), 3.96 (bs, OH), and 8.17 (bs, NH). 
13C NMR (100 MHz, CDCl3): δ = 39.40, 49.80, 51.38, 53.46, 56.75, 61.33, 69.08, 69.98, 70.04, 
70.28, 72.47, 74.07, and 167.33.  
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.87 min. 
MS: Theoretical mass for [C79H155N7O36]+: 1778.0513. Experimental mass detected by LC-
MS: 890.52 (M+2)/2. Experimental mass detected by HRMS (ES+):  1788.0513.  
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2.5. Synthesis of Bn-G1(3)- N3 (11) 
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The Boc-protected G1 dendron 7 (500 mg, 0.2955 mmol) was dissolved in a 10 mL 
solution of TFA/H2O (95:5) and stirred for 1h. Subsequently, the TFA was evaporated 
using a flow of N2 and the product was precipitated in methyl tert-butyl ether in order to 
remove the carbocations generated during the deprotection. After decanting the methyl 
tert-butyl ether, the pellet containing the deprotected dendrimer was dissolved in 10 mL 
of DMF and the diazo transfer agent (255 mg, 1.21 mmol) was added. The basicity was 
adjusted to pH 8-8.5 at regular intervals during the reaction by the addition of 1 M NaOH 
and the solution was allowed to stir for 1-2h at room temperature meanwhile the reaction 
was monitored using HPLC-PDA. Afterwards the reaction mixture was added to CH2Cl2 (50 
mL) and washed with aqueous brine (3 x 50 mL) acidified to pH 3-4. The organic phase 
was evaporated and the resulting crude was transferred to a 50 mL tube dissolved in 
CH2Cl2 (10 mL) and hexane (40 mL) was added. The mixture was stirred vigorously and 
centrifuged. The supernatant was discarded and the remaining oily precipitate 
corresponded to the crude compound. The crude product was purified with flash 
chromatography over basis alumina oxide and was eluted with 1% MeOH in DCM as the 
eluent to yield the azide terminated dendrimer 11 (367 mg, 89%).  
 
1H NMR (400 Mhz, CDCl3): δ = 1.77 (q, J = 6.35 Hz, 8 H), 1.84 (q, J = 6.44 Hz, 8 H), 2.64 (m, 8 
H), 3.14 (s, 8 H), 3.26-3.33 (m, 8 H), 3.33-3.41 (m, 10 H), 3.45-3.53 (m, 16 H), 3.56 (m, 16 
H), 3.59 (m, 16 H), 5.11 (s, 2 H), 7.33 (m, 5 H), and 7.57 (bs, NH).   
13C NMR (100 MHz, CDCl3): δ = 29.04, 29.42, 36.99, 48.37, 52.46, 53.38, 55.44, 59.08, 66.50, 
67.80, 69.27, 70.10, 70.24, 70.39, 70.45, 128.27, 128.45, 128.62, 135.374, 170.66, and 
171.26 
HPLC: 30100% acetonitrile in water over 8 min (SunFire™ C18), tR= 6.19 min. 
MS: Theoretical mass for [C61H109N19O18]+: 1396.63. Experimental mass detected by LC-MS: 
699.12 (M+2)/2. Experimental mass detected by HRMS (ES+):  1396.8271. 
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2.6. PF Bn-G1-N3 (12) 
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The alcohol functionalized precursor dendron Bn-G1-OH 9 (550 mg, 0.30 mmol) was 
weighed in a roundbottom flask and the flask was fitted with a stirring bean. The top was 
closed with a septum and the flask was placed in an ice bath and purged with N2. Using a 
syringe, dry THF (250 mL) was added thereby slowly dissolving the precursor dendron 
while stirring magnetically. Triethylamine (1.1 mL, 9.6 mmol) and methanesulfonyl 
chloride (9.6 mmol, 0.62 mL) were added by syringe and the reaction was allowed to stir 
for 1 hour at 0°C and afterwards the reaction was stirred for 2 hours at room temperature. 
In the meanwhile, a white precipitate formed which was filtered away after completion of 
the reaction. The THF was evaporated and the the oily residue was dissolved in CH2Cl2 (50 
mL) and washed with 5% NaHCO3 (3 x 50 mL). The organic phase was evaporated to yield 
a brown oil which corresponded to the mesylated dendron. This was dissolved in 100 mL 
of DMF and NaN3 (690 mg, 6 mmol) was added. The reaction was heated to 80°C and 
allowed to react under magnetic stirring overnight. The next the mayority of the DMF was 
evaporated in vacuo and the remnant of DMF including the product was dissolved in 
CH2Cl2 (50 mL) and washed with brine (3 x 50 mL). The organic phase was evaporated and 
the resulting crude was transferred to a 50 mL tube dissolved in CH2Cl2 (10 mL) and 
hexane (40 mL) was added. The mixture was stirred vigorously and centrifuged. The 
supernatant was discarded and the remaining oily precipitate corresponded to pure 
compound 12 (351 mg, 59%).  
 
1H NMR (400 MHz, CDCl3): δ 2.66 (m, 4 H), 2.71 (m, 4 H), 3.19 (m, 16 H), 3.37 (t, J = Hz, 8 
H), 3.40 (s, 2 H), 3.41 (m, 8 H), 3.52 (t, J = Hz, 8 H), 3.56-3.66 (m, 96 H), 5.10 (s, 2 H), 7.33 
(m, 5 H), 7.70 (bs, NH),  
13C NMR (100 MHz, D2O) δ: 39.16, 50.89, 52.73, 53.54, 53.64, 59.07, 66.64, 69.89, 70.22, 
70.31, 70.73, 70.73, 128,61, 128.66, 128.86, 135.75, and 171.10. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.54 min. 
MS: Theoretical mass for [C85H157N19O34]+: 1988.1140. Experimental mass detected by LC-
MS: 955.57 (M+2)/2 Experimental mass detected by HRMS (ES+): 1988.1182. 
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3. Synthesis of second generation dendrons 

3.1. Synthesis of Bn-G2(3)-NHBoc (13) 

 

The azide-terminated dendrimer Bn-G1(3)-N3 11 (0.200 g, 0.14 mmol) and the Boc-
terminated dendrimer Alkyne-G1(3)-NHBoc 8 (0.905 g, 0.57 mmol) were dissolved in 40 
mL of anhydrous DCM in a two-necked round bottom flask purged with N2. DIEA (0.1 mL, 
0.57 mmol) was added followed by the addition of CuCl (42 mg, 0.42 mmol). The reaction 
mixture slowly turned blue. The solution was allowed to stir for one hour at room 
temperature meanwhile the reaction was monitored using HPLC-PDA and LC-MS. When 
the reaction was finished, 40 mL of an aqueous 0.05 M EDTA 5% NaHCO3 solution was 
added. The mixture was vigorously stirred for a couple of minutes and the two layers were 
separated. The organic phase was collected and this washing process was repeated twice 
in order to remove the free copper as well the copper entrapped in the core of the 
dendron. Afterwards the organic phase was evaporated to yield the Boc-terminated 
second generation dendron 13 (1.010 g, 93%). 
 
1H NMR (400 Mhz, CDCl3): δ = 1.43 (s, 144 H), 1.71-1.82 (m, 72 H), 2.16 (m, 8 H), 2.57 (t, J = 
5.4 Hz, 20 H), 2.68 (t, J = 5.4 Hz, 20 H), 3.15-3.24 (m, 72 H), 3.28-3.35 (m, 40 H), 3.41 (s, 2 
H), 3.42-3.46 (m, 8 H), 3.48-3.53 (m, 72 H), 3.56-3.61 (m, 80 H), 3.6-3.65 (80 H), 3.72 (s, 8 
H), 4.46 (t, J = 13.7 Hz, 8 H), 5.12 (s, 2 H), 7.34 (m, 5 H), 7.61 (s, 4 H), and 7.86 (bs, NH).  
13C NMR (100 MHz, CDCl3): δ = 28.56, 29.62, 29.79, 30.43, 37.06, 38.54, 47.44, 48.02, 51.53, 
52.84, 59.01, 66.06, 67.44, 69.33, 69.39, 59.56, 70.26, 70.41, 70.51, 70.57, 70.60, 78.93, 
123.38, 128.38, 128.59, 128.76, 123.52, 143.58, 156.16, 170.84, and 170.93 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 6.32 min. 
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MS: Theoretical mass for [C361H681N63O114]+: 7723.9422. Experimental mass detected by 
HPLC-MS: 1106.19 (M+7)/7, 1290.41 (M+6)/6, 1548.31 (M+5)/5, Experimental mass 
detected by HRMS (ES+): 7723.9012 
 

3.2. Synthesis of PF G2 OH (14) 
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The azide-terminated dendrimer Bn-G1(7)-N3 12 (10 mg, 0.005 mmol) and the alcohol-
terminated dendrimer Alkyne-G1(7)-OH 10 (40 mg, 0.022 mmol) were dissolved in 10 mL 
of anhydrous DCM in a two-necked round bottom flask purged with N2. DIEA (4 µL, 0.022 
mmol) was added followed by the addition of CuCl (1.5 mg, 0.015 mmol). The reaction 
mixture slowly turned blue. The solution was allowed to stir for one hour at room 
temperature meanwhile the reaction was monitored using HPLC-PDA and LC-MS. When 
the reaction was finished, the organic phase was evaporated and 5 mL of an aqueous 0.05 
M EDTA 5% NaHCO3 solution was added. The solution was stirred for an hour. Afterwards  
the crude was dialyzed overnight in H2O using a 1kDa MWCO membrane to remove the 
excess building block and the salts. The alcohol-terminated second generation dendrimer 
14 was obtained (30 mg, 60%). 
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1H NMR (400 Mhz, CDCl3) δ: = 3.08 (bs, 20 H), 3.24 (bs, 20 H), 3.31 (s, 2 H), 3.35-3-50 (m, 
40 H), 3.54 (m, 32 H), 3.59 (bs, 40 H), 3.58-3.60 (m, 240 H),  3.71 (m, 40 H), 3.89 (m, 8 H), 
4.57 (m, 8), 5.12 (s, 2 H), 7.34 (m, 5 H), 7.62 (bs, 4 H), and 7.92 (bs, NH).   
13C NMR (100 MHz, CDCl3): δ = 39.62, 49.42, 51.06, 50.91, 53.74, 57.10, 61.83, 67.22, 69.75, 
70.67, 72.89, 128.74, 128.81, 128.86, 133.21, 139.82, 167.89, and 169.04. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.99 min. 
MS: Theoretical mass for [C401H777N178O47]+: 9100.31934. Experimental mass detected by 
HPLC-MS: 1012.26 (M+9)/9, 1138.56 (M+8)/8. Experimental mass detected by HRMS 
(ES+):  9100.31538 

 

3.3. Synthesis of Bn-G2(3)-N3 (15) 
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The Boc-protected G2 dendrimer 13 (200 mg, 0.026 mmol) was dissolved in a solution of 
TFA/H2O (95:5) and stirred for 1h. Subsequently, the TFA was evaporated using a flow of 
N2 and the product was precipitated in methyl tert-butyl ether in order to remove the 
carbocations generated during the deprotection. After decanting the methyl tert-butyl 
ether, the pellet containing the deprotected dendrimer was the pellet containing the 
deprotected dendrimer was dissolved in 10 mL of DMF and the diazo transfer agent (93 
mg, 0.44 mmol) was added. The basicity was adjusted to pH 8-8.5 at regular intervals 
during the reaction by the addition of 1 M NaOH and the solution was allowed to stir for 
3h at room temperature meanwhile the reaction was monitored using HPLC-PDA. 
Afterwards the reaction mixture was added to CH2Cl2 (50 mL) and washed three times 
with an aqueous brine (50 mL) acidified to pH 3-4. The organic phase was evaporated and 
the resulting crude was transferred to a 50 mL tube dissolved in CH2Cl2 (10 mL) and 
hexane (40 mL) was added. The mixture was stirred vigorously and centrifuged. The 
supernatant was discarded and the remaining oily precipitate corresponded to the crude 
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compound. The pure compound was isolated by means of semi-prep purification using a 
SunFire C18 column with a gradient of 20-80% ACN in H2O rendering compound 15 (43 
mg, 25%).  
 
1H NMR (400 Mhz, CDCl3): δ = 1.74 (q, J = 6.55 Hz, 40 H), 1.81 (q, J = 6.26, 32 H), 2.14 (m, 8 
H), 3.11 (bs, 20 H),  3.19-3.31 (m, 60 H), 3.35 (t, J = 6.70 Hz, 32 H), 3.43 (bs, 40 H), 3.45-
3.52 (m, 82 H), 3.52-3.62 (m, 160 H), 3.85 (s, 8 H), 4.47 (m, 8 H), 5.12 (s, 2 H), 7.31 (m, 5 
H), 7.88 (bs, NH), and 8.20 (s, 4 H). 
13C NMR (100 MHz, CDCl3): δ = 29.01, 29.17, 29.97, 37.13, 45.99, 47.58, 48.38, 49.82, 50.89, 
53.41, 57.76, 67.09, 67.81, 68.76, 69.10, 70.01, 70.20, 70.33, 70.40, 115.04, 117.95, 127.28, 
128.36, 128.62, 135.46, 160.89, and 170.56.   
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 6.12 min. 
MS: Theoretical mass for [C281H521N95O82]+: 6538.9519. Experimental mass detected by LC-
MS: 936.48 (M+7)/7, 1092.41 (M+6)/6, 1310.76 (M+5)/5, 1638.32 (M+4)/4, Experimental 
mass detected by HRMS (ES+): 6538.9725. 
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4. Synthesis of third generation dendron 
 

4.1. Synthesis of Bn-G3-NHBoc (16) 
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The azide-terminated dendrimer Bn-G2(3)-N3 15 (20 mg, 0.031 mmol) and the alkyne 
dendron 8 (82 mg, 0.53 mmol) were dissolved in 10 mL of anhydrous DCM in a two-
necked round bottom flask purged with N2. DIEA (94 µL, 0.53 mmol) was added followed 
by the addition of CuCl (52 mg, 0.53 mmol). The reaction mixture slowly turned blue. The 
solution was stirred magnetically for several and the disappearance of the alkyne 
functionalized building block dendron was monitored by HPLC-MS. When the reaction was 
finished, 40 mL of an aqueous 0.05 M EDTA 5% NaHCO3 solution was added. The mixture 
was vigorously stirred for a couple of minutes and the two layers were separated. The 
organic phase was collected and this process was repeated twice in order to remove the 
free copper as well the copper entrapped in the core of the dendron. Afterwards the 
organic phase was evaporated and the crude was dialyzed in EtOH/H2O (1:1) using a 3kDa 
MWCO membrane to remove the excess building block and the Boc-terminated third 
generation dendrimer 16 was obtained (85 mg, 84%). 
 
1H NMR (400 Mhz, CDCl3): δ = 1.42 (s, 576 H), 1.71-1.82 (m, 296 H), 2.10-2.19 (m, 40 H), 
2.50-2.62 (m, 84 H), 2.62-2.76 (m, 84 H), 3.15-3.24 (m, 336 H), 3.31 (m, 168 H), 3.38-3.53 
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(m, 336 H), 3.59 (m, 336 H), 3.63 (m, 336 H), 3.76 (s, 20 H), 4.46 (t, J = 6.81 Hz, 40 H), 7.34 
(m, 5 H), 7.61 (s, 20 H), and 7.85 (bs). 
 13C NMR (100 MHz, CDCl3): δ = 28.57, 29.62, 29.80, 37.04, 38.54, 47.45, 48.01, 51.53, 
52.84, 59.03, 67.64, 69.38, 69.56, 70.27, 70.58, 70.60, 78.95, 123.24, 128.39, 128.77, 
143.56, 156.17, 170.96. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 6.02 min. 
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Signal G3 

 Theoretical 
value 

Integrated 
value 

           t 20 20.62 
           t1 40 38.52 
           t2 40 42.88 
           t3 40 54.73 
          c 84 70.15 
          c1 84 68.96 
          p 296 296.00 
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5. Synthesis of library for biological studies 

5.1. Synthesis of Bn-G1-NH2 (17) 
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Bn-G1-4Boc 7 (100 mg, 0.059 mmol) was dissolved in 2 mL of TFA/H2O (95:5) and stirred 
for 1h. Subsequently, the TFA was evaporated using a flow of N2 and the product was 
precipitated in methyl tert-butyl ether in order to remove the carbocations generated 
during the deprotection. After decanting the methyl tert-butyl ether, the pellet containing 
the deprotected dendrimer was dissolved in 5 mL of water and lyophilized to yield the 
pure compound 17 as the TFA salt (116 mg, 94%). 
 
1H NMR (400 Mhz, D2O): δ =  1.82 (q, J = 6.50 , 8 H), 1.97 (q, J = 6.33 , 8 H), 3.09-3.20 (m, 12 
H), 3.32 (t, J = 6.79, 8 H), 3.47 (t, J = 5.81, 8 H), 3.57 (t, J = 6.36, 8 H), 3.63-3.73 (m, 40 H), 
3.76 (s, 2 H), 4.06 (s, 8 H), 5.27 (s, 2 H), and 7.47 (s, 5 H). 
13C NMR (100 MHz, D2O): δ = 26.44, 28.14, 36.59, 37.56, 49.68, 53.19, 53.59, 56.37, 67.49, 
68.18, 69.25, 69.32, 69.46, 69.48, 128.25, 128.77, 128.84, 135.21, 166.02, and 171.32. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.25 min. 
MS: Theoretical mass for [C61H117N11O18+H]+: 1292.8650. Experimental mass detected by 
LC-MS: 647.45 (M+2)/2. Experimental mass detected by HRMS (ES+): 1292.86604. 

 

5.2. Synthesis of Bn-G1-Ac (18) 
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Bn-G1-Boc 7 (200 mg, 0.118 mmol) dissolved in 4 mL of TFA/H2O (95:5) and stirred for 
1h. Subsequently, the TFA was evaporated using a flow of N2 and the product was 
precipitated in methyl tert-butyl ether in order to remove the carbocations generated 
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during the deprotection. After decanting the methyl tert-butyl ether, the pellet containing 
the deprotected dendrimer was dissolved in 5 mL CH2Cl2 and DIEA (0.496 mmol, 88 µL) 
and Ac2O (0.484 mmol, 48 µL) was added. The reaction was allowed to stir was for 1h after 
which hexane (40 mL) was added. The mixture was stirred vigorously and centrifuged. 
The supernatant was discarded and the remaining oily precipitate was dialyzed in H2O 
using a 0.5 kDa MWCO membrane to obtain the pure compound 18 (167 mg, 89%). 
 
1H NMR (400 Mhz, CDCl3) δ: 1.70-1.80 (m 8 H), 1.92 (s, 12 H), 2.61 (s, 8 H), 3.22 (s, 8 H), 
3.25-3.32 (m, 16 H), 3.46-3.54 (m, 18 H), 3.54-3.64 (m, 32 H), 5.14 (s, 2 H), 6.77 (bs, NH), 
7.32 (m, 5 H), and 7.56 (bs, NH). 
13C NMR (100 MHz, CDCl3) δ: 23.09, 28.93, 37.01, 37.43, 52.22, 52.37, 54.57, 57.66, 66.89, 
69.07, 69.50, 69.78, 70.20, 70.39, 128.34, 128.49, 128.60, 135.31, 170.75, 171.15, and 
172.35. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.24 min. 
MS: Theoretical mass for [C69H126N11O22+H]+: 1460.9073. Experimental mass detected by 
LC-MS: 731.14 (M+2)/2. Experimental mass detected by HRMS (ES+): 1460.9071. 

 

5.3. Synthesis of Bn-G2-NH2 (19) 
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Bn-G2-Boc 13 (100 mg, 0.013 mmol) dissolved in 5 mL of TFA/H2O (95:5) and stirred for 
1h. Subsequently, the TFA was evaporated using a flow of N2 and the product was 
precipitated in methyl tert-butyl ether in order to remove the carbocations generated 
during the deprotection. After decanting the methyl tert-butyl ether, the pellet containing 
the deprotected dendrimer was dissolved in 5 mL of water and lyophilized to yield the 
pure compound 19 as the TFA salt (111 mg, 93%). 
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1H NMR (400 Mhz, D2O) δ: 1.80 (m, J = 6.72, 40 H), 1.97 (q, J = 6.71, 32 H), 2.20 (q, J =  5.77, 
8 H), 3.12 (t, J = 6.89, 32 H), 3.21 (bs, 20 H), 3.25-3.34 (m, 60 H), 3.49 (s, 40 H), 3.52-3.61 
(m, 82 H), 3.64-3.72 (m, 160 H), 3.75 (s, 8 H), 4.56 (bs, 8 H), 5.29 (s, 2 H), 7.45 (s, 5 H), and 
8.28 (s, 4 H). 
13C NMR (100 MHz, D2O) δ: 25.80, 26.32, 28.00, 36.53, 37.56, 45.98, 47.65, 48.40, 48.55, 
51.92, 55.98, 56.26, 68.07, 68.13, 69.14, 69.23, 69.33, 69.36, 114.57, 117.46, 126.66, 
128.08, 128.65, 138.08, 164.61, and 166.01. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.35 min. 
MS: Theoretical mass for [C281H553N63O82]+: 6123.1039. Experimental mass detected by LC-
MS: 512.16 (M+12)/12, 558.36 (M+11)/11, 614.31 (M+10)/10, 682.33 (M+9)/9). 
Experimental mass detected by HRMS (ES+) 6123.1034. 

 

5.4. Synthesis of Bn-G2-Ac (20) 
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Bn-G2-Boc 13 (200 mg, 0.026 mmol) dissolved in 4 mL of TFA/H2O (95:5) and stirred for 
1h. Subsequently, the TFA was evaporated using a flow of N2 and the product was 
precipitated in methyl tert-butyl ether in order to remove the carbocations generated 
during the deprotection. After decanting the methyl tert-butyl ether, the pellet containing 
the deprotected dendrimer was dissolved in 5 mL CH2Cl2 and DIEA (0.497 mmol, 88 µL) 
and Ac2O (0.456 mmol, 46 µL) was added. The reaction was allowed to stir was for 1h after 
which hexane (40 mL) was added. The mixture was stirred vigorously and centrifuged. 
The supernatant was discarded and the remaining oily precipitate was dialyzed overnight 
in H2O using a membrane with MWCO 1kD. After freeze-drying the pure compound 20 was 
obtained (149 mg, 84%) 
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1H NMR (400 Mhz, CDCl3): δ = 1.73 (m, 72 H), 1.91 (s, 48 H), 2.13 (q, J = 6.14 Hz, 8 H), 2.62 
(bs, 20 H), 2.70 (bs, 20 H), 3.25-3.35 (m, 72 H), 3.37 (s, 40 H), 3.42-3.53 (m, 74 H), 3.54-
3.64 (m, 168 H), 4.50 (t, J = 6.65 Hz, 8 H), 5.13 (s, 2 H), 7.34 (m, 5 H), 7.93 (s, 4 H), 8.06 (bs, 
NH). 
13C NMR (100 MHz, CDCl3) δ: 23.16, 28.96, 29.13, 30.14, 36.91, 37.64, 47.55, 51.11, 58.14, 
58.88, 67.19, 69.05, 69.69, 70.02, 70.36, 70.39, 128.25, 128.5, 128.62, 170.47, and 170.86. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.14 min. 
MS: Theoretical mass for [C314H585N63O97]+ : 6795.3075. Experimental mass detected by LC-
MS: 972.18 (M+7)/7, 1134.14 (M+6)/6, 1360.83 (M+5)/5. Experimental mass detected by 
HRMS (ES+): 6795.3093. 

