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List of Abbreviations

The ordered abbreviations that will appear throughout this report are collected in alphabetical
order, in order to facilitate the reading of the contents.

Abbreviation Full Name
CW Continuous Wave
4-(dodecyl dimethyl ammonium)-1-oxyl-2,2,6,6-
CATI12 tetramethyl piperidine bromide
DMEF Dimethylformamide
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
1,2-dimyristoyl-sn- glycero-3-phospho-rac-(1-glycerol)
DMPG sodium salt
DMSO Dimethyl sulfoxide
DPH 1,6-diphenyl-1,3,5-hexatriene
DS Dense Shell
EPR Electron Paramagnetic Resonance
ESR Electron Spin Resonance
FTIR Fourier transform infrared spectroscopy
L Ligand
1,2-Diacyl-sn-glycero-3-phosphocholine 3-sn-
LEC Phosphatidylcholine
M Metal
Me Methyl
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
MTT bromide
MW Molecular Weight
NMR Nuclear Magnetic Resonance
oS Open Shell
PAMAM Polyamidoamine
PBMC Peripheral Blood Mononuclear Cells
PBS Phosphate Buffer Saline




PEG Polyethylene glycol

PPI Polypropilenimine

Reactive Oxygen Species

Tetrahydrofuran

Ultraviolet—visible spectroscopy
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GENERAL INTRODUCTION
EPR Spectroscopy and Dendrimers
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1-INTRODUCTION AND GOALS

The main goal of this thesis was the in-situ characterization of novel nanomolecules, mainly
dendrimers, and the study of the interactions occurring between species of biological interest for
biomedical and environmental purposes. The characterization and interactions studies were
mainly performed by means of the Electron Spin Resonance (ESR) technique, which provides
unique and precious information about paramagnetic systems. With this mindset, we focused on
the following objectives:

v The synthesis and characterization of novel carbosilane metallodendrimers for the
treatment of various types of tumors;

v The study of the interaction between novel polyamidoamine glycodendrimers and
membrane models in the presence of Cu(Il) ions to develop a new treatment for Wilson’s disease;

v' The characterization of the physical interaction of phytoplankton with PET microplastics
to explain a particular type of biological pollution in the Mediterranean Sea.

Since this is a thesis by a compendium of publications, chapters 1, 2, and 3 are composed of a
dissertation comprising the main goals and conclusions on each topic, followed by the published
articles.

This doctoral thesis is therefore developed as follows:

The General Introduction starts with a brief description of Electron Paramagnetic Resonance
technique, how it was discovered, its theory, and applications. Math equations used in the
computer simulation of the spectra will be shown and discussed, as well as the EPR devices used
for this thesis. It follows an introduction about dendrimers, which is meant to be integrated by the
detailed review in chapter 1.

e Chapter 1is about the design, synthesis, characterization, and evaluation of the anticancer
activity of carbosilane metallodendrimers. Several articles, here reported, have been published
on this topic. This chapter is opened by a detailed review of the world of metallodendrimers,
their current applications, and future prospects. Then, three more articles describing the activity
of newly synthesized polymers belonging to this class are going to follow.

e Chapter 2 is about a new approach to Wilson’s disease treatment. After a brief
introduction about this rare pathology, a recently published article is going to describe the
synthesis, characterization, and interaction with membrane models of novel glycodendrimers.

e Chapter 3 is about the evaluation of the physical interaction between PET plastics and
phytoplankton. After an introduction describing the current issue of biological pollution in the
Mediterranean Sea, an article describing our findings on the topic will close this short chapter.