 

5.5 Synthesis of Bn-G3-NH2 (21) 
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Bn-G3-Boc 16 (40 mg, 0.013 mmol) was dissolved in 1 mL of TFA/H2O (95:5) and stirred 
for 1h. Subsequently, the TFA was evaporated using a flow of N2 and the product was 
precipitated in methyl tert-butyl ether in order to remove the carbocations generated 
during the deprotection. After decanting the methyl tert-butyl ether, the pellet containing 
the deprotected dendrimer was dissolved in 5 mL of water and lyophilized to yield the 
pure compound 21 as the TFA salt (46 mg, 86%). 
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1H NMR (400 Mhz, D2O) δ: 1.80 (q, J = 6.39, 168 H), 1.95 (q, J = 6.57, 128 H), 2.19 (q, 5.47, 
40 H), 2.62 (bs, 84 H), 2.74 (bs, 84 H), 3.08 (t, J = 6.90, 128 H), 3.16 (s, 168 H), 3.20-3.33 
(m, 336 H), 3.40 (s, 2 H), 3.48-3.61 (m, 336 H), 3.61-3.73 (m, 672 H), 3.82 (s, 40 H), 4.54 (t, 
J = 5.92, 40 H), 5.27 (s, 2 H), 7.42 (m, 5 H), and 8.01 (s, 20 H). 
13C NMR (100 MHz, D2O) δ: 29.60, 31.04, 31.98, 38.68, 40.12, 49.88, 50.20, 53.31, 53.56, 
55.07, 59.79, 60.92, 69.76, 70.85, 71.90, 72.07, 127.62, 145.26, 175.61, and 178.05. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.41 min. 
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Signal G3 

 Theoretical 
value 

Integrated 
value 

t 20 19.54 
t1 40 37.91 
t2 40 36.55 
t3 40 43.11 
c 84 89.33 
c1 84 77.51 
p 128 124.79 
p1 168 170.49 
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5.5. Synthesis of Bn-G3-Ac (22) 
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Bn-G3-Boc 16 (40 mg, 0.013 mmol) was dissolved in 4 mL of TFA/H2O (95:5) and stirred 
for 1h. Subsequently, the TFA was evaporated using a flow of N2 and the product was 
precipitated in methyl tert-butyl ether in order to remove the carbocations generated 
during the deprotection. After decanting the methyl tert-butyl ether, the pellet containing 
the deprotected dendrimer was dissolved in 5 mL CH2Cl2 and DIEA (0.998 mmol, 177 µL) 
and Ac2O (0.915 mmol, 92 µl) were added. The reaction was allowed to stir for 1h after 
which hexane (40 mL) was added. The mixture was stirred vigorously and centrifuged. 
The supernatant was discarded and the remaining oily precipitate was dialyzed overnight 
in H2O using a membrane with MWCO 3kD. After freeze-drying the pure compound 22 was 
obtained (29 mg, 76%) 

1H NMR (400 Mhz, CDCl3): δ = 1.75 (q, J = 6.21, 296 H), 1.92 (s, 192), 2.14 (q, J = 6.24, 40 
H), 2.55 (m, 84 H), 2.69 (m, 84 H), 3.17 (s, 168 H), 3.26-3.32 (m, 336 H), 3.42-3.51 (m, 336 
H), 3.51-3.64 (m, 672 H), 3.70 (s, 40 H), 4.44 (t, J = 6.80, 40 H), 5.11 (s, 2 H), 6.85 (bs, NH), 
7.32 (m, 5 H), 7.62 (s, 20 H), and 7.93 (bs, NH). 
13C NMR (100 MHz, CDCl3): δ = 23.19, 28.99, 29.43, 36.87, 37.66, 47.30, 51.30, 52.62, 58.79, 
63.92, 67.32, 69.13, 69.71, 69.98, 70.05, 70.26, 70.39, 123.64, 170.51, and 171.04. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.18 min. 
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Signal G3 

 Theoretical 
value 

Integrated 
value 

           t 20 19.44 
           t1 40 38.50 
           t2 40 40.23 
           t3 40 46.94 
          c 84 88.68 
          c1 84 86.31 
          p 296 294.88 

 
 

6. Synthesis of diazo transfer agent 

N3 S
O

O
N N

. HCl
 

 
Sodium azide (13.0 g, 200 mmol) was added to ice-cooled MeCN (200 mL) followed by the 
drop-wise addition of sulfuryl chloride (16.1 mL, 200 mmol). The mixture was stirred 
overnight at room temperature. The next day imidazole (25.9 g, 380 mmol) was added 
portion-wise to the ice-cooled mixture and the resulting slurry stirred for 3 h at room 
temperature. The mixture was diluted with EtOAc (400 mL), washed with H2O (2 x 400 
mL) and saturated aqueous NaHCO3 (2 x 400 mL), dried over MgSO4 and filtered. An acid 
solution (50 mL, 200 mmol) of 4 M HCl in dioxane was added drop-wise to the ice-cooled 
filtrate while stirring, filtered and the filter cake was washed with EtOAC (3 x 100 mL) to 
give the diazo transfer agent as a white powder (21.3 g, 50%).   
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1H NMR (400 Mhz, D2O): δ = 7.54 (s, 1 H), 7.92 (s, 1 H), and 9.40 (s, 1 H).  
13C NMR (100 MHz, D2O): δ = 120.22, 122.28, and 137.42. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.11 min. 
MS: Theoretical mass for [C3H4ClN5O2S-Cl]+: 174.0086. Experimental mass detected by LC-
MS: 175.30. Experimental mass detected by HRMS (ES+) 174.0080. 
 

7. Physical characterization 

7.1 Dynamic light scattering (DLS) 

For dendron size determination, DLS measurements were performed on a Malvern 
Zetasizer Nano-S Zen1600 using an He–Ne 125 mW633 nm laser. The refractive index of 
the material and the dispersant were set to 1.33. The dendrons were dissolved in a 0.2 M 
PBS 0.05 M NaCl buffer at a concentration of 5 mg/mL and filtered with a 0.2 µm filter to 
remove dust particles. Twenty runs per measurement were performed and the 
measurements were carried out in triplicate.  

 

7.2 ζ-potential experiments 

Measurements for ζ-potentials were made with a Malvern ZetaSizer Nano ZS instrument. 
Dendrons were dissolved in distilled water at a concentrations ranging from 40 mg/mL to 
0.25 mg/mL and passed through a 0.2 μm filter were placed in a specific cuvette, and 
certain parameters of the refractive index and the absorption coefficient of the material 
and the viscosity of the solvent were introduced into the software. 

 

7.3 Size exclusion chromatography (SEC) 

SEC was carried out on a Waters instrument comprising of a Ultrahydrogel 250 column, 6 
μm, 7.8 x 300 mm, a separation module (Waters 2695), an automatic injector, and a 
photodiode array detector (Waters 2298). Data were managed with Empower 2 software. 
UV detection was performed at 210 nm, and a 0.2 M PBS, 0.05 M NaCl buffer (pH 7.2) was 
used as the mobile phase to perform SEC at a flow rate of 1.0 mL/min.  
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8. Hemocompatibility 

In vitro hemocompatibility tests of the liposomal formulations were performed according 
to ISO standards (10993–4). Normal human blood from healthy volunteer donors was 
collected in Terumo Venosafe citrated tubes (Terumo Europe N. V., Belgium). Experiments 
were done within 2 h after blood collection. All tests were performed with the agreement 
of the local ethical committee of the Medicine Faculty of the University of Liège.  

 

8.1. Blood smears for the control of the RBC (red blood cell) morphology 

Dendrons were dissolved in PBS (or DMSO/PBS (1:9)) at a 1000 µM concentration, and 
further diluted in whole blood in order to obtain final dendron concentrations of 100, 10, 
1, and 0.1 μM. Samples were incubated for 15 min at 37 °C under lateral agitation (250 
rpm). After blood incubation, 5 μL of the blood was withdrawn and spread on a 
microscopy glass slide. Blood cells were observed with an Olympus Provis microscope at 
20× and 50× magnification in transmission mode. At least two representative pictures 
were acquired per sample with a digital camera (VisiCam (5 megapixels), VWR 
International). 

 

8.2 Haemolysis 

Dendron solutions and blood were prepared and incubated as described above. The 
hemolytic test was performed following Standard Practice for Assessment of Haemolytic 
Properties of Materials (ASTM designation F 756-00). Briefly, after incubation, the samples 
were centrifuged at 600g for 5 min at rt, and supernatants were collected and mixed with 
the cyanmethemoglobin reagent. The hemoglobin released was measured by reading the 
absorbance of 100-fold dilution of whole blood in Drabkin's reagent at 540 nm in a 
microplate reader (Anthos HT III, type 12600, Anthos, Salzburg, AU). A calibration curve 
was established using bovine hemoglobin as the standard. Saponine (0.8 mg mL−1) and 
PBS were used as positive and negative controls, respectively. Hemolysis was expressed as 
the percentage of hemoglobin released to total hemoglobin content, taking the positive 
control as 100% of hemolysis. The tests were done in triplicate. In view to assess the 
influence of plasma protein on the hemolytic action of the dendrons this test was also 
performed using washed RBCs (4% RBC suspension) instead of whole blood. 
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8.3 Count and size distribution of RBCs, platelets and white blood cells 

Dendron solutions and blood were prepared and incubated as described before. After 15 
min of incubation, blood cells were counted and their size distribution was determined 
with CELL-DYN 18 Emerald (Abbott Diagnostics). Three analyses were conducted per 
sample. 

 

8.4 Complement activation 

Complement activation was assesed using the Human C3a ELISA kit for quantification of 
Human C3a-des-Arg (Becton Dickinson). After a 15 min incubation of blood and dendron 
mixtures, EDTA (1 mM final) was added to block any future complement activation. 
Samples were centrifuged at 2000g for 5 min at rt, and supernatants were used for the 
analysis of complement activation following the kit protocol (BD OptEIA, Human C3a 
ELISA, Instruction Manual. Cat. No.550499). Absorbance was measured at 450 nm with a 
microplate reader (Anthos HT III, type 12600). Plasma containing 2 mg mL−1 of Zymosan 
was taken as a positive control and plasma without additives as a negative control. The 
concentration of C3a was expressed as a percentage of activation by reference to the 
negative control incubated set at a value of 100% of complement activation. 
Measurements were done in duplicate. 

 

8.5  Coagulation experiments 

Whole blood and dendrimer solutions were mixed and incubated as described before. 
Samples were centrifuged at 2000g for 5 min at rt, and the supernatants were collected, 
recalcified to reverse the effect of citrate anticoagulant, and supplied with the specific 
activators of coagulation (thromboplastin). Prothrombin time (PT), to evaluate the 
extrinsic pathway, and activated partial thromboplastin time (aPTT), to evaluate the 
intrinsic pathway, were measured directly with a Dade Behring Coagulation Timer 
analyzer (BCT) (Siemens Healthcare Diagnostics NV/SA, Belgium) using commercial 
reagents (Thromborel® S, Dade Behring/Siemens, for PT determination and C.K. PREST 
kit, Roche Diagnostics, France, for aPTT). Kaolin reagent was used as a positive control and 
PBS as a negative control. Clotting time was measured for each sample, and coagulation 
capacity was expressed as a percentage, taking the value of standard human plasma (Dade 
Behring/Siemens) as 100%. Measurements were done in duplicate. 
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Chapter 2 

1. Synthesis of model chelation platforms 

1.1 Synthesis of COOH-G1-Ac (23) 
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The acetylated dendron Bn-G1-4Ac 18 (300 mg, 0.21 mmol) was dissolved in 20 mL MeOH 
in a round bottom flask with a stirring bean. The heterogenous catalyst 10% wt Pd/C was 
added (30 mg) and the flask was closed with a septum. After closure, the flask was purged 
with N2 and a balloon filled with H2. The reaction was stirred for two hours after which the 
flask was purged again with N2. The carbon based catalyst was removed by filtration over 
cellite and the filter cake was washed several times with ethyl acetate. The organic phase 
consisting of MeOH and ethyl acetate was evaporated to yield a yellow oil corresponding 
to the pure product (220 mg, 76%). 
 
1H NMR (400 Mhz, CDCl3): δ = 1.75 (q, J = 6.23, 16 H), 1.93 (s, 12 H), 2.44 (bs, 4 H), 2.58 
(bs, 4 H), 2.94 (s, 2 H), 3.18 (s, 8 H), 3.12 (m, 8 H), 3.46-3.53 (m, 16 H), 3.53-3.64 (m, 32 H), 
7.12 (bs, NH), and 7.99 (bs, NH). 
13C NMR (100 MHz, CDCl3): δ = 23.08, 28.96, 29.05, 36.90, 37.36, 53.18, 53.41, 58.52, 59.64, 
69.10, 69.50, 69.78, 70.19, 170.79, 171.44, and 178.33. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.72 min. 
MS: Theoretical mass for [C62H119N11O22]+: 1370.8610. Experimental mass detected by 
HPLC-MS: 686.94 (M+2)/2. Experimental mass detected by HRMS (ES+): 1370.8640. 
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1.2. Synthesis of G1-5Boc (24) 
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The bisanhydride of DTPA (100 mg, 0.28 mmol) was dissolved in a mixture (7:3) of 
CH2Cl2/DMF (150 mL) and PyBOP (800 mg, 01.54 mmol) together with Boc-TOTA (492 
mg, 1.54 mmol) were added. The basicity of the reaction mixture was adjusted to pH 8 by 
the addition of DIEA. The reaction was allowed to stir for 1 hour1 after which the solvent 
was concentrated under reduced pressure. The crude product with some DMF remaining 
was dissolved in 50 mL of CH2Cl2 and washed three times with 5% NaHCO3 (50 mL). The 
crude product was dissolved in 10 mL of CH2Cl2 and transferred to a 50 mL falcon tube. 
Hexane (40 mL) was added as well and the falcon was vigorously shaken and centrifuged. 
The supernatant was discarded and the precipitated pellet corresponded to the crude 
product. The crude was purified by flash chromatography over basis alumina eluting with 
1% MeOH in DCM to yield the pure dendron (450 mg, 85%). 
 
1H NMR (400 Mhz, CDCl3): δ = 1.36 (s, 45 H), 1.70 (m, 20 H), 2.57 (m, 8 H), 3.03 (s, 2 H), 
3.06-3.17 (m, 18 H), 3.26 (m, 10 H), 3.46 (m, 20 H), 3.50-3.60 (m, 50 H), and 7.76 (bs, NH).  
13C NMR (100 MHz, CDCl3): δ =  28.40, 29.32, 29.64, 36.87, 38.26, 46.20, 53.06, 58.39, 
59.11, 69.13, 69.29, 70.05, 70.07, 70.36, 70.39, 78.82, 156.07, and 170.82. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 6.29 min. 
MS: Theoretical mass for [C89H173N13O30]+: 1905.2489. Experimental mass detected by LC-
MS: 954.46 (M+2)/2. Experimental mass detected by HRMS (ES+): 1905.2437. 
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1.3. Synthesis of G1-5Ac (25) 
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The Boc-terminated dendron G1-5Boc 24 (180 mg, 0.095 mmol) was dissolved in 5 mL of 
TFA/H2O (95:5) and stirred for 1h. Subsequently, the TFA was evaporated using a flow of 
N2 and the product was precipitated in methyl tert-butyl ether in order to remove the 
carbocations generated during the deprotection. After decanting the methyl tert-butyl 
ether, the pellet containing the deprotected dendrimer was dissolved in 5 mL CH2Cl2 and 
DIEA (0.63 mmol, 111 µL) and Ac2O (0.52 mmol, 49 µL) was added. The reaction was 
allowed to stir was for 2 hours after which hexane (40 mL) was added. The mixture was 
stirred vigorously and centrifuged. The supernatant was discarded and the remaining oily 
precipitate corresponded to pure compound Bn-G1-Ac (167 mg, 89%). 
 
1H NMR (400 Mhz, CDCl3): δ = 1.70 (m, 20 H), 1.89 (s, 15 H), 2.69 (m, 4 H), 2.79 (m, 4 H), 
3.17 (s, 8 H), 3.23 (m, 20 H), 3.34 (s, 2 H), 3.45-3.49 (m, 20 H), 3.50-3.58 (m, 50 H), and 
8.03 (bs, NH).  
13C NMR (100 MHz, CDCl3): δ = 28.83, 29.25, 36.77, 37.52, 52.37, 53.05, 58.76, 68.94, 69.50, 
69.90, 69.96, 70.28, 170.94, and 171.15. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.88 min. 
MS: Theoretical mass for [C74H143N13O25]+: 1615.0397. Experimental mass detected by LC-
MS: 809.15 (M+2)/2. Experimental mass detected by HRMS (ES+): 1615.0354. 
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1.4  Synthesis of COOH-G2-Ac (26) 
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The acetylated second generation dendron 20 (50 mg, 0.007 mmol) was dissolved in 5 mL 
of an aquous solution of 0.1 M NaOH. The reaction was allowed to stir for 1 hour and was 
montired using HPLC-MS. After completion, the solution was dialyzed using a membrane 
with MWCO 1kDa for several hours to remove the salts. Finally, the content of the dialysis 
bag was lyophilized to yield the desired compound 26 (41 mg, 88%).  
 
1H NMR (400 Mhz, CDCl3): δ = 1.76 (q, J = 6.26 Hz, 72 H), 1.94 (s, 48 H), 2.15 (q, J = 6.14 Hz, 
8 H), 2.57 (bs, 20 H), 2.70 (bs, 20 H), 3.18 (s,  40 ), 3.24 (s, 2 H), 3.30 (m, 72 H), 3.44-3.55 
(m 80 H), 3.55-3.60 (m, 80 H),  3.60-3.65 (m, 80 H), 3.72 (bs, 8 H), 4.46 (t, J = 6.70 Hz, 8 H), 
6.83 (bs, NH), 7.68 (s, 4 H), and 7.97 (bs, NH).  
13C NMR (100 MHz, CDCl3): δ = 23.22, 28.96, 29.51, 30.28, 36.85, 37.77, 47.30, 51.36, 52.66, 
58.90, 69.15, 69.82, 70.00, 70.08, 70.42, 129.75, 170.39, and 171.00.  
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.92 min. 
MS: Theoretical mass for [C306H579N63O98]+: 6705.2260. Experimental mass detected by 
HPLC-MS: 1343.05 (M+5)/5; 1119.37 (M+6)/6; 959.56 (M+7)/7. Experimental mass 
detected by HRMS (ES+): 6705.2359. 
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1.5.  Synthesis of Bn-G2-Ac based on amide framework (27) 

HN

O
O

O
HN

N N

O

O

N

O
OO

O

NH
O

O
O

H
N

H
N

O
O

O

H
N

HN

O

O
O

H
N

HN

O

O
O

HN

O

N

N

O

O

N

OO

O

HN

O

O

O

NH

O

HN

O
O

O

HN

O

N
H

O
O O N

HO H
NOO

ONH

O

NN

O

O

N

O

O

O

HN

O

O
O

N
H

O

HN

O

O

O

HN

O

HN

O
O

O

HN

O

N
H O O

O
HN

O

N N

O

O

N

O

O
O

NH

O

O
O

H
N

O

NH

O

O

O

NH

O
NH

O

O

O

NH

O NH

O

O

O

NH

O

N

N

O
O

N
O O

O

NH

O

O

O

HN

O

NH

O
O

O

NH

O

H
N

O
OOH

N

O

 

The synthesis of second generation dendrons based on an amide framework has been 
described in the literature.1  
 
1H NMR (400 Mhz, CDCl3): δ = 1.78 (m, 80 H), 1.98 (s, 48 H), 2.67 (s, 40 H), 3.19 (s, 2 H), 
3.26 (m, 128 H), 3.56 (m, 80 H), 3.61-3.71 (m, 160 H), 5.22 (s, 2 H), and 7.43 (m, 5 H). 
13C NMR (100 MHz, CDCl3): δ = 22.01, 28.42, 28.74, 28.87, 36.40, 36.64, 52.83, 53.17, 57.96, 
58.72, 67.05, 68.57, 68.58, 68.70, 69.54, 69.62, 69.79, 69.80, 128.37, 128.87, 129.05, 
135.77, 160.39, 173.20, 173.26, and 173.96.  
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.98 min. 
MS: Theoretical mass for [C309H585N55O102]+: 6699.2280. Experimental mass detected by 
HPLC-MS: 2235.41 (M+3)/3; 1676.88 (M+4)/4; 1341.58 (M+5)/5; 1118.03 (M+6)/6; 
958.50 (M+7)/7. Experimental mass detected by HRMS (ES+): 6699.23915 
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1.6. Synthesis of COOH-G3-Ac (28) 
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The acetylated third generation dendron 22 (20 mg, 0.007 mmol) was dissolved in 5 mL of 
an aquous solution of 0.1 M NaOH. The reaction was allowed to stir for several hours and 
Afterwards, the solution was dialyzed using a membrane with MWCO 1kDa for several 
hours to remove the salts. Finally, the content of the dialysis bag was lyophilized to yield 
the desired compound 26 (18 mg, 90%).  
 
1H NMR (400 Mhz, CDCl3): δ = 1.75 (q, J = 6.21, 296 H), 1.92 (s, 192), 2.14 (q, J = 6.24, 40 
H), 2.55 (bs, 84 H), 2.69 (bs, 84 H), 3.18 (s, 168 H), 3.26-3.32 (m, 336 H), 3.42-3.51 (m, 336 
H), 3.51-3.64 (m, 672 H), 3.72 (s, 40 H), 4.46 (t, J = 6.80, 40 H), 5.11 (s, 2 H), 6.85 (bs, NH), 
7.69 (s, 20 H), and 8.02 (bs, NH). 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.14 min. 
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2. MRI Measurements  

The dendrons were dissolved in concentrations corresponding to the range of 0.125-2mM 
in Gd. Solutions were placed in round bottom vials, which were immobilized in a 
polystyrene foam support used for the MRI measurements. MRI images of the phantoms 
were acquired in sagittal, coronal and transversal planes. These studies were carried out 
on a 7T horizontal magnet (BioSpec 70/30 USR; Bruker BioSpin, Ettlingen, Germany) 
equipped with actively shielded gradients (B-GA12 gradient coil inserted into a BGA20S 
gradient system), which is part of the CIBER-BBN Platform of Biomedical Applications of 
Nuclear Magnetic Resonance at the Servei de Ressonància Magnètica Nuclear (SeRMN) of 
the UAB.  A quadrature probe of 7.2cm diameter was used for these acquisitions.   

The experimental parameters for the T2-weighted (T2w) spin-echo images were: rapid 
acquisition with relaxation enhancement and variable repetition time (RAREVTR),  
sequence with repetition time (TR) 4,000 ms, effective echo time (TEeff) of 20 ms, rare 
factor of 1, number of averages (NA)=1, matrix (MTX) 256 x 128, field of view (FOV) 110 x 
55mm (0.43 mm/pixel), slice thickness 2mm and total acquisition time of 8 min 32 sec. 

The parameters for the T1-weighted image (T1w) were: rapid acquisition with relaxation 
enhancement and variable repetition time (RAREVTR), TR 100ms, Teff 6ms, NA= 16, MTX 
256 x 128, FOV 110 x 55mm (0.43 mm/pixel), slice thickness 2mm, and total acquisition 
time of 3 min 24 sec. 

For T2 measurements a multi-slice multiecho (MSME) sequence was used, with TR of 
5,000ms, echo times between 10 and 640ms in steps of 10ms (total= 64 echoes), MTX 128 
x 128, FOV of 110 x 55mm (0.859 and 0.430mm/pixel), slice thickness of 2mm and total 
acquisition time of 10 min 40 sec.  

For T1 measurements, a RAREVTR sequence was used, with Teff 6ms, variable TR 
(50/80/120/160/200/250/300/360/420/500/650/850/1,100/1,600/2,200/3,000/5,00
0/10,000 ms), MTX 128 x 64, FOV 110 x 55mm (0.859mm/pixel), slice thickness 2mm and 
total acquisition time of 28 min 37 sec.  
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Chapter 3 

1. Synthesis of multimodal platforms 

1.1 Synthesis Bn-G1-2Boc-2Z (29) 
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A solution of compound 4 (1.44 g, 2.98 mmol) in dry pyridine (1.50 mL, 18.5 mmol, 6.2 
eq.) and Ac2O (1.27 mL, 13.4 mmol) was stirred at 65°C under Ar for 2 h. After cooling to 
room temperature the mixture of reagents was removed to dryness, and the crude was 
coevaporated with dry DMF (× 2). To the resulting brownish oil was added a solution of 
Boc-TOTA (1.91 g, 5.96 mmol, 2 eq.) in dry DMF (20 mL) and the mixture was stirred at 
room temperature under Ar for 15 h. After this time the solvent was evaporated to 
dryness. The resulting crude was dissolved in CH2Cl2 (50 mL) and washed with a 1:1 (v/v) 
mixture of 0.5% w/v citric acid and brine (3 ×50 mL). Aqueous phase is extracted with 
CH2Cl2 (2×50 mL). Combined organic phases were dried over MgSO4 and evaporated. The 
crude was transferred to a 50 mL polypropylene tube dissolved in CH2Cl2 (5 mL) and 
hexane (40 mL) was added. The mixture was stirred vigorously (an oily precipitate 
appeared) and then centrifuged. The supernatant was discarded and the remaining oily 
brown precipitate corresponded to the pure intermediate compound 26 (2.47 g, 76%). 

To a solution of the intermediate compound (1.03 g, 0.946 mmol) in CH2Cl2 (20 mL) was 
added PyBOP (1.03 g, 1.98 mmol) and a solution of OEG 19 (702 mg, 1.98 mmol, 2.1 eq.) in 
CH2Cl2 (5 mL). The pH was adjusted to 8-9 by addition of DIEA, and the resulting mixture 
was stirred at room temperature for 1 h. After this time the crude was washed with 
saturated NaHCO3 (2 × 50 mL), 0.5% w/v citric acid (2×50 mL) and brine (1 × 50 mL). The 
organic phase was dried over MgSO4 and evaporated. The oily residue was transferred to a 
50 mL polypropylene tube dissolved in CH2Cl2 (5 mL) and hexane (40 mL) was added. The 
mixture was stirred vigorously (an oily precipitate appeared) and then centrifuged. The 
supernatant was discarded. The oily residue was again dissolved in CH2Cl2 (5 mL) and 
precipitated with hexane (40 mL) (two repeats). The resulting oily precipitate 
corresponded to compound 27 (1.31 g, 79%). 
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1H NMR (400 MHz, CDCl3) δ = 1.43 (s, 18H), 1.70-1.82 (m, 16H),  2.58-2.71 (m, 8H), 3.24-
3.11 (m, 12H), 3.25-3.35 (m, 12H), 3.39 (s, 2H), 3.43-3.65 (m, 48H), 5.05 (bs, NH),  5.08 (s, 
4H), 5.12 (s, 2H), 5.50 (bs, NH), 7.40-7.28 (m, 15H), and 7.60 (bs, NH). 
13C NMR (100 MHz, CDCl3) δ = 28.60, 29.62, 29.83, 37.15, 38.56, 39.22, 52.64, 53.59, 55.63, 
59.22, 66.57, 66.65, 69.40, 69.43, 69.59, 69.62, 70.28, 70.30, 70.58, 70.60, 70.63, 79.04, 
128.13, 128.19, 128.46, 128.59, 128.63, 128.80, 135.56, 136.92, 156.21, 156.65, 170.87, 
and 171.47.  
HPLC: 5100% acetonitrile in water over 4.5 min (XSelect), tR= 2.87 min.  
MS: calculated average mass for [C87H145N11O26]+: 1761.1, found by HPLC-MS (ES+): 1762.4 
(M+H), 881.6 (M+2H)/2. 

 

1.2 Synthesis of COOH-G1-2NH2-2AcNHRGDS (30) 
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The precursor dendron 27 (60 mg, 0.034 mmol) was dissolved in 6 mL 4 M HCl in dioxane 
and left overnight. The next day the dioxane was evaporated to yield the precursor 
dendron with the free amines. The partially unprotected dendron was dissolved in 50 mL 
of CH2Cl2/DMF (7:3) and PyBOP (38 mg, 0.074 mmol) together with Ac-NH-RGDS-OH (62 
mg, 0.074 mmol) were added. The basicity of the reaction mixture was adjusted to pH 8 by 
the addition of DIEA. The reaction was allowed to stir for 1 hour after which the solvent 
was concentrated under reduced pressured. The crude product with some DMF remaining 
was dissolved in 20 mL of CH2Cl2 and washed three times with 5% NaHCO3 (20 mL). The 
organic phase was evaporated to yield a brownish oil and the oil was dissolved in 20 mL 
MeOH in a round bottom flask with a stirring bean. The heterogenous catalyst 10% wt 
Pd/C was added (10 mg) and the flask was closed with a septum. After closure, the flask 
was purged with N2 and a balloon filled with H2. The reaction was stirred overnight after 
which the flask was purged again with N2. The carbon based catalyst was removed by 
filtration over cellite and the filter cake was washed several times with ethyl acetate. The 
organic phase consisting of MeOH and ethyl acetate was evaporated to yield a yellowish 
oil. The yellow was dissolved in 5 ml of CH2Cl2 and transferred to a falcon. Hexane (40 mL) 
was added as well and the falcon was vigorously shaken and centrifuged. The supernatant 
was discarded and the precipitated pellet corresponded to the crude product with the side 
chain protecting groups of the peptide still intact.  
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The protecting groups were removed by dissolving the pellet in 4 mL cocktail of 
TFA/H2O/TIS (95:2.5:2.5). After 1 hour of deprotection the TFA was removed using a flow 
of N2 and the compound was precipitated in cold tert-butyl methyl ether. The precipitate 
was dissolved in 4 mL of H2O and dialyzed for several hours using a dialysis membrane 
with MWCO 1kDa to yield the final product (48 mg, 66%). 

1H NMR (400 Mhz, CDCl3): δ = 1.68 (m, 4 H), 1.82 (m, 16 H), 1.97 (m, 4 H), 2.05 (s, 6 H), 
2.23 (s, 2 H), 2.85-3.02 (m, 4 H), 3.12 (t, J = 6.60 Hz, 4 H), 3.18-3.28 (m, 12 H), 3.32 (m, 8 
H), 3.44 (m, 4 H), 3.57 (m, 16 H), 3.69 (m, 32 H), 3.76 (s, 2 H), 3.88 (t, J = 5.20 Hz, 4 H), 3.96 
(s, 8 H), 4.29 (t, J = 6.35 Hz, 2 H), and 4.37 (t, J = 5.20 Hz, 2 H). 
13C NMR (100 MHz, CDCl3): δ = 21.61, 24.25, 26.42, 27.88, 28.15, 35.17, 36.31, 36.52, 37.57, 
40.42, 42.52, 50.00, 53.64, 56.05, 56.65, 60.90, 68.06, 68.19, 69.24, 69.31, 69.44, 69.47, 
156.66, 167.26, 171.14, 171.40, 171.40, 172.31, 173.88, 174.46, and 174.66. 
HPLC: 060% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.54 min. 
MS: Theoretical mass for [C88H165N25O34]+: 2116.1951. Experimental mass detected by 
HPLC-MS: 700.73 (M+3)/3, 525.77 (M+4)/4, 420.72 (M+5)/5. Experimental mass detected 
by HRMS (ES+): 2116.1942. 

 

1.3  Synthesis of COOH-G1-2NH2-AcNHDGSR (31) 
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The precursor dendron 29 (60 mg, 0.034 mmol) was dissolved in 6 mL 4 M HCl in dioxane 
and left overnight. The next day the dioxane was evaporated to yield the precursor 
dendron with the free amines. The partially unprotected dendron was dissolved in 50 mL 
of CH2Cl2/DMF (7:3) and PyBOP (38 mg, 0.074 mmol) together with AcNH-DGSR-OH (62 
mg, 0.074 mmol) were added. The basicity of the reaction mixture was adjusted to pH 8 by 
the addition of DIEA. The reaction was allowed to stir for 1 hour after which the solvent 
was concentrated under reduced pressured. The crude product with some DMF remaining 
was dissolved in 20 mL of CH2Cl2 and washed three times with 5% NaHCO3 (20 mL). The 
organic phase was evaporated to yield a brownish oil and the oil was dissolved in 20 mL 
MeOH in a round bottom flask with a stirring bean. The heterogenous catalyst 10% wt 
Pd/C was added (10 mg) and the flask was closed with a septum. After closure, the flask 
was purged with N2 and fitted with a balloon filled with H2. The reaction was stirred 
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overnight after which the flask was purged again with N2. The carbon based catalyst was 
removed by filtration over cellite and the filter cake was washed several times with ethyl 
acetate. The organic phase consisting of MeOH and ethyl acetate was evaporated to yield a 
yellowish oil. The yellow was dissolved in 5 ml of CH2Cl2 and transferred to a falcon. 
Hexane (40 mL) was added as well and the falcon was vigorously shaken and centrifuged. 
The supernatant was discarded and the precipitated pellet corresponded to the crude 
product with the side chain protecting groups of the peptide still intact. The protecting 
groups were removed by dissolving the pellet in 4 mL cocktail of TFA/H2O/TIS 
(95:2.5:2.5). After 1 hour of deprotection the TFA was removed using a flow of N2 and the 
compound was precipitated in cold tert-butyl methyl ether. The precipitate was dissolved 
in 4 mL of H2O and dialyzed for several hours using a dialysis membrane with MWCO 1kDa 
to yield the final product (59 mg, 79%). 
 
1H NMR (400 Mhz, CDCl3): δ = 1.51 (m, 4 H), 1.67 (m, 16 H), 1.83 (m, 4 H), 1.91 (s, 6 H), 
1.93 (s, 2 H), 2.70-2.85 (m, 4 H), 2.99 (t, J = 6.80 Hz, 4 H), 3.05-3.11 (m, 8 H), 3.11-3,22 (m, 
16 H), 3.28 (m, 4 H), 3.44 (m, 16 H), 3.55 (m, 32 H), 3.65 (s, 2 H), 3.70-3.90 (m, 8 H), 4.16 
(m, 2 H), 4.27 (m, 2 H), and 4.32 (m, 2 H). 
13C NMR (100 MHz, CDCl3): δ = 21.41, 24.40, 24.44, 26.44, 27.94, 28.19. 36.24, 28.19, 36.24, 
36.54, 37.59, 40.40, 42.71, 50.14, 52.16, 53.68, 55.66, 56.81, 60.85, 68.07, 68.21, 68.25, 
69.25, 69.33, 69.46, 69.49, 156.65, 168.54, 171.66, 173.13, 174.06, 174.28, 175.84, and 
177.69.  
HPLC: 060% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.60 min. 
MS: Theoretical mass for [C88H165N25O34]+: 2116.1951. Experimental mass detected by 
HPLC-MS: 700.86 (M+3)/3, 525.84 (M+4)/4, 420.72 (M+5)/5. Experimental mass detected 
by HRMS (ES+): 2116.1918. 

 

1.4  Synthesis of G1-4Boc-1N3 (32) 
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The Boc-protected dendron Bn-G1-Boc 7 (600 mg, 0.24 mmol) was dissolved in 50 mL 
MeOH in a round bottom flask with a stirring bean. The heterogenous catalyst 10% wt 
Pd/C was added (40 mg) and the flask was closed with a septum. After closure, the flask 
was purged with N2 and a balloon filled with H2. The reaction was stirred for two hours 
after which the flask was purged again with N2. The carbon based catalyst was removed by 
filtration over cellite and the filter cake was washed several times with ethyl acetate. The 
organic phase consisting of MeOH and ethyl acetate was evaporated to yield a yellowish 
oil. This oil was dissolved in a mixture (7:3) of CH2Cl2/DMF (100 mL) and PyBOP (135 mg, 
0.26 mmol) together with NH2-TOTA-N3 (33) (65 mg, 0.26 mmol) were added. The 
basicity of the reaction mixture was adjusted to pH 8 by the addition of DIEA. The reaction 
was allowed to stir for 1 hour1 after which the solvent was concentrated under reduced 
pressure. The crude product with some DMF remaining was dissolved in 50 mL of CH2Cl2 

and washed three times with 5% NaHCO3 (50 mL). The crude product was dissolved in 10 
mL of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane (40 mL) was added as well 
and the falcon was vigorously shaken and centrifuged. The supernatant was discarded and 
the precipitated pellet corresponded to the crude product. The crude was purified by flash 
chromatography over basis alumina eluting with 1% MeOH in DCM to yield the pure 
dendron (389 mg, 91%). 
 
1H NMR (400 MHz, CDCl3): δ = 1.39 (s, 36 H), 1.67-1.83 (m, 20 H), 2.52-2.86 (m, 8 H), 3.05 
(bs, 2 H), 3.08-3.21 (m, 16 H), 3.25-3.33 (m, 10 H), 3.55 (t, J = 6.70 Hz, 2 H), 3.48 (t, J = 6.30, 
20 H), 3.52-3.62 (m, 40 H), and 7.65 (bs, NH). 
13C NMR (100 MHz, CDCl3): δ = 28.41, 29.05, 29.37, 29.67, 37.05, 38.37, 48.37, 53.13, 53.41, 
59.12, 69.30, 70.10, 70.12, 70.42, 70.44, 78.84, 156.04, and 170.67. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 6.55 min 
MS: Theoretical mass for [C84H163N15O28+H]+: 1831.1865. Experimental mass detected by 
HPLC-MS: 916.55 (M+2)/2. Experimental mass detected by HRMS (ES+): 1831.1906. 

 

1.5. Synthesis of TOTA-N3 (33) 

H2N O O O N3  

 To a solution of Boc-TOTA (200 mg, 0.62 mmol) in 5 mL of water was added the diazo 
transfer agent (118 mg, 0.68 mmol) and K2CO3 (102 mg, 0.74 mmol). The reaction was 
stirred for 30 minutes meanwhile a white precipitate was formed. The diazitized 
compound was extracted with CH2Cl2 (5 mL) and the organic phase was washed with 5% 
NaHCO3 (3 x 5 mL). The organic phase was evaporated and dissolved in 5 mL 4 M HCl in 
dioxane and left overnight. The next day the dioxane was evaporated to yield the desired 
product NH2-TOTA-N3 as a transparent oil (103 mg, 67%). 
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1H NMR (400 MHz, CDCl3): δ = 1.88 (q,  J = 6.45 Hz, 2 H), 2.06 (q, J = 5.88, 2 H), 2.73 (bs, 2 
H), 3.14 (t, J = 6.78 Hz, 2 H), 3.58 (t, J = 6.14 Hz, 2 H),3.60-3.70 (m, 10 H), and 8.15 (bs, NH). 
13C NMR (100 MHz, CDCl3): δ = 26.75, 28.98, 38.97, 48.48, 67.92, 69.43, 69.99, 70.07, 70.15, 
and 70.30. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.77 min. 
MS: Theoretical mass for [C10H23N4O3]+: 247.1692. Experimental mass detected by HPLC-
MS: 247.12.  

 

1.6  Synthesis of G1-1NH2-4AcNHRGDS (34) 
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The dendron platform (100 mg, 0.055 mmol) was dissolved in 5 mL 4 M HCl in dioxane 
and left overnight. The next day the dioxane was evaporated to yield the unprotected 
dendron with the free amines. The unprotected dendron was dissolved in 100 mL of 
CH2Cl2/DMF (7:3) and PyBOP (124 mg, 0.24 mmol) together with NHAc-RGDS-OH (201 
mg, 0.24 mmol) were added. The basicity of the reaction mixture was adjusted to pH 8 by 
the addition of DIEA. The reaction was allowed to stir for 1 hour after which the solvent 
was concentrated under reduced pressured. The crude product with some DMF remaining 
was dissolved in 20 mL of CH2Cl2 and washed three times with 5% NaHCO3 (20 mL) to 
yield the peptide functionalized dendron. This was dissolved in 5 mL of a mixture of 
EtOH/H2O (7:3) and NH4Cl (6 mg, 0.13 mmol) and fine zinc powder (5 mg, 0.072 mmol) 
were added. The suspension was magnetically stirred for several hours until the color of 
the suspension had turned a lighter grey indicating the oxidation of the zinc particles and 
completion of the reaction was confirmed by HPLC-PDA and HPLC-MS. After completion, 
the EtOH was removed in vacuo and the reaction mixture was transferred to a 50 mL 
falcon and CH2Cl2 (40 mL) was added. The falcon was vigorously shaken and centrifuged 
thereby precipitating the salts. The supernatant was collected and evaporated to yield the 
crude peptide functionalized dendron. The protecting groups were removed by dissolving 
the pellet in 4 mL cocktail of TFA/H2O/TIS (95:2.5:2.5). After 1 hour of deprotection the 
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TFA was removed using a flow of N2 and the compound was precipitated in cold tert-butyl 
methyl ether. The precipitate was dissolved in 4 mL of H2O and dialyzed for several hours 
using a dialysis membrane with MWCO 1kDa to yield the final product (38 mg, 21%). 
 

1H NMR (400 Mhz, CDCl3): δ = 1.47-1.60 (m, 8 H), 1.66 (m, 20 H), 1.72-1.88 (m, 8 H), 1.92 
(s, 12 H), 2.77-2.90 (m, 8 H), 3.03 (m, 4 H), 3.09 (m, 12 H), 3.12-3.26 (m, 20 H), 3.46 (bs, 8 
H), 3.43 (m, 20 H), 3.54 (m, 40 H), 3.74 (t, J = 5.34 Hz, 8 H), 3.83 (s, 8 H), 4.16 (t,  J = 6.86 
Hz, 4 H), and 4.24 (t, J = 4.87, 4 H). 
13C NMR (100 MHz, CDCl3): δ = 21.79, 24.44, 27.92, 28.09, 28.18, 30.18, 35.36, 36.22, 
404.40, 42.70, 50.15, 53.67, 55.68, 60.83, 68.05, 68.17, 69.27, 69.32, 69.49, 156.62, 
171.166, 171.77, 173.13, 173.39, 174.09, and 174.33. 
HPLC: 060% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.71 min. 
MS: Theoretical mass for [C132H241N41O52+H]+: 3233.7535. Experimental mass detected by 
LC-MS: 1079.59 (M+3)/3, 809.94 (M+4)/4, 648.01 (M+5)/5. Experimental mass detected 
by HRMS (ES+): 3233.7533. 

 

1.7. Synthesis of G1-NH2-AcNHDGSR (35) 
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The dendron platform (100 mg, 0.055 mmol) was dissolved in 5 mL 4 M HCl in dioxane 
and left overnight. The next day the dioxane was evaporated to yield the unprotected 
dendron with the free amines. The unprotected dendron was dissolved in 100 mL of 
CH2Cl2/DMF (7:3) and PyBOP (124 mg, 0.24 mmol) together with NHAc-DGSR-OH (201 
mg, 0.24 mmol) were added. The basicity of the reaction mixture was adjusted to pH 8 by 
the addition of DIEA. The reaction was allowed to stir for 1 hour after which the solvent 
was concentrated under reduced pressured. The crude product with some DMF remaining 
was dissolved in 20 mL of CH2Cl2 and washed three times with 5% NaHCO3 (20 mL) to 
yield the peptide functionalized dendron. This was dissolved in 5 mL of a mixture of 
EtOH/H2O (7:3) and NH4Cl (6 mg, 0.13 mmol) and fine zinc powder (5 mg, 0.072 mmol) 
were added. The suspension was magnetically stirred for several hours until the color of 
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the suspension had turned a lighter grey indicating the oxidation of the zinc particles and 
completion of the reaction was confirmed by HPLC-PDA and HPLC-MS. After completion, 
the EtOH was removed in vacuo and the reaction mixture was transferred to a 50 mL 
falcon and CH2Cl2 (40 mL) was added. The falcon was vigorously shaken and centrifuged 
thereby precipitating the salts. The supernatant was collected and evaporated to yield the 
crude peptide functionalized dendron.The protecting groups were removed by dissolving 
the pellet in 4 mL cocktail of TFA/H2O/TIS (95:2.5:2.5). After 1 hour of deprotection the 
TFA was removed using a flow of N2 and the compound was precipitated in cold tert-butyl 
methyl ether. The precipitate was dissolved in 4 mL of H2O and dialyzed for several hours 
using a dialysis membrane with MWCO 1kDa to yield the final product (55 mg, 30%). 
 
1H NMR (400 Mhz, CDCl3): δ = 1.40-1.59 (m, 8 H), 1.65 (m, 20 H), 1.72-1.88 (m, 8 H), 1.93 
(s, 12 H), 2.72 (m, 8 H), 2.97 (m, 4 H), 3.09 (m, 12 H), 3.16 (m, 10 H), 3.27 (m, 8 H), 3.43 (m, 
20 H), 3.54 (m, 40 H), 3.78 (m, 8 H), 3.80-4.00 (m, 16 H), 4.17 (m, 4 H), 4.30 (t, J = 4.53 Hz, 
4 H), and 6.55 (t, J = 6.24 Hz, 4 H). 
13C NMR (100 MHz, CDCl3): δ = 21.62, 24.25, 27.87, 28.04, 28.13, 30.16, 35.17, 36.30, 40.42, 
42.52, 49.99, 53.64, 56.03, 60.90, 68.06, 69.24, 69.31, 69.47, 156.63, 171.12, 171.38, 
172.27, 173.85, 174.43, and 174.63 
HPLC: 060% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.61 min. 
MS: Theoretical mass for [C132H241N41O52]+: 3232.7469. Experimental mass detected by 
HPLC-MS: 809.67 (M+4)/4, 647.95 (M+5)/5, 540.03 (M+6)/6. Experimental mass detected 
by HRMS (ES+): 3232.7513. 

 

2. Synthesis peptides 

The solid-phase syntheses were carried out manually on 50 mL polypropylene syringes, 
which were fitted with a polyethylene porous disc and attached to a vacuum manifold. 
Solvents and soluble reagents were removed by suction. Washings between deprotection 
and coupling steps were carried out with DMF (3 x 1 min) and DCM (3 x 1 min), unless 
otherwise stated.. The Fmoc- group was removed with 20% piperidine in DMF (2 x 1 min, 
2 x 5 min). The progress of the coupling reactions was monitored with Kaiser's ninhydrin 
test.  

The peptides RGDS and DSGR were synthesized on the 2-chlorotrityl resin. The 2-
chlorotrityl resin (5.0 g, 1.6 mmol/g) was swollen in DCM for 15 min. The first amino acid 
(5 mmol) was dissolved in DCM (20 mL) and added to the resin together with DIEA (8500 
µL, 50 mmol) and the mixture was shaken for 1 h. Afterwards, the remaining sites of the 
resin were capped with MeOH (4 mL) during 15 min and the resin was washed. The Fmoc-
group was removed and elongation of the peptide chain was accomplished by stepwise 
incorporation of the remaining Fmoc-proteted amino acids.  
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Standard coupling were performed with OxymaPure/DIPCDI and the amino acid. The 
amino acid Fmoc-aa-OH (10 mmol) was dissolved in DMF (20 mL) together with 
OxymaPure (1422 mg, 10 mmol) and DIPCDI (1262 mg, 10 mmol), after 3 minutes of 
preactivation, was added to the resin. The resin was shaken for 2 h and afterwards the 
excess of reagents was filtered of and the resin was washed. After incorporation of the 
fourth and final amino acid, the Fmoc-group was removed and the amino terminal was 
acetylated using acetic anhydride (944 µL, 10 mmol) and DIEA (3860 µL, 20 mmol)  

The peptides were cleaved from the resin with the protecting groups intact with 1% TFA 
in DCM (20x2 min) and the resin was ultimately washed with DCM (5x2 min). The wash 
volumes were collected in 200 ml of DCM. The organic phase was evaporated and the 
protected peptide was dissolved in 50 mL of ACN/H2O (1:1) and lyophilized.   

 

2.1. Ac-NH-RGDS-OH  

HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 6.69 min. 
MS: Theoretical mass for [C38H61N7O12S]+: 839.4099. Experimental mass detected by HPLC-
MS: 840.86. 
 

2.2 Ac-NH-DGSR-OH  

HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 6.68 min. 
MS: Theoretical mass for [C38H61N7O12S]+: 839.4099. Experimental mass detected by HPLC-
MS: 840.78 
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Chapter 4 

1. Synthesis of dendritic platforms 

1.1  Synthesis of NH2-PEG-NHTFAA (36) 
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The commercially available N3-PEG-NH2 (1000 mg, 2.86 mmol) was dissolved in 50 mL of 
CH2Cl2. DIEA (3.43 mmol, 0.61 mL) was added followed by the addition of trifluoroacetic 
anhydride (3.11 mmol, 0.45 mL). The reaction was allowed to stir magnetically during 1 
hour. Afterwards the organic phase was washed three times with 5% NaHCO3 (50 mL) and 
the organic phase was evaporated to yield the intermediate N3-PEG-TFAA in transparent 
oily form. The intermediate product was dissolved in 100 mL MeOH in a round bottom 
flask with a stirring bean. The heterogenous catalyst 10% wt Pd/C was added (100 mg) 
and the flask was closed with a septum. After closure, the flask was purged with N2 and a 
balloon filled with H2. The reaction was stirred for two hours after which the flask was 
purged again with N2. The carbon based catalyst was removed by filtration over cellite and 
the filter cake was washed several times with ethyl acetate. The organic phase consisting 
of MeOH and ethyl acetate was evaporated to yield a yellowish transparent oil. This oil 
was dissolved in 50 mL of CHC2 and the product was extracted three times with 0.05 M 
HCl and freeze-dryed to yield the modified OEG-chain NH2-PEG-TFAA 36 (963 mg, 81%).  
 
1H NMR (400 Mhz, CDCl3): δ = 3.23 (m, 2 H), 3.53 (m,  2 H), 3.58-3.71 (m, 22 H), 3.82 (m, 2 
H) and 7.61 (bs, NH).  
13C NMR (100 Mhz, CDCl3): δ = 39.61, 40.26, 66.80, 68.86, 69.80, 69.82, 69.86, 69.97, 70.04, 
70.08, 70.12, 70.19, 114.67, and 157.57.  
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.75 min. 
MS: Theoretical mass for: [C16H31F3N2O7]+; 420.42 Mass found by HPLC-MS: 421.26. 
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1.2. Synthesis of cross-linking agent G1-4N3-1TFAA (37) 
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The DTPA derivative core unit 3 (900 mg, 1.27 mmol) was dissolved in 60 mL MeOH in a 
round bottom flask with a stirring bean. The heterogenous catalyst 10% wt Pd/C was 
added (90 mg) and the flask was closed with a septum. After closure, the flask was purged 
with N2 and a balloon filled with H2. The reaction was stirred for two hours after which the 
flask was purged again with N2. The carbon based catalyst was removed by filtration over 
cellite and the filter cake was washed several times with ethyl acetate. The organic phase 
consisting of MeOH and ethyl acetate was evaporated to yield a transparent oil. This oil 
was dissolved in a mixture (7:3) of CH2Cl2/DMF (500 mL) and PyBOP (796 mg, 1.53 mmol) 
together with NH2-PEG-TFAA 36 (644 mg, 1.53 mmol) were added. The basicity of the 
reaction mixture was adjusted to pH 8 by the addition of DIEA. The reaction was allowed 
to stir for 2 hours after which the solvent was concentrated under reduced pressure. The 
crude product with some DMF remaining was dissolved in 50 mL of CH2Cl2 and washed 
three times with 5% NaHCO3 (50 mL). The intermediate DTPA core with one OEG-chain 
incorporated was then dissolved in 20 mL of 4 M HCl dioxane and left overnight. The next 
day the dioxane was evaporated to yield the unprotected DTPA core with one OEG-chain 
incorporated. The unprotected intermediate was dissolved in 500 mL of CH2Cl2/DMF (7:3) 
and PyBOP (2891 mg, 3.49 mmol) together with N3-PEG-NH2 (2201 mg, 5.56 mmol) were 
added. The basicity of the reaction mixture was adjusted to pH 8 by the addition of DIEA. 
The reaction was allowed to stir for 2 hours after which the solvent was concentrated 
under reduced pressured. The crude product with some DMF remaining was dissolved in 
50 mL of CH2Cl2 and washed three times with 5% NaHCO3 (50 mL). The crude product was 
dissolved in 10 mL of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane (40 mL) was 
added as well and the falcon was vigorously shaken and centrifuged. 
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 The supernatant was discarded and the precipitated pellet corresponded to the crude 
product and purified by semi-prep chromatography with a 30-50% ACN gradient to yield 
the pure product (900 mg, 33%).  
 