Finally, in the general conclusions section, the most relevant conclusions of this work will be
presented.
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2 - ELECTRON PARAMAGNETIC RESONANCE:
THEORY AND APPLICATIONS

2.1 EPR

The Electron Paramagnetic Resonance technique is based on the absorption of electromagnetic
radiation in the microwave field by a system containing unpaired electrons, immersed in an
external magnetic field. It was discovered in the 1940s by Dr. Evgenij Zavojskij, 'who for the first
time observed the absorption of electromagnetic radiation by a CuCl2-2H20 crystal exposed to a
static magnetic field. For many systems of chemical and biological interest, the analysis of EPR
spectra is the only observation method capable of:

v Highlighting variations in the three-dimensional structure of a molecular aggregate;
v' Studying the behavior of specific functional groups;
v' Evaluating the dynamics of paramagnetic species and their environments. 1%

As already mentioned, the microwave radiation is absorbed by a paramagnetic system
featuring one or more unpaired electrons (S # 0), immersed in a static magnetic field. The
absorption is due to a degeneration of the electronic spin levels, removed by the static magnetic
field, which is registered as a series of absorption bands characteristic for a specific chemical
environment. The frequency of these radiations is compatible with the energy differences that
characterize the spin levels. The most common paramagnetic systems are free radicals, molecules
with an unpaired electron, or transition metal ions, such as Cu?*, Mn?*, Fe%, Cr¥... displaying
unpaired electrons.

The field of application, however, can also be extended to diamagnetic systems through the use
of alien paramagnetic species in the form of spin probes or spin labels, sensitive to the surrounding
in which they are introduced without perturbing it.

2.2 Electron’s Physics

The electron is a charged subatomic particle, characterized by an orbital motion around the
nucleus and a rotation movement around its axis. ®! It is therefore characterized by a spin angular
momentum (S), represented by a vector whose direction coincides with that of the axis around
which the rotation occurs and an orbital angular momentum (L), a vector oriented along the
rotation axis and perpendicular to the rotation plane.

2.2.1 Orbital angular momentum

The angular momentum L of a particle mass m that travels a circular orbit of radius r with a
velocity v, (Figure 3.2), can be expressed as follows:

L = mvr
However, since the electron follows the rules of quantum mechanics a more accurate way to

express the angular momentum consists in taking into consideration the Schrodinger equation.
The wave functions, describing the hydrogen atom, from whose resolution we obtain the orbital
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(or azimuthal) quantum number 1, ultimately determines the value of the orbital angular momentum
L according to the relation:

L=JI0+1h

In vector terms it is possible to observe the angular momentum vector that precedes along a z-axis:

} Z

Ih
o

Figure 2.1 Component along the z-axis of the angular momentum vector

The component of the angular momentum vector along the z-axis is quantized and can therefore
only take the values allowed for the magnetic quantum number ml (ie. ml=11-1, ..., -L). For
example, for 1 = 2 (orbitals d) we will have ml = +2, +1, 0, -1, -2. Associated with the orbital angular
momentum there is an orbital magnetic moment pl which, for a charged particle q rotating on a
circumference of radius r, can be expressed ul=1- A, where I is the current intensity and A is the area
of the orbit.

2.2.2 Spin angular momentum

The intrinsic angular momentum theory, formulated in 1922 and confirmed in 1925, postulates
the existence of an angular momentum independent of electron’s orbital characteristics. This
introduced the concept of electron spin and therefore the need for a fourth quantum number for fully
describing the electrons. These have an electron spin s = 1/2 and a spin angular momentum S:

S=ys(s+1)hn
Again, as for the orbital angular momentum, the component of the spin angular along the z-axis
vector is quantized, and can assume (in units of h) only the values allowed by the spin quantum

number ms-+ % . As a charged particle, the electron generates an intrinsic magnetic field while
rotating around its axis, whose direction depends on the direction of rotation.
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Figure 2.2 Values of the spin quantum magnetic number, ms, in relation
to the direction of rotation of the electron on its axis.

2.4 Interaction of the electron-spin magnetic moment with the applied
field

Due to its spin magnetic moment ps, the electron interacts with the external magnetic field
behaving like a tiny magnet, whose orientation is determined by the value of ms. ”! This interaction
is called Electron Zeeman Interaction, and the two configurations arising from it are the Zeeman
levels of unpaired electrons. Therefore, by applying a static magnetic field in the Z direction a
torsion force is generated, which produces a precession motion of the vectors ms around the
direction of Ho:

Figure 2.3 Precession motion of the vectors and precession motion around the Z axis that causes
the exchange of position between the vectors ms =+ 12 and ms = -1/2.

At all times the magnetic field vector, Hi, of the radiation will produce the same effect that Ho
had on the vectors ms. A precession motion is generated around the Z-axis which causes the
exchange of position between the vectors ms=+ 1/2 and ms= - 1/2. This effect is referred to as the
"state of resonance". Transitions from one state to another can take place in both directions giving
rise to absorption (Eg = E,) or emission (E. = Eg). The system, as a whole, will absorb or emit
energy depending on the number of transitions that occur during the exposure and, since the two
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transitions are equally likely to occur, the population of the two energy levels plays a decisive role.
Boltzmann'’s distribution law predicts a slight excess of population in the lower 3 level, so that we
usually exploit the absorption phenomenon.

2.5 Spin Hamiltonian

If we introduce a paramagnetic species containing a nucleus with I # 0 into a magnetic field, the
possible interactions between the external field and the magnetic moments of the two particles are
three: [©

v" Electron Zeeman interaction (EZe): between electron spin and external magnetic field;
v" Nuclear Zeeman interaction (EZ»): between nuclear spin and external field;
v" Hyperfine or Fermi’s interaction (Enyper): between electron and nuclear magnetic moments.

So, the total energy of our species can be written as the sum of these three terms:
Etot = EZe + EZ, + Epyper

Assuming that the axes of the electronic spin and the nuclear spin coincide with the magnetic field,
this expression can be expressed through the so-called spin Hamiltonian:

H, :/BeBOQS/h+ZSAka _/8;1zgn,kl§olk /h
k=1 k=1

All of these parameters are experimentally determinable, and allow to obtain information about
the distribution of the unpaired electron and the structural properties of the paramagnetic specie.

2.6 Spectrum Parameters and Components

The main spectral components, obtainable through computer simulation, math calculation, or
direct measurements on the spectrum are going to be explained in the next sections.

2.6.1 Parameter g

The position of the peak in the EPR spectrum is a function of the parameter g. This is related to the
intensity of the coupling between the magnetic moment induced by the electron spin and the
magnetic moment induced by the orbital motion. Depending on the molecular structure of the latter,
the g factor reflects its anisotropic behavior and gets tensor properties. The parameter g is therefore
a property of the paramagnetic specie and is used for its identification.

A system having a single unpaired electron, not interacting with other electrons nor nuclear spins,
produces a single row of resonance, with a g value of 2.0023 which we denote by ge. For any other
substance, where there are contributions other than those of the free electron, the deviation of the
parameter g from ge depends on the aptitude of the applied field to induce electron currents in the
sample and, therefore, gives information about the structure of the sample itself.

2.6.2 Parameter A: hyperfine interaction

The hyperfine interaction is a significant source of information extractable from an EPR spectrum.
Enrico Fermi mentioned it for the first time in his explanation of the origin of the hyperfine structure

17



in atomic spectra. If the interaction of an unpaired electron with the applied magnetic field only
caused the separation of the spin levels, the spectra obtained would all consist of a single line, and
the only value obtainable from a spectrum would be the parameter g. However, other interactions
enrich an EPR spectrum, such as that determined by the proximity to the electron spin magnetic
dipole of the nuclei of the atoms present in the molecule, the “nuclear hyperfine interaction”. Some
nuclei possess, in fact, an intrinsic angular momentum which, as already mentioned, is associated
with a magnetic moment. As a consequence, electrons are affected by the resulting magnetic field,
which is also affected by neighboring nuclei. The equation gives the number of lines that are
obtained by the interaction of the unpaired electron with n equivalent nuclei:

number of lines =2 nl + 1

Where I is the quantum number of nuclear spin and n is the number of equivalent interacting
nuclei.

A nucleus with nuclear spin I = 1/2 causes the resonance peak to split due to the interaction of
the electron magnetic moment with the nuclear magnetic moment, giving rise to two lines whose
distance is given by the hyperfine constant, at:

Figure 2.4 Doubling of the resonance peak due to the interaction of the electron magnetic
moment with the nuclear magnetic moment, giving rise to two lines whose distance is given by the
hyperfine constant A

These interactions are responsible for the separation of the resulting signal into several
components, and are represented for each nucleus by the hyperfine tensor A. The tensor consists
of an isotropic (or contact) component A° and an anisotropic component.