1H NMR (400 Mhz, CDCl3): δ = 3.13 (bs, 4 H), 3.39 (t, J = 4.90 Hz, 8 H), 3.41-3.46 (m, 12 H), 
3.52 (s, 10 H), 3.53-3.57 (m, 4 H), 3.57-3.62 (bs, 20 H), 3.62-3.69 (m, 100 H), and 7.95 (bs, 
NH).  
13C NMR (100 Mhz, CDCl3): δ = 39.45, 39.84, 50.77, 51.72, 52.59, 53.56, 57.40, 68.79, 69,34, 
70.06, 70,14, 70.28, 70.49, 70.58, 70,64, 70.71, 117.36, 167.00 and 168.77. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.39 min. 
MS: Theoretical mass for: [C86H164F3N21O36]+; 2124.1600. Mass found by LC-MS: 1063.46 
(M+2)/2. Experimental mass detected by HRMS: 2124.1592. 

 

1.3. Synthesis of cross-linking agent G1-5N3 (38) 
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The bisanhydride of DTPA (64 mg, 0.180 mmol) was dissolved in a mixture (7:3) of 
CH2Cl2/DMF (400 mL) and PyBOP (630 mg, 1.08 mmol) together with NH2-PEG-N3 (400 
mg, 1.08 mmol) were added. The basicity of the reaction mixture was adjusted to pH 8 by 
the addition of DIEA. The reaction was allowed to stir for 1 hour after which the solvent 
was concentrated under reduced pressure. The crude product with some DMF remaining 
was dissolved in 50 mL of CH2Cl2 and washed three times with 5% NaHCO3 (50 mL). The 
crude product was dissolved in 10 mL of CH2Cl2 and transferred to a 50 mL falcon tube. 
Hexane (40 mL) was added as well and the falcon was vigorously shaken and centrifuged. 
The supernatant was discarded and the precipitated pellet corresponded to the crude 
product. The crude was purified by flash chromatography over basis alumina eluting with  
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1% MeOH in DCM to yield the pure dendron (285 mg, 84%). 

1H NMR (400 Mhz, CDCl3): δ  = 3.14 (bs, 4 H), 3.37 (m, 14 H), 3.40-3.43 (m, 10 H), 3.50-3.57 
(m, 20 H), 3.57-3.60 (m, 10 H), 3.60-3.67 (m, 100 H), and 7.84 (bs, NH).  
13C NMR (100 MHz, CDCl3): δ = 38.92, 50.64, 53.16, 53.21, 58.61, 58.91, 69.63, 69.98, 70.06, 
70.43, 70.47, 70.50, 70.56, 70.60, 70.63, 170.85, and 171.27. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.51 min. 
MS: Theoretical mass for C84H163N23O35: 2054.1682. Experimental mass detected by LC-MS: 
1028.53 (M+2)/2. Experimental mass detected by HRMS: 2054.1688. 

 

1.4. Synthesis of biofunctionalization platform Bn-G1-4TFAA (39) 
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The DTPA derivative core unit 3 (500 mg, 0.71 mmol) was dissolved in 50 mL of 4 M HCl 
dioxane and left overnight. The next day the dioxane was evaporated to yield the 
unprotected DTPA core 4. The unprotected core was dissolved in 500 mL of CH2Cl2/DMF 
(7:3) and PyBOP (1750 mg, 3.36 mmol) together with NH2-PEG-TFAA (1410 mg, 3.36 
mmol) were added. The basicity of the reaction mixture was adjusted to pH 8 by the 
addition of DIEA. The reaction was allowed to stir for 2 hours after which the solvent was 
concentrated under reduced pressured. The crude product with some DMF remaining was 
dissolved in 50 mL of CH2Cl2 and washed three times with 5% NaHCO3 (50 mL). The crude 
product was dissolved in 10 mL of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane 
(40 mL) was added as well and the falcon was vigorously shaken and centrifuged. The 
supernatant was discarded and the precipitated pellet corresponded to the crude product 
and purified by semi-prep chromatography with a 30-50% ACN gradient to yield the pure 
product 38 (250 mg, 17%).  
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1H NMR (400 Mhz, CDCl3): δ =3.27 (bs, 8 H), 3.42 (m, 8 H), 3.50-3.55 (m, 16 H), 3.57 (s, 8 
H), 3.59-3.64 (m, 80 H), 3.85 (s, 8 H), 3.92 (s, 2 H), 5.15 (s, 2 H), 7.34 (m, 5 H), 7.62 (bs, 
NH), and 7.88 (bs, NH).  
13C NMR (100 Mhz, CDCl3): δ = 39.34, 39.88, 50.57, 51.68, 53.56, 56.90, 67.38, 68.80, 69.31, 
70.21, 70.35, 70.49, 70.54, 70.58, 114.67, 128.66, 128.81, 135.00, 167.83, and 168.74. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.34 min. 
MS: Theoretical mass for: [C85H145F12N11O34]+; 2091.9764. Mass found by HPLC-MS: 
1063.46 (M+2)/2  

 

1.5. Synthesis of biofunctonalization platform G1-4TFAA-1N3 (40) 
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The previous compound 38 (250 mg, 0.24 mmol) was dissolved in 20 mL MeOH in a round 
bottom flask with a stirring bean. The heterogenous catalyst 10% wt Pd/C was added (20 
mg) and the flask was closed with a septum. After closure, the flask was purged with N2 
and a balloon filled with H2. The reaction was stirred for two hours after which the flask 
was purged again with N2. The carbon based catalyst was removed by filtration over cellite 
and the filter cake was washed several times with ethyl acetate. The organic phase 
consisting of MeOH and ethyl acetate was evaporated to yield a yellowish oil. This oil was 
dissolved in a mixture (7:3) of CH2Cl2/DMF (200 mL) and PyBOP (146 mg, 0.28 mmol) 
together with N3-PEG-NH2 (98 mg, 0.28 mmol) were added. The basicity of the reaction 
mixture was adjusted to pH 8 by the addition of DIEA. The reaction was allowed to stir for 
2 hours after which the solvent was concentrated under reduced pressure. The crude 
product with some DMF remaining was dissolved in 20 mL of CH2Cl2 and washed three 
times with 5% NaHCO3 (20 mL). The crude product was dissolved in 10 mL of CH2Cl2 and 
transferred to a 50 mL falcon tube. Hexane (40 mL) was added as well and the falcon was 
vigorously shaken and centrifuged. The supernatant was discarded and the precipitated 
pellet corresponded to the pure product (270 mg, 82%). 
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1H NMR (400 Mhz, CDCl3): δ = 2.59 (m, 4 H), 2.59 (m, 4 H), 3.09 (s, 2 H), 3.19 (s, 8 H), 3.32-
3.42 (m, 20 H), 3.53 (m, 20 H), 3.56-3.65 (m, 100 H), and 7.81 (bs, NH).  
13C NMR (100 Mhz, CDCl3): δ = 39.18, 40.00, 50.88, 53.41, 53.65, 58.60, 59.03, 69.18, 69.89, 
70.20, 70.26, 70.52, 70.54, 70.59, 114.85, 157.56, 157.93, 171.37, and 171.84. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.43 min. 
MS: Theoretical mass for: [C92H167F12N15O39]+; 2334.1354 Mass found by HPLC-MS: 
1168.60 (M+2)/2.  

1.6. Synthesis of NH2-PEG-NHBOC (41) 
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The commercially available N3-PEG-NH2 (1000 mg, 2.86 mmol) was dissolved in 50 mL of 
CH2Cl2. DIEA (3.43 mmol, 0.61 mL) was added followed by the addition of di-tert-butyl 
dicarbonate (3.11 mmol, 0.71 mL). The reaction was allowed to stir magnetically during 1 
hour. Afterwards the organic phase was washed three times with 5% NaHCO3 (50 mL) and 
the organic phase was evaporated to yield the intermediate N3-PEG-Boc in transparent 
oily form. This oil was dissolved in 10 mL of a mixture of EtOH/H2O (7:3) and NH4Cl (345 
mg, 6.57 mmol) and fine zinc powder (240 mg, 3.72 mmol) were added. The suspension 
was magnetically stirred for several hours until the color of the suspension had turned a 
lighter grey indicating the oxidation of the zinc particles and completion of the reaction 
was confirmed by HPLC-PDA and HPLC-MS. After completion, the EtOH was removed in 
vacuo and the reaction mixture was transferred to a 50 mL falcon and MeCN (40 mL) was 
added. The falcon was vigorously shaken and centrifuged thereby precipitating the salts. 
The supernatant was collected and evaporated to yield the pure modified OEG-chain 40 
(900 mg, 73%).  
 
1H NMR (400 Mhz, CDCl3): δ =1.44 (s, 9 H), 3.30 (bs, 2 H), 3.40 (t, J = 4.37 Hz, 2 H), 3.54 (t, J 
= 5.08 Hz, 2 H), 3.58-3.67 (m, 22). 
13C NMR (100 Mhz, CDCl3): δ = 28.44, 40.25, 66.79, 69.77, 69.93, 70.01, 70.05, 70.07, 70.14, 
79.21 and 156.50. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.15 min. 
MS: Theoretical mass for: [C19H40N2O8]+; 424.2785 Mass found by HPLC-MS: 425.68.  
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1.7.  Synthesis of biofunctionalization platform Bn-G1-4Boc (42) 
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The DTPA derivative core unit 3 (330 mg, 0.47 mmol) was dissolved in 30 mL of 4 M HCl 
dioxane and left overnight. The next day the dioxane was evaporated to yield the 
unprotected DTPA 4. The unprotected core was dissolved in 250 mL of CH2Cl2/DMF (7:3) 
and PyBOP (1066 mg, 2.05 mmol) together with BocNH-PEG-NH2 40 (873 mg, 2.05 mmol) 
were added. The basicity of the reaction mixture was adjusted to pH 8 by the addition of 
DIEA. The reaction was allowed to stir for 2 hours after which the solvent was 
concentrated under reduced pressured. The crude product with some DMF remaining was 
dissolved in 50 mL of CH2Cl2 and washed three times with 5% NaHCO3 (50 mL). The crude 
product was dissolved in 10 mL of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane 
(40 mL) was added as well and the falcon was vigorously shaken and centrifuged. The 
supernatant was discarded and the precipitated pellet corresponded to the crude 
compound.  The crude product was purified with flash chromatography over basis 
alumina oxide and was eluted with 1% MeOH in DCM as the eluent to yield desired 
dendron (619 mg, 63%).  
 
1H NMR (400 Mhz, CDCl3): δ = 2.65 (m, 4 H), 2.71 (m, 4 H), 3.19 (s, 8 H), 3.25 (m, 8 H), 3.38 
(m, 8 H), 3.42 (s, 2 H9, 3.48 (m, 16 H),3.52-3.62 (m, 80 H), 5.08 (s, 2 H), 7.30 (m, 5 H), and 
7.70 (bs, NH).  
13C NMR (100 MHz, CDCl3): δ = 2.65 28.36, 52.30, 53.05, 54.97, 58.64, 66.43, 69.61, 69.99, 
70.16, 70.40, 78.98, 128.34, 128.39, 128.58, 135.43, 155.98, and 170.80.  
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.98 min. 
MS: Theoretical mass for [C97H181N113O38]+: 2108.2569. Experimental mass detected by LC-
MS: 1056.60 (M+2)/2. Experimental mass detected by HRMS: 2108.2588 
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1.8. Synthesis of biofunctionalization platform G1-4Boc-1N3 (43) 
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The previous compound 42 (800 mg, 0.38 mmol) was dissolved in 20 mL MeOH in a round 
bottom flask with a stirring bean. The heterogenous catalyst 10% wt Pd/C was added (80 
mg) and the flask was closed with a septum. After closure, the flask was purged with N2 
and a balloon filled with H2. The reaction was stirred for two hours after which the flask 
was purged again with N2. The carbon based catalyst was removed by filtration over cellite 
and the filter cake was washed several times with ethyl acetate. The organic phase 
consisting of MeOH and ethyl acetate was evaporated to yield a yellowish oil. This oil was 
dissolved in a mixture (7:3) of CH2Cl2/DMF (200 mL) and PyBOP (218 mg, 0.42 mmol) 
together with N3-PEG-NH2 (155 mg, 0.42 mmol) were added. The basicity of the reaction 
mixture was adjusted to pH 8 by the addition of DIEA. The reaction was allowed to stir for 
2 hours after which the solvent was concentrated under reduced pressure. The crude 
product with some DMF remaining was dissolved in 20 mL of CH2Cl2 and washed three 
times with 5% NaHCO3 (20 mL). The crude product was dissolved in 10 mL of CH2Cl2 and 
transferred to a 50 mL falcon tube. Hexane (40 mL) was added as well and the falcon was 
vigorously shaken and centrifuged. The supernatant was discarded and the precipitated 
pellet corresponded to the crude product. The crude product was purified with flash 
chromatography over basis alumina oxide and was eluted with 1% MeOH in DCM as the 
eluent to yield the desired dendron (795 mg, 89%).  
 
1H NMR (400 Mhz, CDCl3): δ  = 1.44 (s, 36 H), 2.62 (bs, 4 H), 2.69 (bs, 4 H), 3.11 (s, 2 H), 
3.21 (s, 10 H), 3.28-3.33 (m, 8 H), 3.39 (t, J = 4.96, 2 H), 3.41-3.47 (m, 10 H), 3.50-3.58 (m, 
20 H), 3.58-3.67 (m, 100 H), and 7.57 (bs, NH). 
13C NMR (100 MHz, CDCl3): δ = 28.41, 38.93, 40.34, 50.65, 53.19, 58.85, 58.64, 69.61, 70.00, 
70.09, 70.20, 70.49, 155.89, and 170.79. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.68 min. 
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MS: Theoretical mass for [C104H203N15O43]+: 2350.4159. Experimental mass detected by LC-
MS: 1177.74 (M+2)/2. Experimental mass detected by HRMS: 2350.4182 

 

1.9  Synthesis of cross-linking agent G1-4N3-NH2RGDS dendrimer A (44) 
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The cross-linking agent 37 (300 mg, 0.14 mmol) was dissolved in 20 mL 0.01 M NaOH. The 
removal of the TFAA protecting group was monitored by HPLC-PDA and HPLC-MS and 
was completed after 5 hours. Then the solution was freeze-dried. The next day, the freeze-
dried product was dissolved in a mixture (7:3) of CH2Cl2/DMF (600 mL) and PyBOP (80 
mg, 0.15 mmol) together with NHBoc-RGDS-OH (140 mg, 0.15 mmol) were added. The 
basicity of the reaction mixture was adjusted to pH 8 by the addition of DIEA. The reaction 
was allowed to stir for 2 hours after which the solvent was concentrated under reduced 
pressure. The crude product with some DMF remaining was dissolved in 20 mL of CH2Cl2 

and washed three times with 5% NaHCO3 (20 mL). The crude product was dissolved in 10 
mL of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane (40 mL) was added as well 
and the falcon was vigorously shaken and centrifuged. The supernatant was discarded and 
the precipitated pellet corresponded to the crude product with the side chain protecting 
groups of the peptide still intact. The protecting groups were removed by dissolving the 
pellet in 10 mL cocktail of TFA/H2O/TIS (95:2.5:2.5). After 1 hour of deprotection the TFA 
was removed using a flow of N2 and the compound was precipitated in cold tert-butyl 
methyl ether to give the desired peptide-dendron conjugate. (140 mg, 40%).  
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1H NMR (400 Mhz, CDCl3): δ = 1.4-1.8 (m, 6 H), 2.8 (m, 4 H),  3.13 (bs, 4 H), 3.39 (t, J = 4.90 
Hz, 8 H), 3.41-3.46 (m, 12 H), 3.52 (s, 10 H), 3.53-3.57 (m, 4 H), 3.57-3.62 (bs, 20 H), 3.62-
3.69 (m, 100 H), 3.82 (m, 2 H), 4.16 (m, 1 H), 4.22 (m 1 H), 4.63 (m, 1 H), and 7.95 (bs, NH).  
13C NMR (100 MHz, CDCl3): δ = 17.83, 22.83, 25.01, 26,48, 26.51, 29.83, 31.06, 32,06, 39.06, 
46,52, 50.78, 53.56, 69.39, 70.07, 70.47, 40.48, 70.57, 70.62, 70.68, 160.58 and 160.91. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.71 min. 
MS: Theoretical mass for [C99H190N28O42]+: 2443.3592. Experimental mass detected by LC-
MS: 1223.24 (M+2)/2; 815.84 (M+3)/3;. Experimental mass detected by HRMS: 
2443.3587. 

 

1.10. Synthesis of cross-linking agent G1-4N3-NH2DGSR (45) 
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The cross-linking agent 37 (300 mg, 0.14 mmol) was dissolved in 20 mL of 0.01 M NaOH. 
The removal of the TFAA protecting group was monitored by HPLC-PDA and HPLC-MS and 
was completed after 5 hours. Then the solution was freeze-dried. The next day, the freeze-
dried product was dissolved in a mixture (7:3) of CH2Cl2/DMF (600 mL) and PyBOP (80 
mg, 0.154 mmol) together with NHBoc-DGSR-OH (140 mg, 0.154 mmol) were added. The 
basicity of the reaction mixture was adjusted to pH 8 by the addition of DIEA. The reaction 
was allowed to stir for 2 hours after which the solvent was concentrated under reduced 
pressure.  



Chapter 4 
 

227 
 

The crude product with some DMF remaining was dissolved in 20 mL of CH2Cl2 and 
washed three times with 5% NaHCO3 (20 mL). The crude product was dissolved in 10 mL 
of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane (40 mL) was added as well and 
the falcon was vigorously shaken and centrifuged. The supernatant was discarded and the 
precipitated pellet corresponded to the crude product with the side chain protecting 
groups of the peptide still intact. The protecting groups were removed by dissolving the 
pellet in 10 mL cocktail of TFA/H2O/TIS (95:2.5:2.5). After 1 hour of deprotection the TFA 
was removed using a flow of N2 and the compound was precipitated in cold tert-butyl 
methyl ether to give the desired peptide-dendron conjugate (240 mg, 70%).  
 
1H NMR (400 Mhz, CDCl3): δ = 1.49 (m, 2 H), 1.52-1.75 (m, 2 H), 2.75 (m, 2 H), 3.13 (bs, 4 
H), 3.39 (t, J = 4.90 Hz, 8 H), 3.41-3.46 (m, 12 H), 3.52 (s, 10 H), 3.53-3.57 (m, 4 H), 3.57-
3.62 (bs, 20 H), 3.62-3.69 (m, 102 H), 4.60 (m, 2 H), 4.53 (m, 1 H), and 7.95 (bs, NH).  
13C NMR (100 MHz, CDCl3): δ = 17.83, 22.83, 25.01, 26,48, 26.51, 29.83, 31.06, 32,06, 39.06, 
46,52, 50.78, 53.56, 69.39, 70.07, 70.47, 40.48, 70.57, 70.62, 70.68, 160.58 and 160.91. 
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 4.67 min. 
MS: Theoretical mass for [C99H190N28O42]+: 2443.3592. Experimental mass detected by LC-
MS: 1223.19 (M+2)/2; 815.79 (M+3)/3; 612.17 (M+4)/4.  Experimental mass detected by 
HRMS: 2443.3592 

 

1.11. Synthesis of cross-linking agent G1-4N3-pyrene (46) 
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The cross-linking agent 37 (100 mg, 0.047 mmol) was dissolved in 10 mL 0.01 M NaOH. 
The removal of the TFAA protecting group was monitored by HPLC-PDA and HPLC-MS and 
was completed after 5 hours. Then the solution was freeze-dried. The next day, the freeze-
dried product was dissolved in a mixture (7:3) of CH2Cl2/DMF (250 mL) and PyBOP (30 
mg, 0.056 mmol) together with 1-pyrene carboxylic acid (14 mg, 0.056 mmol) were added. 
The basicity of the reaction mixture was adjusted to pH 8 by the addition of DIEA. The 
reaction was allowed to stir for 2 hours after which the solvent was concentrated under 
reduced pressure. The crude product with some DMF remaining was dissolved in 20 mL of 
CH2Cl2 and washed three times with 5% NaHCO3 (20 mL). The crude product was 
dissolved in 10 mL of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane (40 mL) was 
added as well and the falcon was vigorously shaken and centrifuged. The supernatant was 
discarded and the precipitated pellet corresponded to the crude product and purified by 
semi-prep chromatography with a 5-100% ACN gradient to yield the pure product (81 mg, 
77%).  
 
1H NMR (400 Mhz, CDCl3): δ = 3.07 (bs, 4 H), 3.29 (bs, 4 H), 3.32-3.44 (m, 20 H), 3.45-3.53 
(m, 28 H), 3.53-3.75 (m, 100 H), 7.31 (bs, NH), 7.90 (bs, NH), 8.0-8.3 (m, 7 H), 8.34 (bs, 
NH), 8.58 (s, 1 H), and 8.61 (s, 1 H). 
13C NMR (100 Mhz, CDCl3): δ = 39.51, 40.17, 50.76, 51.04, 52.87, 53.55, 57.73, 69.36, 70.06, 
70.31, 70.49, 70.53, 70.61, 70.66, 70.72, 124.48, 124.73, 124.80, 125.07, 125.80, 125.89, 
126.46, 127.28, 128.67, 128.70, 130.80, 131.25, 131.35, 132.54, 169.79, and 170.31.  
HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.93 min. 
MS: Theoretical mass for [C101H173N21O36]+: 2256.2352. Experimental mass detected by LC-
MS: 1129.71 (M+2)/2. Experimental mass detected by HRMS: 2256.2347 
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1.12.  Synthesis of biofunctionalization platform G1-1N3-NH2RGDS (47) 
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Biofunctionalization platform II 43 (60 mg, 0.025 mmol) was dissolved in 5 mL TFA/H2O 
(95:5) and stirred for 1h. Subsequently, the TFA was evaporated using a flow of N2 and the 
product was precipitated in methyl tert-butyl ether in order to remove the carbocations 
generated during the deprotection. After decanting the methyl tert-butyl ether, the pellet 
containing the deprotected dendrimer was dissolved in a mixture (7:3) of CH2Cl2/DMF (50 
mL) and PyBOP (57 mg, 0.11 mmol) together with BocNH-RGDS-OH (99 mg, 0.11 mmol) 
were added. The basicity of the reaction mixture was adjusted to pH 8 by the addition of 
DIEA. The reaction was allowed to stir for 2 hours after which the solvent was 
concentrated under reduced pressure. The crude product with some DMF remaining was 
dissolved in 20 mL of CH2Cl2 and washed three times with 5% NaHCO3 (20 mL). The crude 
product was dissolved in 10 mL of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane 
(40 mL) was added as well and the falcon was vigorously shaken and centrifuged. The 
supernatant was discarded and the precipitated pellet corresponded to the crude product 
with the side chain protecting groups of the peptide still intact. The protecting groups 
were removed by dissolving the pellet in 10 mL cocktail of TFA/H2O/TIS (95:2.5:2.5). 
After 1 hour of deprotection the TFA was removed using a flow of N2 and the compound 
was precipitated in cold tert-butyl methyl ether to give the crude peptide-dendron 
conjugate. The crude was then dialyzed overnight using a membrane with MWCO 1kDa to 
yield the pure dendron-peptide conjugate (52 mg, 58%).  

Biofunctionalization platform I 40 (100 mg, 0.043 mmol) was dissolved in 10 mL of 
aqueous 0.01 M NaOH and stirred for five hours and the deprotection was followed with 
HPLC-MS. Afterwards the solution was lyophilized overnight to eliminate the water. The 
peptide BocNH-DSGR-OH (166 mg, 0.184 mmol) was introduced using PyBOP (95 mg, 
0.184 mmol) in a mixture (7:3) of DCM/DMF (100 mL). After work up and deprotection 
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the dendron-peptide conjugate was isolated by means of semi-prep purification using a 
SunFire C18 column with a gradient of 0-50 % ACN in H2O rendering compound 48 (65 mg, 
42%). 
 
HPLC: 0100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.80 min. 
MS: Theoretical mass for C144H271N43O63: 3610.9324. Experimental mass detected by LC-
MS: 724.06 (M+5)/5; 603.54 (M+6)/6; 517.51 (M+7). Experimental mass detected by 
HRMS: 3610.9268 

 

1.13. Synthesis of biofunctionalization platform G1-1N3-NH2DGSR (48) 
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Biofunctionalization platform II 43 (50 mg, 0.021 mmol) was dissolved in 5 mL TFA/H2O 
(95:5) and stirred for 1h. Subsequently, the TFA was evaporated using a flow of N2 and the 
product was precipitated in methyl tert-butyl ether in order to remove the carbocations 
generated during the deprotection. After decanting the methyl tert-butyl ether, the pellet 
containing the deprotected dendrimer was dissolved in a mixture (7:3) of CH2Cl2/DMF (50 
mL) and PyBOP (48 mg, 0.092 mmol) together with BocNH-DSGR-OH (83 mg, 0.092 mmol) 
were added. The basicity of the reaction mixture was adjusted to pH 8 by the addition of 
DIEA. The reaction was allowed to stir for 2 hours after which the solvent was 
concentrated under reduced pressure. The crude product with some DMF remaining was 
dissolved in 20 mL of CH2Cl2 and washed three times with 5% NaHCO3 (20 mL). The crude 
product was dissolved in 10 mL of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane 
(40 mL) was added as well and the falcon was vigorously shaken and centrifuged. The 
supernatant was discarded and the precipitated pellet corresponded to the crude product 
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with the side chain protecting groups of the peptide still intact. The protecting groups 
were removed by dissolving the pellet in 10 mL cocktail of TFA/H2O/TIS (95:2.5:2.5). 
After 1 hour of deprotection the TFA was removed using a flow of N2 and the compound 
was precipitated in cold tert-butyl methyl ether to give the crude peptide-dendron 
conjugate (50 mg, 66%).  
 
 Biofunctionalization platform I 40 (100 mg, 0.043 mmol) was dissolved in 10 mL of 
aqueous 0.01 M NaOH and stirred for five hours and the deprotection was followed with 
HPLC-MS. Afterwards the solution was lyophilized overnight to eliminate the water. The 
peptide BocNH-DSGR-OH (166 mg, 0.184 mmol) was introduced using PyBOP (95 mg, 
0.184 mmol) in a mixture (7:3) of DCM/DMF (100 mL). After work up and deprotection 
the dendron-peptide conjugate was isolated by means of semi-prep purification using a 
SunFire C18 column with a gradient of 0-50 % ACN in H2O rendering compound 48 (42 mg, 
29%). 
 
HPLC: 0100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.79 min. 
MS: Theoretical mass for C144H271N43O63: 3610.9324. Experimental mass detected by LC-
MS: 1206.46 (M+3)/3; 905.07 (M+4)/4; 724.13 (M+5)/5. Experimental mass detected by 
HRMS: 3610. 9264 

 

1.14. Synthesis of biofuctionalizaiton platform G1-1N3-NH2YPVHPST (49) 
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Biofunctionalization platform II 43 (60 mg, 0.025 mmol) was dissolved in 5 mL TFA/H2O 
(95:5) and stirred for 1h. Subsequently, the TFA was evaporated using a flow of N2 and the 
product was precipitated in methyl tert-butyl ether in order to remove the carbocations 
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generated during the deprotection. After decanting the methyl tert-butyl ether, the pellet 
containing the deprotected dendrimer was dissolved in a mixture (7:3) of CH2Cl2/DMF (50 
mL) and PyBOP (57 mg, 0.11 mmol) together with BocNH-YPVHST-OH (140 mg, 0.11 
mmol) were added. The basicity of the reaction mixture was adjusted to pH 8 by the 
addition of DIEA. The reaction was allowed to stir for 2 hours after which the solvent was 
concentrated under reduced pressure. The crude product with some DMF remaining was 
dissolved in 20 mL of CH2Cl2 and washed three times with 5% NaHCO3 (20 mL). The crude 
product was dissolved in 10 mL of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane 
(40 mL) was added as well and the falcon was vigorously shaken and centrifuged. The 
supernatant was discarded and the precipitated pellet corresponded to the crude product 
with the side chain protecting groups of the peptide still intact. The protecting groups 
were removed by dissolving the pellet in 10 mL cocktail of TFA/H2O/TIS (95:2.5:2.5). 
After 1 hour of deprotection the TFA was removed using a flow of N2 and the compound 
was precipitated in cold tert-butyl methyl ether to give the crude peptide-dendron 
conjugate. The crude was then dialyzed overnight using a membrane with MWCO 1kDa to 
yield the pure dendron-peptide conjugate (57 mg, 45%).  
 
HPLC: 0100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.80 min. 
MS: Theoretical mass for [C232H375N51O75]+: 5075.7098. Experimental mass detected by LC-
MS: 1272.04 (M+4)/4; 1014.04 (M+5)/5; 848.25 (M+6)/6. Experimental mass detected by 
HRMS: 5075.7092. 

 

1.15. Synthesis of biofunctionalization platform G1-1N3-NH2HRGYPGLDG (50) 
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Biofunctionalization platform II 43 50 mg, 0.022 mmol) was dissolved in 5 mL TFA/H2O 
(95:5) and stirred for 1h. Subsequently, the TFA was evaporated using a flow of N2 and the 
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product was precipitated in methyl tert-butyl ether in order to remove the carbocations 
generated during the deprotection. After decanting the methyl tert-butyl ether, the pellet 
containing the deprotected dendrimer was dissolved in a mixture (7:3) of CH2Cl2/DMF (50 
mL) and PyBOP (57 mg, 0.10 mmol) together with BocNH-HRGYPGLDG-OH (200 mg, 0.10 
mmol) were added. The basicity of the reaction mixture was adjusted to pH 8 by the 
addition of DIEA. The reaction was allowed to stir for 2 hours after which the solvent was 
concentrated under reduced pressure. The crude product with some DMF remaining was 
dissolved in 20 mL of CH2Cl2 and washed three times with 5% NaHCO3 (20 mL). The crude 
product was dissolved in 10 mL of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane 
(40 mL) was added as well and the falcon was vigorously shaken and centrifuged. The 
supernatant was discarded and the precipitated pellet corresponded to the crude product 
with the side chain protecting groups of the peptide still intact. The protecting groups 
were removed by dissolving the pellet in 10 mL cocktail of TFA/H2O/TIS (95:2.5:2.5). 
After 1 hour of deprotection the TFA was removed using a flow of N2 and the compound 
was precipitated in cold tert-butyl methyl ether to give the crude peptide-dendron 
conjugate. The crude was then dialyzed overnight using a membrane with MWCO 1kDa to 
yield the pure dendron-peptide conjugate (65 mg, 51%).   
 
HPLC: 060% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.12 min. 
MS: Theoretical mass for [C252H411N71O83]+: 5760.0123. Experimental mass detected by LC-
MS: 1154.65 (M+5)/5; 962.45 (M+6)/6; 824.96 (M+7)/7; 722.02 (M+8)/8. Experimental 
mass detected by HRMS: 5760.0117. 
 
1.16. Synthesis of biofunctionalization platform G1-1N3-NH2LPLGNSH (51) 
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Biofunctionalization platform II 43 (90 mg, 0.036 mmol) was dissolved in 5 mL TFA/H2O 
(95:5) and stirred for 1h. Subsequently, the TFA was evaporated using a flow of N2 and the 
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product was precipitated in methyl tert-butyl ether in order to remove the carbocations 
generated during the deprotection. After decanting the methyl tert-butyl ether, the pellet 
containing the deprotected dendrimer was dissolved in a mixture (7:3) of CH2Cl2/DMF (50 
mL) and PyBOP (82 mg, 0.158 mmol) together with BocNH-LPLGNSH-OH (215 mg, 0.158 
mmol) were added. The basicity of the reaction mixture was adjusted to pH 8 by the 
addition of DIEA. The reaction was allowed to stir for 2 hours after which the solvent was 
concentrated under reduced pressure. The crude product with some DMF remaining was 
dissolved in 20 mL of CH2Cl2 and washed three times with 5% NaHCO3 (20 mL). The crude 
product was dissolved in 10 mL of CH2Cl2 and transferred to a 50 mL falcon tube. Hexane 
(40 mL) was added as well and the falcon was vigorously shaken and centrifuged. The 
supernatant was discarded and the precipitated pellet corresponded to the crude product 
with the side chain protecting groups of the peptide still intact. The protecting groups 
were removed by dissolving the pellet in 10 mL cocktail of TFA/H2O/TIS (95:2.5:2.5). 
After 1 hour of deprotection the TFA was removed using a flow of N2 and the compound 
was precipitated in cold tert-butyl methyl ether to give the crude peptide-dendron 
conjugate. The crude was then dialyzed overnight using a membrane with MWCO 1kDa to 
yield the pure dendron-peptide conjugate (130 mg, 75%).  
 
HPLC: 0100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.92 min. 
MS: Theoretical mass for [C212H371N55O71]+: 4823.7111. Experimental mass detected by LC-
MS: 1206.64 (M+4)/4; 967.07 (M+5)/5; 806.01 (M+6)/6; 691.08 (M+7)/7. Experimental 
mass detected by HRMS: 4823.7106 
 

2. Synthesis peptides 

The solid-phase syntheses were carried out manually on 50 mL polypropylene syringes, 
which were fitted with a polyethylene porous disc and attached to a vacuum manifold. 
Solvents and soluble reagents were removed by suction. Washings between deprotection 
and coupling steps were carried out with DMF (3x1 min) and DCM (3x1 min), unless 
otherwise stated. The Fmoc- group was removed with 20% piperidine in DMF (2x1 min, 
2x5 min). The progress of the coupling reactions was monitored with Kaiser's ninhydrin 
test.  

The peptides RGDS and DGSR were synthesized on the 2-chlorotrityl resin. The 2-
chlorotrityl resin (5.0 g, 1.6 mmol/g) was swollen in DCM for 15 min. The first amino acid 
(5 mmol) was dissolved in DCM (20 mL) and added to the resin together with DIEA (8500 
µL, 50 mmol) and the mixture was shaken for 1 h. Afterwards, the remaining sites of the 
resin were capped with MeOH (4 mL) during 15 min and the resin was washed. The Fmoc-
group was removed and elongation of the peptide chain was accomplished by stepwise 
incorporation of the remaining Fmoc-proteted amino acids. Standard coupling were 
performed with OxymaPure/DIPCDI and the amino acid. The amino acid Fmoc-aa-OH (10 
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mmol) was dissolved in DMF (20 mL) together with OxymaPure (1422 mg, 10 mmol) and 
DIPCDI (1262 mg, 10 mmol), after 3 minutes of preactivation, was added to the resin. The 
resin was shaken for 2 h and afterwards the excess of reagents was filtered of and the 
resin was washed. After incorporation of the fourth and final amino acid, the Fmoc-group 
was removed and the amino terminal was capped with a Boc-protecting group using Boc-
anhydride (2180 mg, 10 mmol) and DIEA (3860 µL, 20 mmol)  

The peptides were cleaved from the resin with the protecting groups intact with 1% TFA 
in DCM (20x2 min) and the resin was ultimately washed with DCM (5x2 in). The wash 
volumes were collected in 200 ml of DCM. The organic phase was evaporated and the 
protected peptide was dissolved in 50 mL of ACN/H2O (1:1) and lyophilized.   

 

2.1. Boc-NH-RGDS-OH  

HPLC: 5100% acetonitrile in water over 8 min (SunFire™ C18), tR= 7.53 min. 
MS: Theoretical mass for [C41H67N7O13S]+: 897.41.4099. Experimental mass detected by 
HPLC-MS: 898.59 
 
2.2. Boc-NH-DGSR-OH  

HPLC: 0100% acetonitrile in water over 8 min (SunFire™ C18), tR= 7.65 min. 
MS: Theoretical mass for [C41H67N7O13S]+: 897.41.4099. Experimental mass detected by 
HPLC-MS: 898.52 
 

2.3. Boc-NH-LPLGNSH-OH 

HPLC: 60100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.48 min. 
MS: Theoretical mass for [C79H96N10O12]+: 1376.7209. Experimental mass detected by 
HPLC-MS: 1378.32 (M+1), 690.46 (M+2)/2. 
 

2.4. Boc-NH-YPVHPST-OH 

HPLC: 60100% acetonitrile in water over 8 min (SunFire™ C18), tR= 5.18 min. 
MS: Theoretical mass for [C73H99N9O13]+: 1309.7362. Experimental mass detected by 
HPLC-MS: 1311.81 (M+1), 656.52 (M+2)/2. 
 

2.5. Boc-NH-HRGYPGLDG-OH: 144 mg, 96%,  

HPLC: 70100% acetonitrile in water over 8 min (SunFire™ C18), tR= 3.72 min. 
MS: Theoretical mass for [C96H126N14O20S]+: 1829.8994. Experimental mass detected by 
HPLC-MS: 1829.62 [M+1], 915.55 (M+2)/2.  

 



Experimental 
 

236 
 

3. Synthesis hydrogels 

3.1. Synthesis of the thermoresponsive poly(N-isopropylacrylamide) derivative 
of hyaluronan  

Hydrosoluble hyaluronan propargylamide (Hyal-pa) was synthesized using an already 
established procedure.2, 3 The degree of propargyl group substitution on the D-glucoronic 
acid was measured by 1H NMR was 11%. The synthesis of azido terminated poly(N-
isopropylacrylamide) (N3-pN) with Mn equal to 32 x103 g•mol-1 (measured by SEC and 
correlated to MALDI-TOF as already reported3 was performed by RAFT 
homopolymerization using S-1-dodecyl-S’-(α,α’-dimethyl-α”-acetic acid) trithiocarbonate 
(CTA) as reported.4 Poly(N-isopropylacrylamide) grafted hyaluronan (Hyal-pN) was 
obtained by Copper catalyzed azide-alkyne cycloaddition (CuAAC) under nitrogen/argon 
conditions by adding N3-pN to 0.5% w/v Hyal-pa in degassed MilliQ water (18.2 M ). 

Careful measures were taken to maintain a positive pressure of argon on the reaction 
mixture before, during, and after the reaction in order to reduce oxidative degradation of 
the glycosidic bonds of the hyaluronan. The N3-pN was added to the Hyal-pa such that the 
molar amount corresponded to 25% of all propargylamine modified disaccharide subunits 
to graft 4% of the total disaccharides. Once solubilized the CuSO4•5H20 and AANa catalyst 
solution was prepared together as already reported.3 After quenching of the catalyst with 
EDTA and dialysis against 0.1 M NaBr and water, the solutions were frozen at -80°C and 
lyophilized to constant weight. The degree of pN derivatisation of the hyaluronan was 
assessed via 1H NMR spectroscopy (Bruker Avance AV-500 NMR spectrometer) using 
deuterium oxide as solvent without residual HOD peak suppression and processed with 
Mestrenova software as already reported.5 

 

3.2. Synthesis of dendron decorated hyaluronan 

The grafting of the multivalent (4 RGDS + 1 azide moiety) dendrimer to hyaluronan 
followed a protocol identical to the Hyal-pN. Briefly, dendrimer and Hyal-pa (0.5 w/v %) 
were solubilized in degassed MilliQ water such that the theoretical peptide content was 2 
mM, hence 0.5 mM azide concentration. (Burdick and Anseth 4315-23) CuAAC was started 
by addition of CuSO4, 5H2O + AANa catalyst prepared in a ratio such that one Cu-Asc ion 
would facilitate one azide-alkyne reaction. The solution was stirred for 5 hours at room 
temperature and protected from light, at which point 0.5 g of EDTA disodium salt 
dehydrate was added to quench the reaction. The solution was then dialyzed with 0.1 M 
NaBr for 2 days, followed by an additional 3 days of dialysis against distilled water and the 
solution lyophilized. The grafting of the dendrimer onto hyaluronan was verified by 
attenuated total reflectance – Fourier transform infrared spectroscopy.  
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4. Rheological characterization of prepared hydrogel compositions 

Rheological measurements were performed with an Anthon Paar Instruments MCR 301 
rheometer equipped with a glass plate temperature control and a steel cone geometry, 
diameter 50 mm, 1° angle. The zero cap distance and inertia was calibrated before each 
measurement at 30° C. Samples at room temperature were gently spread with a spatula 
onto the glass plate pre-set at 15 °C. Additionally, low viscosity silicon oil was applied 
along the border of the plates after sample placement in order to avoid evaporation at the 
solution-atmosphere interface. The synthesized conjugates were dissolved in PBS at 13 % 
wt/vol Hyal-pN with addition of 2% wt/vol Hyal-pa, Hyal-RGDS, or Hyal-RSGD. Hyal-pN at 
15% wt/vol in PBS was also measured. Storage (or elastic) modulus (G') and loss (or 
viscous) modulus (G") were measured as a function of the temperature increase. 
Frequency sweep measurements were taken within the range of 0.1-100 Hz, while 
controlling the deformation at 1% and temperature at 15° C, to examine the shear-
thinning and thickening properties. Temperature ramping measurements were utilized to 
observe the gelling properties. Samples were subjected to a 1% oscillatory strain at 1 Hz 
while heating at 1 °C/min from 15 to 45 °C.  The slightly higher LCST reported in this work 
compared to our previous work is due to the different rheometer set-up and the 
temperature glass plate inertia.3  

 

5. hMSCs cultured in thermoresponsive hyaluronan hydrogel (Hyal-pN) 
containing RGDS, RSGD decorated Hyal or Hyal-pa 

Materials prepared in aseptic conditions were used without further sterilization. A Hyal-
pN solution at 16.5 % w/v in sterile PBS (1x concentrated, pH = 7.4) was prepared. Hyal-
RGDS, Hyal-RSGD or Hyal-pa were solubilized in the Hyal-pN solution to make a 
theoretical dendrimer concentration of 2 mM/ml, 2% wt/vol polymer, approximately 
19.1% w/v concentration of total material as shown in Table 1. The final polymer 
concentration with the cell suspension was 15% w/v. 
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Hydrogel Name Polymer Supplement Description 

RGDS 

Hyal-RGDS, 

2% wt/vol, 

(2 mM) peptide 

Bioactive Integrin Binding Hydrogel with 
RGDS functionalized dendrimer 

RSGD 

Hyal-RSGD, 

2% wt/vol, 

(2 mM) peptide 

Non-Bioactive control, dendrimer with 
scrambled DGSR sequence 

Hyal 

Hyal-pa, 

2% wt/vol, 

No peptide 

 

Hydrogel without grafted dendrimers 

Table 1. Chart of selected Hyal-pN compositions used in this study. 

 

6. Subculture of human bone marrow derived mesenchymal stem cells (hMSCs) 

Fresh human bone-marrow aspirates were obtained after full ethical approval (Zurich, Ref 
Nr. EK: KEK-ZH-NR: 2010-044/0) and informed patient consent. Bone marrow stromal 
cells were isolated from 3 donors (Male 1970, Male 1952, Female 1994) by standard 
density gradient procedure (Histopaque-1077) and selection by plastic adherence. 
Mesenchymal stromal cells (MSCs) were then cultured in polystyrene cell culture flasks at 
37°C, 5 % CO2, and 95 % humidity in α-MEM, 10 % FBS- Hyclone, 5 ng/mL b-FGF-2, and 
1% penicillin/streptomycin (pen/strep). The cells were detached with Trypsin-EDTA at 
sub-confluence and seeded at 3000 cells/cm2 into the required number of flasks. 
Thereafter, the medium was changed every 2-3 days. After the cells reached around 80% 
confluence, they were harvested and used for the experiment at passage 2-3. Each 
experiment was performed separately on each donor and the data collated for statistics. 

 

7. Encapsulation of hMSCs in thermoreversible Hyal-pN hydrogel containing 
dendrimer decorated hyaluronan  

On the day of seeding, the cells were trypsinized (2x concentrated), counted with Trypan 
Blue, centrifuged and resuspended in DMEM, 10% FBS, and 1% pen/strep. The cells were 
added to cool (~4°C) polymer solutions such that the final concentrations were (1 x 106 
cells/ml, 15% (w/v) polymer, and 2 mM RGDS or RGSD peptide content or equivalent  
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Hyal) and very carefully resuspended to minimize shearing of the cells. Once the cells were 
satisfactorily suspended in the polymer solution, hydrogel beads were prepared by 
transferring the polymer over a cell culture well with a cell culture insert containing warm 
(~37°C) media. The droplets were allowed to fall into the media which immediately 
formed beads upon exposure to the elevated temperature. hMSCs encapsulated in 1.2% 
w/v sodium alginate dissolved in a 0.9% NaCl solution. Beads were also prepared and 
washed by standardized protocols and were used as a control 3D matrix. 

All beads were cultured in osteogenic differentiation (ODM) or osteogenic permissive 
(basal) medium. The ODM comprised of 10% FCS, 1% NEAA, 1% P/S, 50 m/ml L-
ascorbic acid, 7 mM β-glycerol phosphate, 100 nM dexamethasone where the basal 
omitted β-glycerophosphate and dexamethasone. In between measurements, the samples 
were cultured at 37°C, 5 % CO2, and 95 % humidity. Media was changed every 2-3 days for 
21 days by replacing the volumes both inside the cell insert and the culture well with 
prewarmed media. Samples were harvested at 7, 14 and 21 days for cell viability 
quantification, gene expression and histology. 

 

8. Determination of viability of hMSCs in hydrogels 

Cell viability was assessed by Live/Dead assay. hMSCs were harvested from the 
thermoreversible hydrogels by removing 1-2 beads from the culture wells with a 
prewarmed spatula and placing them in a 1.5 ml Eppendorf tube before allowing them to 
momentarily cool for 5 minutes at 4°C before adding 100-200 µl of 4°C DMEM. The cell-
polymer solution was gently resuspended while being careful to avoid aspirating the 
undissolved portions of the hydrogel in order to minimize mechanical shearing of the cells 
in the viscous solution. If the material remained out of solution after reasonable agitation, 
then the vial was replaced at 4°C for another 5 minutes to aid the dissolution process. 
Additionally, hMSCs were isolated from alginate beads using standard procedures then 
placed in the centrifuge at 0.5 g for 3-5 minutes before resuspending in 100-200 µl DMEM. 
Live/Dead solution (5-8 µM Calcein AM and 3 µM ethidium bromide homodimer 1) was 
added to the samples in a 1:1 ratio. Samples were imaged with a combined optical 
transmission/fluorescent microscope (Axiovert 200 M, Zeiss) coupled with 10x objective 
lens within 5-20 minutes after addition of the stain. Mean cell viability was quantified and 
normalized to the day 7 Hyal group according to the respective donor and media type. 
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9. Quantification of gene expression osteogenic and chondrogenic markers of 
hMSCs cultured in the bicomponent hydrogels via quantified real time 
polymerase chain reaction 

Samples were harvested at 7, 14 and 21 days in triplicate by transferring beads to a 2 ml 
Eppendorf tube and adding 1 ml of TRI reagent and 5 µl of polyacryl carrier. Samples were 
vigorously shaken for 15 seconds to allow the solvent to penetrate the cells and scaffolds 
and stored at -80 °C until RNA isolation. RNA was isolated by standardized protocols used 
for samples digested in TRI Reagent. Briefly, phase separation was induced by the addition 
of BCP. The clear aqueous phase containing RNA was harvested and replaced into freshly 
labeled vials. The RNA was then precipitated via the addition of isopropanol and high salt 
precipitation solution followed by gentle mixing and centrifugation. An RNA pellet was 
formed and washed with 75% ethanol, shaken and centrifuged once again. The 
supernatant was removed completely and the pellet was allowed to dry. The pellet was 
solubilized in DEPC water and assessed for RNA concentration and purity with measured 
absorbance at 230 nm, 260 nm (nucleic acids), and 280 nm (proteins), using a NanoDrop 
ND 100 spectrometer (Witec). Reverse transcription (RT) was performed using the 
SuperScript ® VILO™ cDNA synthesis kit using the supplier protocol. Samples were 
prepared with 250 ng of mRNA then gently mixed and kept on ice until they were 
transferred to a Mastercycler Gradient (Eppendorf) which carried out a protocol as 
follows. The samples were incubated at 25 °C for 10 minutes, then at 42 °C for 60 minutes. 
The reaction was terminated at 85 °C for 5 minutes. The machine was programmed to hold 
the temperature at 4 °C until the samples were collected. The cDNA samples were diluted 
to 100 µl with DEPC water containing Trizma base buffer (TE) and stored at -20 °C until 
further use.  Quantitative real time polymerase chain reaction (qRT-PCR) was performed 
using an Applied Biosystems Real Time PCR System with the StepOnePlusTM Real-Time 
PCR Software v2.1 (Applied Biosystems). A stock solution for each gene was prepared by 
mixing 5 µl of TaqMan® Universal PCR Master Mix 2x, 0.2 µl forward primer 45 µM, 0.2 µl 
reverse primer 45 µl, 0.2 µl TaqMan probe 12.5 µM, and 2.4 µl DEPC water per reaction. 
Assays-on-Demand were carried out by adding 5 µl of Master Mix, 0.5 µl of Primer+Probe 
Mix 20x, and 2.5 µl DEPC treated water per sample. After addition of the stock gene 
recognition solutions and cDNA, the plate was covered with a low absorbance adhesive 
cover, centrifuged briefly for 30 seconds (< 1000 rpm) to release air bubbles from the 
bottom of the wells then transferred to the PCR instrument. Gene expression was 
quantified beginning with incubating the plate at 95 °C, then cycling the instrument 50 
times for 15 seconds at 95 °C and 1 minutes at 60 °C.  

Data analysis was calculated by determining ΔCt values of target genes by comparing Ct 
values to the hGAPDH endogenous control. Fold change in gene expression was calculated 
as ΔΔCt by normalizing the ΔCt of the target genes to the ΔCt  of the hMSCs at day 0. 
Human SRY (sex determining region Y)-box 9 (SOX9), runt related transcription factor 
type 2 (hRUNx2), alkaline phosphatase (hALP), osteocalcin (hOC), and collagen type II-A1 
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(hColl2-A1) were the specific target genes analyzed. The oglionucleotides used as primers 
and probes in this study are described in Table 2. 

Target gene Primers sequence  

hRUNx2 / Cbfa1 5'-AGCAAGGTTCAACGATCTGAGAT-3' Forward 

 5'-TTTGTGAAGACGGTTATGGTCAA-3' Reverse 

 5'-TGAAACTCTTGCCTCGTCCACTCCG-3' Probe 

hALP Ref. Sequence: NM_000478.3 Assay on Demand 

hOC 5'- AAGAGACCCAGGCGCTACCT-3' Forward 

 5'-AACTCGTCACAGTCCGGATTG-3' Reverse 

 

hColl-2A1 

5'-ATGGCTGGGAGCCCCAGTCCC-3' 

5'- GGCAATAGCAGGTTCACGTACA-3' 

5'- GATAACAGTCTTGCCCCACTTACC-3' 

5'-CCTGAAGGATGGCTGCACGAAACATAC-3' 

Probe 

Forward 

Reverse 

Probe 

hSOX9 

hGAPDH 

Ref. Sequence: NM_000346.3 

Ref. Sequence: 4326317E 

Assay on Demand 

Primer+probe assay 

Table 2. Polymerase chain reaction primers used for detection in this study 

 

10. Histological characterization of toluidine blue stained hMSCs encapsulated 
in the bicomponent hydrogels 

Samples were harvested at 7, 14 and 21 days in duplicate by transferring beads with a 
prewarmed spatula into boats containing prewarmed tissue freezing medium. The 
samples placed in a boat containing isopentane which was subsequently floated on liquid 
nitrogen. Samples were then stored at -20°C until cryosectioning. Samples were cut using 
a Microm HM 500 OM Cryostat Microtome (Microm, Carl Zeiss) into 10 µm sections then  

adhered to a room temperature glass slide that was treated with either a positively 
charged or polysine coating. Cut samples were stored at -20°C for a minimum of 3 days 
before proceeding with fixation, staining and mounting protocols. Samples were fixed with 
70% ethanol for a minimum of 10 minutes. The fixed samples were then washed in a bath 
of dH2O twice before placing them in a 0.1% toluidine blue staining solution for 6 minutes.  
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Samples were washed again 2-3 times to remove excess dye then blotted and allowed to 
air dry for a minimum of 30 minutes. Once samples were completely dry, they were 
washed in xylene for a minimum of 2 minutes before removing and mounting with Eukitt 
mounting medium. The medium was cured by heating for 1 hour on a hot plate. In order to 
assess whether the fixation protocol effectively fixed the cells and matrix, a positive 
control was developed. After cryosectioning, 3-4 drops of Prolong® Gold antifade reagent 
with DAPI was placed upon a fresh, untreated slide, coverslipped, then immediately frozen 
at -20°C until imaging. All samples were imaged with a Zeiss Axioplan 2 microscope (Carl 
Zeiss Microscopy) equipped with a fluorescent lamp containing the following filter set: 
Zeiss filter set # 25: exciter filter TBP 400/495/570, beam splitter FT 410/505/584, 
barrier filter TBP 460/530/610. 

 

11. Statistical analysis 

For the viability and DNA results, hMSCs from 3 independent human donors were used 
and each experimental group was performed in duplicate or triplicate. Statistics were 
performed with SPSS v.21 software; p values < 0.05 were considered to be statistically 
significant. A test for normality of distribution and variance of data was carried out with a 
Kolmogorov-Smirnov test with Lillefors significance correction. Thus the Kruskal-Wallis 
non-parametric analysis of variance (ANOVA) test with pairwise comparison was executed 
for material groups, media type, and time point.  
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Chapter 5 

1. Synthesis of of carbosilane dendrons 

The synthesis of the carbosilane dendron precursors BrGn(SiH)m (n = 1, m = 2; n = 
2, m = 4; n = 3, m =8)6 and the cationic carbosilane dendron7 64 has been 
described before in the literature.  

 

1.1. Synthesis of BrG1Boc2 (52).  

Br

Si

Si Si

HN NH

OOO O

 

A solution of BrG1(SiH)2 (2.00 g, 5.24 mmol) and C5H3NHBoc (1.71 g, 10.90 mmol) in THF 
(5 mL) was stirred at 40 ºC for 8 h in a teflon valved ampoule in the presence of platinum 
Karstedt’s catalyst. Afterward the solvent was removed under vacuum and 52 was 
purified by column chromatography (hexane:THF 5:2), which gave 52 as a colourless oil 
(2.88 g, 79 %).  
 
1H NMR (400 MHz, CDCl3): δ = -0.09 (s, 3 H), -0.07 (s, 12 H,), 0.43 (m, 6 H), 0.52 (m, 8 H), 
1.23 (m, 6 H), 1.42 (s, 22 H), 1.78 (m, 2 H), 3.06 (m, 4 H), 3.40 (t, J = 6.80 Hz, 2 H), and 4.54 
(s, 2 H).  
13C NMR (100 MHz, CDCl3): δ =-5.1, -3.4, 12.4, 13.0, 18.4, 18.6, 20.0, 22.4, 22.6 24.6, 28.4, 
33.7, 36.3, 43.8, 79.9, and 155.9.  
29Si NMR (80 Mhz, CDCl3): δ = 1.8 and 2.0.  
MS (MALDI-TOF): 695.3656 [M + H+].  
Anal. Calc. for C31H67BrN2O4Si3 (696.04): C, 53.46; H, 7.90; N, 4.02; Obt.: C, 53.32; H, 7.79; N, 
3.94. 
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1.2. Synthesis of Br-G2-4Boc (53).  

Br

Si
Si Si

Si

Si Si

Si
N
H

NH HN

H
N

O

O

O

O

O

O

O

O

 

Following the procedure described above for 52 from BrG2(SiH)4 (1.50 g, 1.99 mmol) and 
C5H3NHBoc (1.31 g, 8.35 mmol) in THF (3 mL) afforded 53 as a colourless oil (1.68 g, 61 
%).  
 
1H NMR (400 MHz, CDCl3): δ = -0.12 (s, 6 H), -0.09 (s, 3 H), -0.07 (s, 24 H), 0.42 (m, 10 H), 
0.52 (m, 24 H) 1.23 (m, 14 H), 1.42 (s, 44 H), 1.78 (m, 2 H), 3.05 (m, 8 H) 3.39 (t, J = 6.80 
Hz, 2 H), and 4.57 (s, 4 H).  
13C NMR (100 Mhz, CDCl3): δ = -5.1, -5.0, -3.4, 12.4, 13.0, 18.4, 18.8, 18.9, 20.0, 22.5, 24.6, 
28.4, 33.6, 36.4, 43.8, 79.0, and 155.9.  
29Si NMR (80 Mhz, CDCl3): δ = 1.7 and 2.1.  
MS: (MALDI-TOF): 1381.8389 [M + H+].  
Anal. Calc. for C65H141BrN4O8Si7 (1383.34): C, 56.44; H, 10.27; N, 4.05; Obt.: C, 56.26; H, 
10.49; N, 4.27. 

 

1.3. Synthesis of BrG3Boc8 (54).  
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Following the procedure described above for 52 from BrG3(SiH)8 (1.10 g, 0.73 mmol) and 
C5H3NHBoc (0.97 g, 6.16 mmol) afforded 54 as a colourless oil (1.27 g, 63 %) after size 
exclusion chromatography with THF.  
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1H NMR (400 Mhz, CDCl3): δ = -0.11 (s, 21 H, -0.07 (s, 48 H), 0.43 (m, 18 H), 0.52 (m, 56 H), 
1.23 (m, 30 H), 1.42 (s, 88 H), 1.78 (m, 2 H), 3.04 (m, 16 H), 3.39 (t, J = 6.80 Hz, 2 H), 4.58 
(s, 4 H).  
13C NMR (100 Mhz, CDCl3): δ = -4.9, -3.4, 12.4, 13.6, 18.4, 18.5, 18.8, 19.0, 20.0, 22.5, 24.6, 
28.4, 33.6, 36.4  43.8, 78.9, and 156.0.  
29Si NMR (80 Mhz, CDCl3): δ = 1.7 and 2.1.  
Anal. Calc. for C133H289BrN8O16Si15 (2757.95): C, 57.92; H, 10.96; N, 4.06; Obt.: C, 57.81; H, 
10.49; N, 3.88. 

 

1.4. Synthesis of N3G1Boc2 (55).  
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Si Si

HN NH

OOO O

 

A solution of 52 (1.50 g, 2.16 mmol) and NaN3 (0.56 g, 8.62 mmol) in DMF (20 mL) was 
stirred at 80 ºC for 16 h in a teflon valved ampoule. Afterward the solvent was removed 
under vacuum and extraction with Et2O and brine was carried out. The organic phase was 
dried with MgSO4, filtered and the solvent removed under vacuum to give 55 as a 
colourless oil (1.28 g, 87 %). 
 
1H NMR (400 MHz, CDCl3): δ = -0.09 (s, 3 H), -0.07 (s, 12 H), 0.43 (m, 6 H), 0.51 (m, 8 H), 
1.27 (m, 6 H), 1.42 (s, 22 H), 1.60 (m, 2 H), 3.05 (m, 4 H), 3.25 (t, J = 6.8 Hz, 2 H), 4.54 (s, 2 
H).  
13C NMR (100 MHz, CDCl3): δ = -5.1, 3.4, 12.4, 13.6, 18.4, 18.6, 20.0 21.2, 24.6, 28.4, 32.7, 
43.8, 51.1, 79.0 and 155.9.  
29Si NMR (80 Mhz, CDCl3): δ = 1.7 and 2.0.  
HPLC: 5100% acetonitrile in water over 30 min (Symmetry™ C4), tR= 22.41 min. 
MS: Theoretical mass for: [C31H67N5O4Si3]+; 657.4501. Mass found by LC-MS: 568.5 [M+H]+. 
Mass found by MALDI-TOF: 658.4531 [M + H]+.  
Anal. Calc. for C31H67N5O4Si3 (658.15): C, 56.57; H, 10.26; N, 10.64; Obt.: C, 56.42; H, 10.13; 
N, 10.21. 
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1.5. Synthesis of N3G2Boc4 (56).  
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Following the procedure described above for 55 from 53 (1.22 g, 0.88 mmol) and NaN3 
(0.23 g, 3.53 mmol) afforded 56 as a colourless oil (1.03 g, 87 %). 
 
1H NMR (400 Mhz, CDCl3): δ = -0.09 (s, 3 H), -0.09 (s, 6 H), -0.07 (s, 24 H), 0.43 (m, 10 H,), 
0.51 (m, 24 H), 1.27 (m, 14 H), 1.42 (s, 44 H), 1.60 (m, 2 H, (b)), 3.05 (m, 8 H, CH2NH (p)), 
3.25 (t, J = 6.8 Hz, 2 H), and 4.54 (s, 4 H).  
13C NMR (100 Mhz, CDCl3): δ = -5.1, -5.0, -3.4, 12.4, 13.5, 18.4, 18.5, 18.8, 18.9, 20.0, 21.2, 
24.6, 28.4, 32.6, 43.8, 51.1, 78.9, and 155.9.  
29Si NMR (80 Mhz, CDCl3): δ = 1.7, and 2.0.  
HPLC: 5100% acetonitrile in water over 30 min (Symmetry™ C4), tR= 26.94 min. 
MS: Theoretical mass for: [C65H141N7O8Si7]+; 1345.4556. Mass found by LC-MS: 1346.3 
[M+H]+. Mass found by MALDI-TOF: 1344.9293 [M + H]+. 
Anal. Calc. for C65H141N7O8Si7 (1345.46): C, 58.02; H, 10.56; N, 7.29; Obt.: C, 58.21; H, 10.33; 
N, 7.11. 

 

1.6. Synthesis of N3G3Boc8 (57).  
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Following the procedure described above for 55 from 54 (1.05 g, 0.38 mmol) and NaN3 
(0.062 g, 0.95 mmol) afforded 57 as a white wax (0.82 g, 80 %). 
1H NMR (400 MHz, CDCl3): δ = -0.11 (s, 21 H), -0.07 (s, 48 H), 0.43 (m, 18 H), 0.51 (m, 56 
H), 1.27 (m, 30 H), 1.42 (s, 88 H), 1.60 (m, 2 H), 3.05 (m, 16 H), 3.25 (t, J = 6.8 Hz, 2 H), 4.59 
(bs, 8 H).  
13C NMR (100 MHz, CDCl3): δ =-5.1 and -5.0, -3.4, 12.4, 13.5, 18.4, 18.5, 18.8, 18.9, 20.0, 
21.2, 24.6, 28.4, 32.6, 43.8, 51.1, 78.9, 156.0.  
29Si NMR (80 Mhz, CDCl3): δ = 1.7 and 2.1.  
MS: (MALDI-TOF): 1344.9293 [M + H]+. Anal. Calc. for C133H289N11O16Si15 (2720.06): C, 
58.73; H, 10.71; N, 5.66; Obt.: C, 58.99; H, 10.87; N, 5.31. 

 

2. Synthesis of Janus-type dendrimers 
 

2.1. Synthesis of CBS(G1)-OEG(G1) (58) 
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Compounds 55 (0.069 g, 0.104 mmol) and 8 (0.150 g, 0.095 mmol) were stirred under 
argon atmosphere in a mixture of THF/H2O (6/2 ml) at 40ºC in the presence of CuSO4 (7% 
mol), NaAscorbate (15% mol) and NEt3 (20% mol) for 16 h. Afterwards, the reaction was 
treated with few drops of NH3 and the product was extracted with AcOEt. The organic 
phase was dried with MgSO4, the solvent removed under vacuum and the remaining oil 
was washed with hexane (10 mL), to give compound 58 as yellowish oil (0.176 g, 83 %).  
 
1H NMR (400 MHz, CDCl3): δ = -0.07 (s, 15 H), 0.47 (m, 6 H), 0.52 (m, 8 H), 1.23 (m, 6 H), 
1.41 (m, 58 H), 1.73 (m, 16 H), 1.89 (m, 2 H, N), 2.54 (t, J = 7.3 Hz, 2 H), 2.68 (t, J = 7.3 Hz, 2 
H), 3.04 (m, 4 H), 3.16 (m, 18 H), 3.28 (m, 8 H), 3.45-3.60 (m, 48 H), 3.70 (s, 2 H), 4.31 (t, J 
= 6.8 Hz, 2 H), 4.64 (br. s, 2 H), 5.05 (br. s, 4 H), 7.50 (s, 1 H), 7.75 (bs, 4 H).  
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13C NMR (100 MHz, CDCl3): δ = -5.1, -3.3, 12.4, 13.6, 18.4, 18.7, 20.0, 21.2, 24.7, 28.5, 29.6, 
29.7, 34.3, 37.0  38.5, 43.8, 46.3, 50.1, 51.4, 52.7, 58.9, 69.4, 69.5, 70.2, 70.5, 78.9, 122.7, 
143.5, 156.1, 170.9 .  
Anal. Calc. for C106H210N16O28Si3 (2241.15): C, 56.81; H, 9.44; N, 10.00; Obt.: C, 56.59; H, 
9.26; N, 9.74. 

 
 
2.2. Synthesis of CBS(G2)-OEG(G1) (59)  
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Following the procedure described for 58, reaction of 56 (0.147 g, 0.109 mmol) and 8 
(0.150 g, 0.095 mmol) at 40ºC afforded 59 as yellowish oil (0.222 g, 80 %). 
  
1H NMR (400 MHz, CDCl3): δ = -0.11 (s, 9 H), -0.07 (s, 24 H), 0.47 (m, 10 H), 0.52 (m, 24 H), 
1.23 (m, 14 H), 1.41 (m, 80 H), 1.73 (m, 16 ), 1.89 (m, 2 H), 2.54 (t, J = 7.3 Hz, 2 H), 2.68 (t, J 
= 7.3 Hz, 2 H), 3.04 (m, 8 H), 3.16 (m, 18 H), 3.28 (m, 8 H), 3.45-3.60 (m, 48 H), 3.70 (s, 2 
H), 4.30 (t, J = 6.8 Hz, 2 H), 4.64 (br. s,), 5.05 (br. s, 4 H), 7.48 (s, 1 H), 7.73 (br. s, 4 H).  
13C NMR (100 MHz, CDCl3): δ = -5.2, -4.9, -3.4, 12.4, 15.3, 18.4, 18.7, 18.8, 19.0, 20.0, 21.2, 
24.6, 28.5, 29.7, 34.3, 37.0, 38.4, 43.8, 46.3, 50.1, 51.4, 52.7, 58.7, 69.3, 69.5, 70.2, 70.4, 
70.5, 78.9, 122.7 143.5, 156.1, and 170.9.  
Anal. Calc. for C140H284N18O32Si7 (2928.45): C, 57.42; H, 9.77; N, 8.61; Obt.: C, 57.31; H, 9.55; 
N, 8.44. 
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2.4. Synthesis of CBS(G3)-OEG(G1) (60).  
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Following the procedure described for 58, reaction of 57 (0.151 g, 0.056 mmol) and 8 
(0.080 g, 0.051 mmol) at 60ºC afforded 60 as yellowish oil (0.050 g, 23 %), after washing 
with hexane (5 ml) and purification through size exclusion chromatography.  
 
1H NMR (400 MHz, CDCl3): δ = -0.07 (s, 15 H, 0.47 (m, 6 H), 0.52 (m, 8 H), 1.23 (m, 6 H), 
1.41 (m, 13 H), 1.73 (m, 16 H), 1.89 (m, 2 H), 2.54 (t, J = 7.3 Hz, 2 H), 2.68 (t, J = 7.3 Hz, 2 
H), 3.04 (m, 16 H), 3.16 (m, 18 H), 3.28 (m, 8 H), 3.45-3.60 (m, 48 H), 3.70 (s, 2 H), 4.30 (t, J 
= 6.8 Hz, 2 H), 4.64 (br. s, 8 H), 5.05 (br. s, 4 H), 7.48 (s, 1 H), 7.73 (br. s, 4 H).  
13C NMR (100 MHz, CDCl3): δ = -5.1, -3.4, 12.3, 18.3, 18.7, 18.8, 19.0, 19.7, 23.3, 28.3, 29.5, 
34.3, 36.8, 38.3, 43.6, 46.3, 50.1, 51.4, 52.7, 58.7, 69.1-70.4, 78.7, 129.4, 142.4, 155.8, 155.9, 
170.7.  
Anal. Calc. for C208H432N22O40Si15 (4303.06): C, 58.06; H, 10.12; N, 7.16; Obt.: C, 57.81; H, 
9.98; N, 7.02. 
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2.5. Synthesis of deprotected CBS(G1)-OEG(G1) (61)  
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Compound 58 (0.150 g, 0.067 mmol) was solved in Et2O (5 mL) and then excess HCl in 
Et2O was added (1.673 mmol) and the suspension was stirred at ambient temperature for 
5 h. Afterwards, volatiles were removed under vacuum and the solid was washed with 
Et2O (2 x 15 ml) to give compound 62 as white powder (0.113 g, 91%).  
 
1H NMR (400 MHz, CDCl3): δ = -0.07 (s, 15 H), 0.47 (m, 6 H), 0.52 (m, 8 H), 1.23 (m, 6 H), 
1.41 (m, 13 H,), 1.73 (m, 16 H), 1.89 (m, 2 H), 2.54 (t, J = 7.3 Hz, 2 H), 2.68 (t, J = 7.3 Hz, 2 
H).  
HPLC: 5100% acetonitrile in water over 30 min (Symmetry™ C4), tR= 6.43 min. 
MS: Theoretical mass for: [C76H168N16O16Si3]+; 1646.4979. Mass found by LC-MS: 1614.5 
[M+H]+.  
Anal. Calc. for C76H168Cl6N16O16Si3 (1859.22): C, 49.10; H, 9.11; N, 12.05; Obt.: C, 48.77; H, 
8.90; N, 11.91. 
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2.6. Synthesis of deprotected CBS(G2)-OEG(G1) (62)  

N NH

O

O
O

O

NH3

NHN

O

O
O

O

H3N

N

NN
N

Si
Si Si

Si

Si Si

Si
H3N

NH3 H3N

NH3

HN

O

O

O

O

H3N

NH

O

O

O

O

NH3  

Following procedure described for 61, reaction of 59 (0.150 g, 0.051 mmol) and excess 
HCl in Et2O (1.229 mmol) afforded 62 as white powder (0.111 g, 90%).  
 
1H NMR (400 MHz, CDCl3): δ = -0.07 (s, 15 H), 0.47 (m, 6 H), 0.52 (m, 8 H), 1.23 (m, 6 H), 
1.41 (m, 13 H), 1.73 (m, 16 H), 1.89 (m, 2 H), 2.54 (t, J = 7.3 Hz, 2 H), 2.68 (t, J = 7.3 Hz, 2 
H).  
HPLC: 5100% acetonitrile in water over 30 min (Symmetry™ C4), tR= 9.06 min. 
MS: Theoretical mass for: [C100H228N18O16Si7]+; 2135.5845. Mass found by LC-MS: 355.6 
[M+6H]6+. 426.5 [M+5H]5+. 
Anal. Calc. for C100H228Cl8N18O16Si7 (2419.21): C, 49.65; H, 9.50; N, 10.42; Obt.: C, 49.33; H, 
9.31; N, 10.24. 
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2.7. Synthesis of deprotected CBS(G3)-OEG(G1) (63)  
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Following procedure described for 61, reaction of 60 (0.150 g, 0.035 mmol) and excess 
HCl in Et2O (1.255 mmol) afforded 63 as white powder (0.110 g, 89%).  
 
1H NMR (400 MHz, CDCl3): δ = -0.07 (s, 15 H), 0.47 (m, 6 H), 0.52 (m, 8 H), 1.23 (m, 6 H), 
1.41 (m, 13 H), 1.73 (m, 16 H), 1.89 (m, 2 H,), 2.54 (t, J = 7.3 Hz, 2 H), and 2.68 (t, J = 7.3 Hz, 
2 H).  
Anal. Calc. for C148H348Cl12N22O16Si15 (3539.20): C, 50.23; H, 9.91; N, 8.71; Obt.: C, 50.01; H, 
9.71; N, 8.62. 
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3. siRNA 

All siRNA sequences were chosen from previously published results8-10 and had inhibited 
HIV replication in experiments using transiently transfected cells. They were purchased 
from Dharmacon. Inc. (Lafayette, CO). The sequence of the siRNA was siNEF sense: 
GUGCCUGGCUAGAAGCACAdTdT, antisense: UGUGCUUCUAGCCAGGCACdTdT. The siRNA 
siNEF labeled with the fluorochrome cyanine 3 (Cy3) on the 5′ end of the sense strand was 
used to detect the entrance of siRNA into cells. In siRNA functionality experiments a siRNA 
of random sequence was used as a negative control to test for sequence-specific effects 
(siRandom). This siRNA was siCONTROL Non-Targeting siRNA #2 designed and screened 
by Dharmacon to have no silencing effect on any human, mouse or rat genes. 

 

4. Primary cell cultures 

Blood samples were obtained from healthy anonymous donors from the transfusion 
centers of Albacete and Madrid following national guidelines. Peripheral blood 
mononuclear cells (PBMC) were isolated on a Ficoll-Hypaque density gradient (Rafer, 
Spain) following the current procedures of Spanish HIV HGM BioBank.11 PBMC were 
activated with the mitogen phytohemagglutinin (PHA) (2μg/ml), and maintained in RPMI 
1640 complete growth medium supplemented with 10% FBS and antibiotics along with 
interleukin-2 (20U/ml). 

 

5. Dendriplex formation. 

Dendriplexes were formed by mixing equal volumes of dendrimer and siRNA dissolved in 
OPTIMEM® I free of serum or antibiotics at concentrations depending on the +/− charge 
ratio and molar concentration desired.8, 10 

 

6. Heparin exclusion experiments 

These experiments were used to test the strength of the union between dendrimer and 
siRNA. These were carried out by mixing dendriplexes (+/− ratio 4) of 14, (+/− ratio 8) of 
15 or (+/− ratio 2) of 17 with varying concentrations of Heparin (0.1, 0.2, 0.3, and 0.6 
U/μg siRNA). The mixture was run on a 2 % agarose gel, containing 1 μl/ml of GelRed 
(Biotium), for 2 h at 90 V. The gels were photographed and the bands were quantified 
using the program ImageJ (1.38×, NIH, USA). 
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7. Cytotoxicity (MTT assay) 

PBMC were seeded in 96 well plates in OPTIMEM® I medium containing 10 % FBS 
(1.5×105 cells in 190 μl/well) and submitted to 10 μl treatment of siRNA alone or 
complexed with 14, 15 or 17 at varying +/− charge ratios. 20 h later, 20 μl MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium-bromide) substrate solution (5mg/ml) 
was added to the cells to measure mitochondrial activity. After 4 h, the supernatant was 
removed and the formed crystals were dissolved in 200 μl DMSO and absorbance was 
measured at 550 nm with a reference of 690 nm. All points were performed in triplicate. 

 

8. HIV inhibition 

PBMC that had been stimulated with PHA for up to 72 h were infected with HIV NL4-3 at 
0.05 or 0.01 MOI, respectively. The cells were washed twice with warm medium before 
being plated and treated with siRNA or dendriplexes at varying concentrations and +/− 
ratios. The dendriplex treatment was added to the infected cells within an hour of the end 
of the incubation with HIV. The dendriplex was formed in serum- and antibiotic-free 
OPTIMEM® I and incubated 15 min at RT for the complex to form prior to adding it to the 
plated cells. Samples were collected every 24 h starting 24 h after treatment, spun, and the 
supernatant was collected and assayed for viral concentration using the HIV protein p24 
ELISA kit according to kit protocol. The dilution factors depended on the MOI of infection 
and the time point in which the sample was collected but ranged from 10−1 to 10−4. 
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Introducción 

1.1. Introducción a los dendrímeros 

Los dendrímeros son una clase de macromoléculas que se caracterizan por tener una 
estructura altamente ramificada. La etimología del dendrímero viene del antiguo griego: 
dendrón significa ‘arbol’ y ‘rama’ y mero significa ‘parte’.  

Los primeros dendrímeros se inventaron en el año 1978 por el grupo de Vögtle y se 
llamaron ‘cascade molecules’.1 En la década siguiente, los grupos de investigación de 
Tomalia y Newkome sintetizaron moléculas similares que se denominaron 
“dendrímeros”.2, 3 A partir de entonces, el desarrollo de estas macromoléculas  aumentó 
considerablemente y cada año se publican alrededor de mil publicaciones sobre este tema. 

 

1.1.1. Estructura 

En la estructura de los dendrímeros se pueden diferenciar tres partes principales (figura 
1).  

• La superficie multivalente con los grupos funcionales. 
• El núcleo, punto central donde empieza la ramificación. 
• El interior constituido por los puntos de ramificación y los espacios vacíos entre 

las ramas. 

G1

G2

G3

Núcleo

Unidad de ramificación

Grupo funcional de la superficie

Generaciones

Capa exterior

 

Figura 1. La estructura de un dendrímero y sus componentes principales. 

El proceso de ramificación empieza en el núcleo y cada vez que el dendrímero crece y las 
ramas se bifurcan, se establece un dendrímero de generación superior.  
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1.1.2. Síntesis 

La síntesis de dendrímeros consiste básicamente en dos pasos: 1) un paso de activación; y 
2) un paso de crecimiento. Las dos reacciones tienen que ser muy eficaces para evitar la 
formación de defectos en la estructura de los dendrímeros. Existen dos estrategias de 
síntesis distintas, la divergente y la convergente.4, 5 En la estrategia divergente la síntesis 
se inicia en el núcleo y el dendrímero se ramifica y crece de modo secuencial de 
generación en generación hasta llegar a la superficie. La estrategia convergente se inicia  
en la superficie y acaba en el núcleo. Se preparan primero las cuñas dendríticas, los 
dendrones, y después estos dendrones individuales se acoplan a un núcleo para obtener 
un dendrímero entero. La ventaja de la vía convergente es el alto control sobre la síntesis 
que permite sintetizar dendrímeros sin defectos. No obstante, por efectos estéricos en la 
reacción entre los dendrones y el núcleo, el método convergente no permite la síntesis de 
un dendrímero de alto peso molecular. La vía divergente permite la síntesis de los 
dendrímeros más grandes (generaciones más elevadas), pero cuanto más grande es la 
molécula más difícil es evitar defectos en la estructura. 

 

1.1.3. Propiedades 

Las propiedades más interesantes de los dendrímeros incluyen su monodispersidad, 
multivalencia y geometría globular. En contraste con los polímeros lineares, la síntesis de 
los dendrímeros se puede controlar perfectamente, dando como resultado unas moléculas 
bien definidas con las cuales se puede establecer una relación entre la estructura del 
dendrímero y su efecto biológico.4 Así se permite también personalizar el dendrímero y 
sus propiedades para requisitos específicos. La multitud de grupos funcionales que 
residen en la superficie ofrecen una plataforma para la presentación multivalente y 
simultánea de ligandos. La interacción multivalente entre receptores y ligandos da lugar a 
un efecto sinérgico que es superior a la suma de las partes individuales. Tal efecto se 
denomina como el efecto ‘dendrítico’ o ‘cluster’, que también puede resultar en una 
selectividad aumentada.6 La estructura tridimensional y la flexibilidad de los dendrímeros 
los convierten en moléculas adecuadas para utilizar como scaffolds multivalentes con 
control espacial. Los dendrímeros se clasifican como proteínas artificiales por su 
geometría globular y monodispersidad. Por ejemplo, los dendrímeros PAMAM de 
generaciones 3-5 tienen la misma forma y tamaño de la insulina (G3, 3 nm), el citocroma C 
(G4, 4 nm) y la hemoglobina (G5, 5.5 nm).5 La forma de los dendrímeros está influida por 
la distribución tridimensional del núcleo y por las generaciones del mismo. Los 
dendrímeros de generaciones inferiores suelen ser elipsoidales mientras que los de 
generaciones superiores adoptan una forma esférica.  La polaridad, la fuerza iónica y el pH 
de los disolventes gobiernan la conformación de los dendrímeros a través de interacciones 
electrostáticas.5 Por ejemplo en el caso de los dendrimeros PAMAM, a  pH ácido, la 
repulsión entre los grupos amina cargados positivamente provoca que los dendrímeros 
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adopten una conformación extendida.  Al aumentar el pH, se produce un pliegue por las 
interacciones entre los grupos amina cargados positivamente y las aminas terciarias del 
interior del dendrímero. La fuerza iónica y la polaridad del disolvente tienen efectos 
similares. 

 

1.1.4. Aplicaciones biomédicas 

El carácter monodisperso y su tamaño permiten a los dendrímeros que puedan cruzar 
barreras biológicas como membranas celulares y convirtiéndolos así en potenciales 
transportadores de fármacos. Los compuestos terapéuticos pueden ser encapsulados en el 
interior del dendrímero o pueden ser conjugados al exterior de éste a través de un linker 
covalente.7 La encapsulación dentro el dendrímero ayuda a solubilizar el fármaco  y 
aumenta la biodisponibilidad8, 9. Los linkers covalentes pueden ser diseñados para ser 
estables en condiciones fisiológicas o para romperse en un pH ácido (en 
endosomas/lisosomas) o por ciertas enzimas.10, 11 Aparte de transportar compuestos 
activos, los dendrímeros pueden además tener una actividad biológica propia.  Ciertos 
tipos de dendrímeros con carácter policatiónico inhiben la infección viral o tienen 
actividad antimicrobiana.12-14 En la técnica diagnóstica de MRI, los dendrímeros sirven 
para aumentar el tiempo de circulación y efectividad de los agentes de contraste.15 
Además, la superficie de los dendrímeros se puede funcionalizar con grupos activos  para 
poder dirigir los dendrímeros a células dianas y mejorar la diagnosi.16 En el campo de 
ingeniería de tejidos o biomateriales, la estructura hiperramificada de los dendrímeros 
permite que sean moléculas muy adecuadas para formar enlaces cruzados (cross-linking)-  
17-20 Así se permite obtener hidrogeles con buenas propiedades mecánicas a 
concentraciones bajas del dendrimero-21 Los dendrímeros que tienen grupos cargados 
positivamente pueden formar complejos con cadenas de ADN mediante  interacciones 
electrostáticas con los grupos fosfatos del ADN.22, 23 De este modo los dendrímeros se 
utilizan para transportar material genético y evitar así que las cadenas de ADN se 
degraden.24, 25 

 

1.2. Introducción a la química click 

En el año 2001, K. Barry Sharpless definió la química click como un ’grupo de reacciones 
que son poderosas, fiables y selectivas para la síntesis rápida de compuestos útiles y 
bibliotecas combinatorias’.26 

La química click no es tan sólo un tipo de reacción, sino una filosofía sintética que consta 
de un rango amplio de reacciones que generalmente tienen que cumplir los siguientes 
requisitos26: 
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• Ser modulares. 
• Ser de amplio alcance. 
• Dar un rendimiento muy alto. 
• Generar solo subproductos inocuos 
• Ser estéreo-específicas. 
• Ser fisiológicamente estables. 

Y preferiblemente este tipo de reacciones deben cumplir las siguientes premisas:  

• Requieren condiciones simples de reacción. 
• Usar materiales de partida y reactivos fácilmente disponibles. 
• Usar disolventes de fácil eliminación y poco contaminantes. 
• Proporcionar un aislamiento fácil del producto sin purificación cromatográfica. 

El mejor ejemplo de química click es la cicloadición catalizada por cobre entre azidas y 
alquinos (CuAAC) que se  ilustra en el esquema 1.  

+ N NR1 N R2

N
N

N
R2

R1
terminal alkyne azide  

Esquema 1. Cicloadición entre alquinos y azidas.  

La CuAAC se descubrió simultáneamente por los grupos de Fokin y Sharpless27 de EEUU y 
Meldal28 de Dinamarca. Esta reacción ha sido muy exitosa porque produce rendimientos 
cuantitativos, es robusta, general, permite ligación ortogonal y polimerización.29 El enlace 
triazol que se forma es químicamente inerte a oxidación, reducción e hidrólisis.   

Mientras que el medio de reacción haya cobre para realizar la catálisis, esta reacción se 
puede realizar en diversas  condiciones, como en disolventes acuosos u orgánicos y 
también en fase sólida29. Las fuentes del cobre catalítico pueden ser haluros como CI, CuBr 
o CuCl. Pero generalmente se utiliza una sal de Cu(II) en combinación con un agente 
reductor para general Cu(I) in situ para poder realizar la catálisis de la reacción.  Otras 
opciones incluyen el uso de cables o nanopartículas de cobre o un catalizador heterogéneo 
como el cobre en carbono.30-32 

Además la popularidad de la CuAAC se ha visto favorecida al porque los grupos azidas y 
alquinos son fáciles de introducir en una estructura química y además son grupos 
funcionales muy estables a condiciones estándar. Ambos grupos aguantan oxígeno, agua, 
condiciones sintéticas generales, la presencia de moléculas biológicas, permiten un 
abánico amplio de tipos de disolventes y pHs, y se puede utilizar en entornos biológicos 
que pueden ser reductivos o hidrolíticos. Además, esta reacción no se ve afectada por 
factores estéricos ya que azidas primarias, secundarias, terciarias y aromáticas con 
diferentes sustituyentes no dificultan la reacción y cambios en el entorno del alquino son 
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bien tolerados. Estas propiedades otorgan a la CuAAC una versatilidad y aplicabilidad que 
permite adaptar las condiciones a cualquier caso. 

 

1.2.1. Aplicaciones de la química click 

El grupo triazol comparte muchas similitudes con el enlace amida.33 Por esta razón, y por 
su simplicidad, flexibilidad y eficacia, la CuAAC se utiliza a menudo en la química 
combinatoria para acoplar dos fragmentos moleculares de distinto tipo.34 Esta reacción 
permite sintetizar, refinar y expandir rápidamente bibliotecas de compuestos.35 También 
es una herramienta de gran utilidad para realizar  bioconjugación con biomoléculas36 y 
construir nanoconjugados con aplicación en nanomedicina37-39. Las biomoléculas o 
nanoconjugados pueden ser muy sensibles a las condiciones de reacción de diversas 
reacciones y la CuAAC se puede llevar  a cabo en condiciones que no afectan 
negativamente la integridad de tales moléculas. Otro uso es la funcionalización de 
polímeros,  esta generalamente puede ser complicada por los efectos estéricos causados 
por las cadenas de polímero.40 En este caso la CuAAC se utiliza para introducir grupos 
funcionales a modo de cadenas laterales en el polímero ya que la reacción da buenos 
rendimientos y es ortogonal. De manera similar a los polímeros, se aprovecha la gran 
eficacia  de la CuAAC para la síntesis de dendrimeros.41, 42 El mayor reto de la síntesis de 
los dendrímeros es el desarrollo de nuevas herramientas sintéticas para la producción a 
gran escala y la comercialización de ellos.  La CuAAC es un tipo de reacción que da pocos 
productos secundarios y se da de modo general con rendimientos elevados (>90%), por lo 
que es muy adecuada para la síntesis de dendrímeros. Con esta reacción no hace falta 
tener un exceso de reactivos y así se simplifica la purificación  del producto deseado.  
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2. Capítulo 1. Síntesis de dendrones de oligoetilenglycol 

El objetivo de este capítulo es la aplicación de química click, particularmente la CuAAC, en 
el crecimiento de dendrímeros. La obtención de dendrímeros de generación elevadas 
consiste en dos pasos: 1) paso de crecimiento acoplando el building block dendrón al 
dendrón núcleo mediante el uso de CuAAC; 2) Transformación de los grupos funcionales 
de la superficie en azidas que servirán de anclaje  para la realización de la CuAAC.  

Los dendrones generados de primera generación presentan dos partes diferenciadas: 1) 
un núcleo derivado del ácido dietilentriaminopentaacético (DTPA) que en el punto focal 
puede contener un  grupo benzyl ester o un alquino; 2) unas ramas monodispersas de 
oligoetilenglicol (OEG) que se acoplan al núcleo de DTPA a través de la formación de un 
enlace amida (esquema 2). De esta manera se han generado dos dendrones de G1 que se 
han utilizado para exlorar la obtención de dendrímeros de generaciones superiores 
mediante química click: el dendrón con un grupo benzil ester en el punto focal que actuará 
com núcleo (7) y el dendrón con un grupo alquino (8) en esta posición que se utilizará 
como bloque de construcción a incorporar sobre el núcleo. 
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Esquema 2. Esquema sintético  de los dendrones de la primera generación. a) KHCO3, DMF; 

b) NBS, PPh3, DCM; c) propargilamina, DIEA, ACN; d) Gly-OBzl·tosylato, ACN/PBS (1:1); e) HCl 
(4 M), dioxano; f) Boc-TOTA, PyBOP, DIEA, DCM/DMF (7:3). 

En la síntesis de los dos derivados de DTPA el paso clave fue minimizar la sobrealquilación 
del grupo amino central. El derivado DTPA alquino (5)  esta reacción secundaria  se 
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minimiza utilizando DIEA y ACN como base y disolvente y en el DPTA derivado  con el 
grupo benzyl ester (3) realizando esta  reacción en una mezcla de PBS y ACN.  

Después de la desprotección de los grupos terc-butilo de los núcleos, los ramas de OEG se 
incorporaron utilizando PyBOP como agente de acoplamiento y los dendrones se pudieron 
obtener con buenos rendimientos y purezas elevadas.  

 

2.2. Reacción diazo transfer 

Para construir dendrones de generaciones superiores  mediante la CuAAC, los grupos 
aminas del dendrón se tuvieron que transformar en azidas.  La conversión se realizó 
mediante una  reacción tipo diazo transfer utilizando el reactivo imidazol-1-sulfonilo azide 
hidrocloruro como agente de diazo transfer.43 La reacción normalmente se realiza 
utilizando K2CO3 como base, CuSO4 como fuente de cobre catalítico y en un disolvente 
prótico como el metanol. En nuestro caso, se exploró el uso de  etanol o 2-propanol porque 
al utilizar metanol en condiciones básicas se detectó el producto procedente la 
transesterificación del derivado benzil ester cuando se realizaba con el derivado de DTPA 
5. Debido a que el núcleo de estos dendrones  contiene un  derivado del agente quelante 
DTPA, parte del  cobre quedó complejado en el núcleo y no pudo catalizar la reacción 
teniendo que añadir más cantidad de CuSO4. Recientemente se han descrito trabajos en los 
que se realizaba la reacción diazo transfer en proteínas utilizando este mismo agente de 
diazo transfer y que este es tan eficaz que no requiere la presencia de un catalizador.44, 45 
En este caso los dos factores que influyen más en la reacción son el disolvente y el pH del 
medio reactivo. Disolventes polares como DMF y H2O resultan ser más adecuados 
comparado con otros disolventes próticos. En nuestro caso para obtener una conversión 
de los grupos aminos a azidas que muestren una traza de HPLC del crudo más limpia fue 
clave mantener el pH entre 8-8.5 mediante adición de  pequeñas cantidades de NaOH.  Al 
final, la conversión se llevó a cabo en DMF, donde se obtuvieron dendrones 
funcionalizados en la superficie en forma de azidas con un rendimiento de 89% en el caso 
del el dendrón de generación 1 (11) y un 25% para el dendrón de generación 2 (15).  

 

2.3. CuAAC 

Los dendrones de generación 2 y 3 se construyeron acoplando el dendrón con el alquino 
en el punto focal (bloque de construcción, 8) al dendrón funcionalizado con las azidas (11) 
mediante la CuAAC. En esta reacción click normalmente se utiliza CuSO4 como fuente de 
Cu(II) que se reduce in situ a Cu(I) con ascorbato de sodio.  

A pesar de que se pudo evitar el uso de cobre para catalizar la reacción diazo transfer, la 
capacidad quelante de los núcleos derivados de DTPA todavía complicaba la CuAAC ya que 
el cobre catalizador era complejado por el núcleo. Se necesitan al menos 0.5 equivalentes 
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de cobre por DTPA derivado para hacer que la reacción evolucione.  Esta cantidad se 
determinó al hacer una serie de experimentos incrementando la cantidad de cobre 
paulatinamente hasta que la reacción tuvo lugar. Aplicando esas condiciones (con 2.5 
equivalentes de CuSO4 y 5.0 de ascorbato de sodio) se pudo sintetizar el dendrón de 
generación 2, pero con una pureza de 60%. Se sospechó que la causa de las impurezas  fue 
el exceso del ascorbato de sodio ya que aparecían al añadir esta sal.  Con el fin de evitar el 
uso de ascorbato de sodio, se buscaron modos de catalizar la reacción. El mejor método 
fue utilizar una fuente directa de Cu(I) (3.0 equivalentes de CuCl) en combinación con 
DIEA (4 equivalentes) que hace el alquino más accesible para el cobre.46 Así se pudo 
obtener el dendrón de generación 2 con un muy buen rendimiento (93%) y una pureza 
elevada (esquema 3).  
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Esquema 3. Esquema del procedimiento de  síntesis de los dendrónes de generación 2 y 3. a) 
TFA/H2O (95:5); b) NaOH (aq.1 M), DMF; c) dendron 8, CuCl, DIEA, DCM. 

Las mismas condiciones se aplicaron también para la síntesis del dendrón de generación 3 
pero con el dendrón con el alquino en un peqeuño exces (1.1 eq./grupo azida). Una vez 
finalizada la reacción y después de realizar la diálisis para quitar el exceso del dendrón 8 
se obtuvo el dendrón de generación 3 con un rendimiento del 84%. Este no se pudo 
caracterizar con espectrometría de masas al no encontrar condiciones de ionización 
adecuadas, pero se pudo determinar que era el compuesto adecuado por 1H-RMN.  Al 
integrar los picos del espectro de 1H-RMN se determinó un valor total de 20 protones que 
correspondían  a la señal del protón del triazol coincidiendo con el número de hidrógenos 
de este tipo que tiene el dendrón de generación 3. La integración de los picos próximos al 
triazol dio también un resultado coherente con la estructura del dendrón 16.  

Tras la eliminación de los grupos protectores Boc, los dendrones obtenidos se analizaron 
mediante cromatografía de exclusión molecular (Size-exclusion chromatography, SEC) para 
determinar su pureza y tamaño por otra técnica cromatográfica. También se determinó  el 
tamaño cada uno de los dendrones mediante dispersión de luz dinámica (Dynamic Light 
Scattering DLS). Los resultados de ambas medidas están dados en figura 2. 
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Figura 2. Determinación del tamaño de los dendrones mediante DLS (inserción) y de su 

pureza mediante SEC.  

Las medidas de DLS muestran claramente una diferencia en tamaño de los dendrónes G1, 
G2 y G3 (G1: 1.5 nm; G2: 3.5 nm, G3: 10 nm) que es  coherente con los valores 
determinados con dendrímeros PAMAM de dimensiones similares (G3 PAMAM: 7 kDa; 3.5 
nm). El aumento correspondiente en tamaño de los dendrónes fue confirmado también 
por la SEC acuosa. Los dendrónes desprotegidos G1, G2, y G3 se eluyeron a 12.0, 10.4, y 9.6 
minutos respectivamente indicando la diferencia relativa en tamaño.  

 
 
2.4. Reacción de mesilación y desplazamiento del azida 

Una estrategia distinta que se exploró para la introducción de azidas  en la superficie del 
dendrímero fue la conversión de alcoholes a azidas. Para ello se sintetizó otro conjunto de 
dendrones similares con un grupo benzyl ester y un alquino pero con alcoholes primarios 
como grupos funcionales de la superficie  en lugar de grupos amino protegidos con Boc. El 
dendrón con el benzyl ester (9) se hizó reaccionar con cloruro de mesilo en presencia de 
DIEA para introducir el grupo mesilo que es un buen grupo saliente. Después los grupos 
mesilos se convirtieron en azidas haciendolos reaccionar con un exceso de NaN3 a 80 °C en 
DMF. De esta manera se obtuvo  el dendrón con azidas (12) con un rendimiento del 59%.  

El dendrón de generación 2 fue construido a través de la CuAAC con CuCl y DIEA 
acoplando el dendrón con el alquino en el punto focal (10) al dendrón con azidas (12). 
Esta estrategia fue abandonada porque a pesar de ambas  estrategias requieren dos pasos 
sintéticos, en el caso de la reacción diazo transfer estos son más robustas y eficientes 
(eliminación del grupo Boc y diazo transfer) y dan un mejor rendimiento. Además, los 
grupos de alcoholes hacen que los dendrones sean muy hidrófilos y convierten a los 
dendrones en compuestos más difíciles de manipular que los dendrones con los grupos 
amina protegidos. Y finalmente, los grupos amina ofrecen un anclaje adecuado para 
introducir una variedad de otros grupos funcionales.  
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2.5. Ensayos biológicos 

Para evaluar si los dendrones sintetizados se pueden utilizar en apliaciones biomédicas, se 
ensayó su biocompatibilidad haciendo estudios preliminares de hemocompatibilidad. Con 
este fin, se preparó una pequeña biblioteca de 8 dendrones de generación 1-3 con 
diferentes grupos funcionales  en la superficie: G1-NH2, G1-Ac, G1-N3; G2-NH2, G2-Ac, G2-
N3; G3-NH2, G3-Ac. A pesar de que se había sintetizado con éxito, el dendrón G3-NH2 fue 
omitido de tales estudios debido a su escasa solubilidad en el tampón isotónico (PBS pH 
7).  
 
Estudios previos reportados en la literatura muestran que dendrímeros catiónicos de 
generaciones elevadas y que tienen muchos grupos amino libres  en su superficie pueden 
interferir con  la sangre humana.47 Por ello, los dendrones con los grupo amino bloqueados 
con un acetilo también se ensayaron con el fin de determinar si la hemocitoxicidad 
esperada de los dendrones policationicos de generaciones altass sería consecuencia del 
tamaño o de la carga de la superficie. Los dendrones con azidas también fueron evaluados 
porque se podrían emplear como agentes de cross-linking para formar hidrogeles. Los 
ensayos de hemocompatibilidad fueron realizados  por el laboratorio del Prof Ch. Grandfils 
de la Université de Liège (Bélgica) siguiendo protocolos normalizados ISO-10.993 y 
constaron de una evaluación de la morfología de eritrocitos, medidas de hemolisis, contaje 
y distribución de tamaño de las células de la sangre, ensayos de la activación del sistema 
de complemento, y finalmente la hemostasia (vía intrínseca y extrínseca). Los resultados 
del contaje y distribución de tamaño de las células de sangre mostraron que ningún tipo 
de célula (eritrocito, leucocito o trombocito) se veía afectado por la presencia de los 
dendrones fuera cual fuera  la concentración usada y la funcionalización en su superfície. 
En el caso de los eritrocitos, este resultado fue confirmado también por el ensayo de 
hemolisis y la observación microscópica de su morfología. No se observó un aumento 
significativo en la hemolisis (figura 3). Además, los eritrocitos mantenían su morfología 
globular tras la incubación con los dendrones. Estos resultados indican que los dendrones 
no afectan negativamente la integridad de los componentes de sangre.  

 

Figura 3. La hemolisis inducida por los distintos dendrones en sangre. Inserción: imagen 
microscópica de las células tras la incubación.  

La cascada de coagulación que genera la  formación de coágulos de sangre está formada 
por vías separadas pero conectadas entre ellas: la vía intrínseca y la vía extrínseca. La vía 
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extrínseca fue ensayada con el ensayo PT y no se veía afectada por ningún tipo de 
dendrón. La vía intrínseca fue ensayada a través el ensayo aPTT y los dendrones catiónicos 
G2-NH2 inhibieron esta vía hasta un 50% cuando se realizó el ensayo a una concentración 
de 100 µM de dendrón. Esta inhibición, que ocurre también con otros polímeros 
policationicos sintéticos, probablemente es causada  por la interferencia electrostática en 
la cascada de transducción de señales entre los dendrones cargados positivamente y unos 
factores cargados negativamente que forman parte de esta cascada. Finalmente, la 
activación del sistema de complemento se evaluó midiendo la concentración de la 
anaphylatoxina C3a mediante un ensayo tipo ELISA. Parecido a la coagulación, el sistema 
de complemento fue activado por el dendrón policatiónico G2-NH2 a una dosis de 100 µM. 
Los otros dendrones no provocaron una activación significante. En resumen, los ensayos 
muestran que los dendrones tienen una buena hemocompatiblidad en el rango de 
concentraciones utilizados para aplicaciones biomédicas, 0.1 – 100 µM.  

 

2.6. Conclusiones 

La CuAAC ha demostrado ser una herramienta muy útil para la construcción de dendrones 
de generación 2 y 3. Los productos se pudieron obtener con buenos rendimientos y 
purezas. La reacción diazo transfer es un método eficaz para introducir grupos azidas en la 
superfície de los dendrones siendo más eficaz con el dendrón de primera generación que 
con el de  segunda. Los primeros estudios biológicos demostraron que los dendrones 
tienen una compatibilidad adecuada para aplicaciones biomédicas.  
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3. Capítulo 2. Dendrones como agentes quelantes 

3.1. Estudios de complejación 

En el capítulo 1 se ha descrito como se detectó que los dendrones con los que se trabaja en 
la presente tesis son capaces de complejar metales como el cobre. La complejación ocurre 
porque el núcleo del dendrón es un derivado del pentaacido DTPA que se utiliza a menudo 
como agente quelante. Esta capacidad de complejación puede ser interesante para 
aplicaciones biomédicas de distinto tipo. Por ejemplo, complejos con el metal gadolinio se 
usan como agentes de contraste para diagnóstico de imagen por resonancia magnética48, 
complejos con  indio como agentes de contraste en gammagrafía49 y complejos con terbio 
como  sondas fluorescentes.50   

Para estimar la capacidad de complejación con diversos metales de los dendrones se 
sintetizaron dendrones de primera generación con diferentes grupos funcionales  en el 
punto focal: 1) un benzyl ester (18); 2) un ácido carboxílico (23); 3) una rama de OEG 
incorporada mediante un enlace amida (25). Todos los dendrones  tenian los gurpos 
amino de la superficie acetilados.  

Los dendrones se incubaron con soluciones acuosas de GdCl3, TbCl3, y InCl3 y su  capacidad 
complejante se determinó en primera instancia mediante análisis con HPLC-PDA y HPLC-
MS. El complejo dendrón-metal eluye más rápido de la columna y se pueden distinguir dos 
picos distintos: el complejo dendrón-metal y el dendrón solo. Comparando la área debajo 
de los dos picos se puede determinar con que estequiometria con la que se compleja el 
metal. Mediante espectrometría de masas (ES) es posible identificar y diferenciar el 
complejo formado del dendron sin complejar. Los resultados de complejación de los 
diferentes dendrones y metales evaluados se muestran en la tabla 1.  

De los resultados expuestos se puede extraer que los dendrones con el ácido carboxílico y 
una quinta rama de OEG en el punto focal muestran una mayor capacidad de complejar  
los metales ensayados,  de todos ellos el indio es el que se compleja con mayor eficacia.  

Dendrón GdCl3 TbCl3 InCl3 

Bn-G1-4Ac (18) 
AUC ratio: 0:100 

Mass: 731.92 
(M+2)/2 

AUC ratio: 0:100 
Mass: 731.98 

(M+2)/2 
- 

G1-5Ac (25) 
AUC ratio: 80:20 

Mass: 591.14 
(M+Gd)/3 

AUC ratio: 80:20 
Mass: 591.82 

(M+Tb)/3 

AUC ratio: 90:10 
Mass: 864.21 

(M+In)/2 

COOH-G1-4Ac (23) 
AUC ratio: 63:35 

Mass: 763.96 
(M+Gd)/2 

AUC ratio: 70:30 
Mass: 764.04 

(M+Tb)/2 

AUC ratio: 100:0 
Mass: 742.02 

(M+Tb)/2 

Tabla 1. Complejación  de los iones de metales Gd(III), Tb(III) y In(III) por los diferentes tipos 
de dendrones.  
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Esta metodología también  se aplicó para evaluar la  complejación de dos dendrones tipo 
click de generación 2 con un grupo ácido carboxílico o con un benzil ester en el punto focal 
(20 y 26). Resultó que las unidades de DTPA presentes en la segunda capa del dendrón de 
generación 2 pierden la capacidad de complejar un ión de metal  al tener un grupo triazol 
en la posición apical y que solo el DTPA del dendrón de gneración 2  con un grupo  ácido 
carboxílico en el punto focal puede complejar  un ión de metal. Sin embargo, al utilizar  
dendrones de generación 2 de tipo poliamida, que se sintetizaron en la tesis doctoral de 
Lorena Simón, se observó que estos pueden llegar a compleajar 4 o 5 iones de metal 
dependiendo del grupo funcional del punto focal.  

 

3.2. Estudios de MRI 

Como se ha mencionado previamente, los agentes de complejación  tipo DTPA se utilizan 
en conjunto con gadolinio como agentes de contraste de la imagen para resonancia 
magnética (MRI). El contraste que se genera está gobernado por la relaxividad r1 o r2, y 
por tales agentes depende del tamaño de la molécula que lleva el gadolinio y la interacción 
entre  esta y el ión complejado.51 Los dendrimeros al presentar arquitectura globular y 
mayor tamaño con respecto es estos agentes complejantes, son buenos candidatos para 
este objetivo porque ralentizan la rotación del gadolinio y esto aumenta el contraste. 
Teniendo este principio en cuenta, se midieron los constantes de relaxividad r1 y r2  de los 
distintos dendrones con el fin de  evaluar los mismos como agentes de contraste. Los datos 
obtenidos se muestran  en la tabla 2. 

Compound Agent r1 (mm-1 s-1) r2 (mm-1 s-1) 
 DOTAREM 3.96 4.69 

23 COOH-G1-Ac 4.26 5.18 
25 G1-5Ac 3.92 5.92 
35 G1-4RGDS 36.70 41.44 
27 Bn-G2-Ac amida 16.10 22.71 
26 COOH-G2-Ac click 8.51 11.80 
28 COOH-G3-Ac click 12.34 24.12 

Tabla 2. Constantes de relaxividad r1 y r2 de los diferentes dendrones complejados con 
Gd(III) y del agente de contraste comercial DOTAREM en agua. 

Los dendrones de la primera generación no aumentan considerablemente la relaxividad 
pero los dendrones de la segunda y tercera generación aumentan el r1 con un factor dos y 
tres respectivamente. Sin embargo, el mayor aumento se causa por el dendron 35 que es 
funcionalizado con cuatro péptidos. Las secuencias peptídicas crean, juntos con las ramas 
de OEG, una esfera de hidración de moléculas de agua que sirve para distribuir el efecto 
paramagnético. Por este efecto se aumentan ambos constantes r1 y r2.  
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3.3. Conclusiones 

Los dendrones descritos en ésta tesis son capaces de complejar iones de metales al estar 
compuestos por derivados de DTPA, un agente de complejación ampliamente conocido.  La 
interacción entre el ión y el dendrón depende del tipo de metal y la estructura del 
dendron. Esta  capacidad de complejación puede ser interesante para aplicaciones 
biomédicas de diagnóstico como por ejemplo la medicina nuclear o resonancia magnética.  
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4. Capítulo 3. Dendrones como plataformas para la imagen multimodal 

En el diagnóstico multimodal se combinan dos técnicas diagnósticas distintas para 
mejorar la calidad de la imagen médica. Cada técnica tiene sus ventajas y limitaciones por 
lo cual al combinar dos técnicas distintas las limitaciones asociadas a cada técnica pueden 
ser superadas.52, 53 Así se puede obtener más información complementaria.  

En el capítulo 3 se ha descrito como los distintos dendrones son capaces de complejar 
iones de indio, gadolinio y terbio, de los cuales el ion de indio presentaba mejor 
estequiometria de complejación. El radionúclido 111In en conjunto con el péptido 
octreótrido se utiliza en el mundo médico para diagnosticar y localizar tumores.54  

El objetivo de este capítulo es la síntesis de unas plataformas multimodales para la imagen 
médica. Estas plataformas se basan en los dendrones de generación 1 que complejaron 
mejor el indio, que son  los que tienen en el punto focal un ácido carboxílico o una rama de 
OEG incorporada mediante un enlace amida. Los grupos funcionales de la superfície de los 
dendrones se decoraron con un péptido ligando de integrinas (RGDS) y una sonda 
fluorescente. La combinación de fluorescencia y de complejación con indio radioactivo 
hace que los dendrones se conviertan en agentes multimodales. Las estructuras se ilustran 
en figura 4.  
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Figura 4. Estructuras de las plataformas multimodales 

 

4.1. Estudios biologicos 

Una vez sintetizados los distintos dendrones derivatizados se procedió a la evaluación de  
su capacidad de internalización mediada por la acción del ligando. Dr Luis Javier Ricondo 
del Centro Medico de Leiden realizó este experimento en células de cáncer de mama (4T-
1) y la figura 5 muestra los resultados obtenidos. 
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Figura 5. Internalización de los diferentes dendrones con RGDS o DGSR en células 4T-1 de 
cáncer de mama.  

De los resultados obtenidos podemos observar que la  secuencia peptídica RGDS estimula 
la internalización de los dendron mediante con los receptores de integrina en la 
membrana celular. Por los resultados de la citometria de flujo a 37°C con los obtenidos 
dendrones a 4°C donde todo el transporte activo queda paralizado, podemos discernir que 
en el caso de las plataformas que contienen el ligando RGDS (30 & 34) presentan entrada 
celular via transporte activo mediado por la interacción del ligando con su receptor, 
mientras que las otras que contienen el ligando control negativo (31 & 35) simplemente 
se observa algo de unión al receptro sin consecuencia en un transporte al interior de la 
célula. Este efecto se manifiesta más en el dendron que lleva cuatro ligandos de RGD (34). 
La internalización de los dendrones con la  péptidica del ligandos con el orden cambiado  
es considerablemente menor. Esto implica que el péptido RGD favorece el 
direccionamiento de las plataformas hacia el interior de la célula.  

 

 

Figura 6. Imágenes de fluorescencia (arriba) y SPECT (abajo) dado por la administración del 
dendron 31 a un ratón con tumores implantados. 
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Los primeros experimentos in vivo se realizó con el dendron 31 que contiene dos péptidos 
de control negativo. En la figura 6 se puede observar que aunque este dendron no tendría 
que diriguirse a los tumores, ya tiene alguna acumulación en los tumores debida a la 
escasca binding que se determina en los ensayos de internalización. La expectativa de 
futuros experimentos es que los dendrones con los ligandos RGD producen una mayor 
acumulación de estos dando lugar a una mejor señal.  

 

4.2. Conclusiones 

Tomando en cuenta los resultados de capítulo 2, se diseñaron y sintetizaron distintas 
plataformas dendriticas para la imagen multimodal utilizando fluorescencia y medicina 
nuclear. Los ligandos péptidos son capaces de dirigir las plataformas a las células dianas  y 
los primeros experimentos con imagen médica in vivo indican que las plataformas se 
acumulan parcialmente en los tumores.  
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5. Capítulo 4. Dendrones como agentes de cross-linking y plataformas de 
biofuncionalizacion 

La ingeniería de tejidos es un campo interdisciplinario que trata de desarrollar scaffolds 
tridimensionales para sustituir, mantener o mejorar la funcionalidad de tejidos u órganos 
.55 Se basa en la triada de células, scaffolds y factores bioquímicos que se combinan para 
preparar tal construcción.56 

La capacidad para regenerar el cartílago hialino se ve limitada por dos razones.57 El tejido 
es avascular y no permite la difusión de células progenitoras ni nutrientes. Además, los 
condrocitos que producen los componentes del cartílago tienen una baja capacidad 
mitótica. Por la escasa capacidad autoregenerativa, las lesiones en el cartílago empeoran 
progresivamente. Debido a todo esto, la ingeniería de tejidos intenta producir terapias 
para generar cartílago que resulten en trasplantes que funcionen mejor y duren más.  

El objetivo de este trabajo es el desarrollo de un material basado en ácido hialurónico que 
podría servir para construir scaffolds tridimensionales conveniemente funcionalizados 
para la regeneración de tejidos cartilaginoso. El ácido hialurónico es un componente 
natural e importante del cartílago y consiste en una cadena de polisacáridos con 
proteoglicanos. Las cadenas con los proteoglicanos atraen mucha agua y así dan la 
resistencia compresiva al cartílago. Los polímeros de ácido hialurónico que se utilizaron 
en este trabajo se funcionalizaban con alquinos para poder utilizar la reacción clic CuAAC.  

Los dendrones que se sintetizaron para este fin se diseñaron con dos objetivos distintos:  
un tipo de dendrón serviría como agente de cross-linking y el otro se utilizaría como 
plataforma de biofuncionalización con el fin poder incorporar al scaffold péptidos 
bioactivos. La estructura general de estos dendrones se muestra en la figura 7. El primer 
tipo de dendrón consiste de cuatro grupos azidas para hacer cross-linking mediante 
CuAAC y un grupo bioactivo; el otro dendrón consistía de cuatro grupos bioactivos y un 
azida para acoplar el dendrón al biopolímero a través de la CuAAC. 
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Figura 7. Estructuras de los dendrones para hacer enlaces cruzados y para la 
biofuncionalización. 

Para construir estos dendrones se aprovechó la protección ortogonal entre el ácido 
carboxílico del punto focal (portegido con un grupo benzil ester) y el resto de ácidos 
carboxílicos  (protegidos con el grupo terc-butilo) del núcleo basado en DTPA.  Los dos 
distintos grupos protectores fueron eliminados selectivamente con un tratamiento ácido y 
mediante hidrogenación catalítica con Pd/C  en orden distinto dependiendo del dendrón a 
sintetizar. Después se introdujeron secuencialmente dos ramas distintas de OEG: una 
rama con azida o una rama con un grupo amina  protegido con Boc o TFAA. Después de 
desproteger los grupos amina, los moléculas bioactivas se introdujeren utilizando PyBOP 
como agente de acoplamiento.  

Los péptidos bioactivos  que se introdujeron se muestran en la tabla 3 y tienen todos una 
función en osteogénesis o en condrogenesis.  También se realizó la funcionalización  con el 
fluróforo 1-pyrene carboxílico para poder marcar fluorescentemente los hidrogeles que se 
generaron. 

Grupo Función 

RGDS Epitopo para integrina 

DGSR Control negativo 

YPVHPST Epitopo para BMP-2 

HRGYPGLDG Epitopo para colágeno tipo II 

LPLGNSH Epitopo para TGF-β1 

1-pyreno carboxílico Sonda fluorescente 

Tabla 3. Grupos activos que se introdujeron en los dendrones 
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El péptido RGDS es un ligando para la proteína integrina que reside en la membrana 
celular e inicia la diferenciación de células madre mesenquimales y mantiene la 
proliferación de estas células.58, 59 La citoquina BMP-2 tiene un papel importante en el 
desarrollo de hueso y cartílago e induce la diferenciación condrogenética y 
osteogenética.60, 61 El péptido HRGYPGLDG  es un ligando para moléculas de colágeno tipo 
II. TGF-β1 es una citoquina parecida a BMP-2 y gobierna la diferenciación de condrocitos y 
estimula la producción de componentes de cartílago como el colágeno tipo II y los 
proteoglicanos.62  

 

5.1. Formación  hidrogeles 

Los dendrones con cuatro azidas se utilizaron  para realizar cross-linking con los grupos 
alquinos del ácido hialurónico. Los hidrogeles formados no fueron estables y por lo cual 
nos focalizamos en  explorar los dendrones como plataformas de biofuncionalización en 
los hidrogeles.  

 

Figura 8. Formación de hidrogeles de ácido hialurónico funcionalizado con NIPAM y un 
dendrón. 

La formación de estos hidrogeles está ilustrada en la figura 8. Los hidrogeles se formaron 
acoplando el dendrón bioactivo junto con NIPAM que es un polímero termo-responsivo. 
Esto significa que a temperaturas elevadas (>32 °C) el polímero se somete a un colapso 
hidrofóbico y los bucles de NIPAM se enredan dando lugar al hidrogel. Los primeros 
estudios se hicieron con los dendrones funcionalizados con RGDS y el control negativo 
DGSR. 
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5.2. Viabilidad celular 

Después de la encapsulación de las células en el hidrogel, se ensayó la viabilidad celular 
tras 1 y 3 semanas a través del ensayo Live/Dead. Los resultados se muestran en la figura 
9.  

 

Figura 9. Viabilidad de hMSC en geles RGDS, RSGD- y HA después 7 y 21 días.  

Los datos indican unas tendencias interesantes. Primero, la viabilidad es más alta en el 
hidrogel RGDS después de tres semanas que después de una semana. Esto implica que las 
células fueron capaces de proliferarse en este hidrogel. Segundo, la viabilidad es más 
elevada en el hidrogel RGDS comparado con el hidrogel DGSR después de una y después de 
tres semanas y más elevada comparado con el hidrogel HA después de tres semanas. Estas 
tendencias indican que la presencia del péptido bioactivo RGDS tiene una influencia 
positiva en estimular la proliferación celular.  

 

5.3. Diferenciación celular 

Para estudiar la diferenciación de las células se utilizó una técnica histológica. El azul de 
toluidina es un colorante que marca las proteoglicanos que forman parte del cartílago 
articular. Gracias a este colorante se puede detectar la producción de esos componentes. 
Se tomaron unas secciones de los diferentes hidrogeles tras una semana y tras 3 semanas 
y se pigmentaron con azul de toluidina.  

A pesar de que no se pudo observar una deposición significante de la matriz extracelular, 
la  morfología particular de células y la presencia de células multinucleadas indicaba que 
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las células tenían el fenotipo de condrocitos y osteocitos. Esto se puede explicar por el 
hecho que las células eligieron la vía de regeneración endochondral.   

 

5.4. Estudios de RT-PCR 

Para obtener un mejor entendimiento de la diferenciación celular, se hizo análisis RT-PCR 
para determinar el fenotipo de las células implantadas en los hidrogeles. Las celulas 
implantadas en el hidrogel con RGDS mostraron una expresión elevada tras 21 dias de los 
markers genéticos SOX8 y RUNX2, los cuales que son responsables para la diferenciacion a 
través la via osteogenetica y chondrogenetica. Aparte de estos markers, también se pudo 
observar una expresión elevada de hColl2, el gen que regula la producción de colágeno 
tipo II, en el hidrogel con RGDS. Por esto se puede deducir que la presencia de RGDS causa 
la producción de colágeno tipo II, un mayor constituyente de tejido cartilagíneo.  

 

5.5. Conclusiones 

El núcleo basado en DTPA permitió la síntesis de dendrones con diferentes grupos 
funcionales según el motivo 4+1.  El dendrón con cuatro grupos azidas sirve como agente 
de cross-linking mientras que el dendrón con cuatro grupos aminas sirve para 
funcionalizar el material. Diferentes moléculas, como por ejemplopéptidos o sondas 
fluorescentes, pueden ser conjugados a los dendrones. El hidrogel que fue funcionalizado 
con un dendrón que tenía el péptido bioactivo RGDS aumento la viabilidad celular y dirigió 
la  diferenciación de las células.  
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6.  Capítulo 5. Dendrones de tipo Janus para entregar material genetico 

La terapia génica consiste en la inserción de genes funcionales en el genoma de un 
individuo para el tratamiento de una enfermedad. Esta estrategia requiere guiar el 
material genético, como por ejemplo plasmidos, ácidos nucléicos y oligonucleótidos (ADN 
y ARN) a las células diana.63 Para cumplir este fin se pueden utilizar dos tipos de vectores: 
viral y non-viral. Los vectores basados en virus son muy eficaces agentes de transfección 
pero sufren por problemas de seguridad.64, 65 El otro tipo de vector consiste de 
macromoléculas, polímeros y nanosistemas que pueden ser diseñados según los requisitos 
requeridos.66 

Un vector adecuado tiene que tener una buena estabilidad in vivo y evitar que el material 
genético se degrade. Tras haber llegado a la célula diana, el complejo ADN-vector tiene que 
transportarse al núcleo donde el ADN se libera para ser incorporado en el genoma.67 

Las propiedades de los dendrímeros, los cuales incluyen su tamaño y estructura bien 
definida, flexibilidad, monodispersidad y multivalencia, proporcionan a los dendrímeros 
cualidades para servir como vector de material genético.68, 69 Los dendrímeros de PAMAM 
son un tipo de dendrímeros que se utilizan a menudo para este fin.70 Los grupos amina 
cargados positivamente interaccionan con los grupos fosfatos cargados negativamente del 
material genético y esto resulta en la formación del complejo dendrímero:ADN que se 
denomina un dendriplex. Otro tipo de dendrímero que puede formar un complejo con 
material genético está basado en una arquitectura de carbosilano y son muy útiles para 
formar un complejo de oligonucleotides y siRNA, transportando estas moléculas al interior 
de células.71 No obstante, una de las desventajas de los dendrímeros de carbosilano son su 
escasa solubilidad y su toxicidad intrínseca. Estos problemas se pueden solucionar por la 
conjugación de cadenas de PEG.72 Teniendo en cuenta estas consideraciones, se diseñó un 
dendrón asimétrico consistiendo por una parte de carbosilano por otra parte de OEG. El 
dendrón basado en OEG tiene un alquino en el punto focal y es el mismo dendrón que se 
utilizó para construir dendrones de generación 2 y 3. El diseño de este tipo de dendrón 
anfifílico está ilustrado en la figure 10. La idea era combinar la biocompatibilidad del 
dendrón basado en OEG con la capacidad complejante del dendrón de carbosilano para 
hacer una construcción que puede transportar oligonucleótidos de manera segura.  
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Figura 4. Esquema general de los  dendrones asimétricos (dendrón Janus). El dendrón 
carbosilano está marcado con el cuadro azul y el dendrón OEG-DTPA con el cuadro rojo. 

Acoplar los dos dendrones se llevó a cabo con CuAAC y después se quitaron los grupos Boc 
para obtener los grupos amonio (NH3

+). 

 
La superficie del dendrón entero contiene grupos amina para complejar el material 
genético. El dendrón se sintetizó mediante CuAAC acoplando el dendrón con el alquino al 
dendrón carbosilano que tiene un grupo azida. Se sintetizaron tres dendrón Janus 
distintos,  acoplando el dendrón de generación 1 basado en OEG a dendrones carbosilano 
de generación 1-3. Después de la síntesis se evaluó la capacidad de complejar siRNA, una 
secuencia de oligonucleótidos con una longitud de 20-25 nucleotidos. 

 
6.1. Estudios biologicos 

La citotoxicidad de los dendrones anfifílicos (61 & 62) y los dendriplejos se evaluó con el 
ensayo MTT y se comparó con un dendrón que basado unicamente en carbosilano (64). 
Resultó que la citotoxicidad de dendrones Janus (61 & 62) era inferior hecho que se cree 
que es debido a la presencia de la cara compuesta por el dendrón OEG. 

La introducción del dendrón basado en OEG también resultó en una complejación menos 
fuerte de siRNA. La complejación se evaluó midiendo el retraso en el desplazamiento de 
electrofóresis con geles de agarosa al incubar el siRNA con diferentes ratios de dendrón 
anfifílico. Los dendrones anfifílicos con la menor parte de OEG fueron más capaces de 
complejar el siRNA; para formar complejos estables de dendrímero:ARN  hacía falta menos 
dendrón. La complejación se estudió también con ensayos de competencia heparina. El 
glicoaminoglicano heparina es una molécula anionica que con sus grupos saccarida 
cargados negativemente compite con el siRNA para complejar con el dendrón. Los 
resultados se muestran en la figura 11. 
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Figura 5. Electroforesis a través geles de polyacrilamida de los ensayos competitivos 
dendriplexes/heparina tras 24 horas. Unidades de heparina son dadas en U/µg. 

El dendron que tiene la mayor parte de OEG muestra la menor capacidad  de complejar 
siRNA en presencia de heparina comparado con los otros dendrones. El dendrón sin OEG 
tiene la mayor retención de siRNA. La presencia de OEG interfiere con la interacción 
electrostática entre el siRNA y el dendrón y reduce la capacidad de complejar. Esto no es 
una desventaja en absoluto porque significa que el material genético se puede soltar para 
ser incorporado en el genoma. Esta característica se ilustra en estudios de inhibición de 
HIV donde el dendron de carbosilano no es capaz de inhibir la replicación del virus en 
leucocitos mientras los dendrón con OEG inhiben la replicación hasta 50%.  

 

6.2. Conclusiones 

La CuAAC ha demostrado ser muy útil para unir dos dendrones de naturaleza distinta y así  
permite construir un dendrón asimétrico o Janus que combina las propiedades de los 
distintos dendrones. Los dendrones Janus compuestos por cuñas dendríticas de 
carbosilano y de OEG son menos tóxicos. Aunque la complejación entre los dendrones 
asimétricos y el siRNA sea menos fuerte, los dendrones son capaces de complejar cadenas 
de siRNA. De hecho, una complejación menor facilita la liberación del el material genético 
en el sitio diana resultando en una mayor inhibición de HIV.  
 

 

 

 

 

 

 

61 62
 

64 
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