The anisotropic contribution originates from the classical interaction between two magnetic
dipoles whose size depends on the relative orientation between the dipoles and the external field.
A characteristic of this interaction is that of canceling itself out if it is averaged over all the possible
orientations that the connecting line between the two dipoles can assume with respect to the
direction of the applied magnetic field. Therefore, in fluid solutions in which the rotational
diffusion motion is fast enough to allow the radical to assume all possible orientations in a short
period of time with respect to the reciprocal of the hyperfine anisotropic interaction, the latter
results to zero and therefore doesn’t affects the position of the spectral lines. In an anisotropic
system, the components of the spin magnetic moment are different from each other, so we need a
matrix system to define it. In general, the tensors are diagonalized through mathematical methods.
And as a result, we will have three components of each (gx, gyy, g2z and Ax, Ayy,and Az).

In the case of the contact interaction, Fermi has developed an expression to derive the value of
Ao (isotropic hyperfine coupling constant, expressed in Joules) which is a scalar:
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Ay (i50) = == [p(O)]?

Where pois the permeability in vacuum and [ (0) |2is the probability of finding the electron at a
distance 0 rom the nucleus. It is important to underline that the coupling constant is zero if the
unpaired electron is on orbitals other than s, since for all orbitals with a secondary quantum number
>0 (p, d, £, ..) that have a nodal plane to the nucleus, the value of 1 (0)I2is equal to 0.

2.6.3 Correlation time

It is possible to identify the probe interaction with its surroundings by taking into consideration
the linewidth, expressed as a function of:

v' Correlation time T (linked to the system microviscosity);
v Steric dimensions, monitored by the paramagnetic probe.

The correlation time expresses the lifetime of the molecular configuration, before it rotates 360°,
regaining the initial configuration. Such value is an estimate of the mobility of the radical. For
nitroxide radicals in solution, the main relaxation mechanism (which determines the linewidth and
therefore the overall shape of the spectrum) is the change in orientation of a given molecular
configuration (rotational motion). This gives rise to a modulation in time (and in the rotational space)
of the components of the tensors g and A. Depending on the value of 1¢, 3 limit-situations can be
distinguished for the motion in solution.

Fast motion conditions, which occur when t. <10? s. In this situation, there are three narrow
Lorentzian lines. By replacing the appropriate values, it is possible to use a simplified formula for the
calculation of t. starting from the experimental spectrum.

h
T, = 6510710 AHy - h_01 +
+

Where AHois the line width at half maximum of the central peak and ho h+1 and h-1are the peaks
of the 3, having different values of mi. The constant multiplicative value contains precisely the
components of the tensors which are constant for a certain type of system and can be obtained under
conditions of rigid motion when there is a total resolution of the anisotropies.

Slow motion conditions, for correlation times in the range between 10s and 5-107s, in which the
anisotropies of g and A begin to resolve and the spectral parameters can no longer be obtained
directly from the spectrum. Appropriate calculation programs are then used to solve the spin
Hamiltonian and evaluate the row shape.

For tc >107 s the system appears blocked (rigid motion): in this case it is possible to simulate the
spectrum without taking into account the relaxation. For an axial symmetry system, the complete
resolution of the parallel and perpendicular components of the tensors A and g is assumed. Different
relaxation modes according to the molecular direction considered will prevail, since rotation around
the z-axis is favored over rotation around the two perpendicular directions.
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Figure 2.5 EPR absorption spectrum, in derivative form in various mobility conditions

2.6.4 Relaxation and line width

The absorption of microwave radiation causes spin transitions. The lifetime of a spin state is
linked to the interaction of the molecule with its surroundings. This gives rise to relaxation
phenomena that allow the spin system to transfer the energy previously absorbed to its
surroundings and return to the ground state.If this did not happen, or if the speed of the
transitions were higher than that of relaxation, a saturation condition would be quickly reached
with a consequent total loss of absorption.

Mainly, the relaxation processes are due to local magnetic fields fluctuations generated by the
molecular motion. If these fields have oscillation frequencies similar to those of the resonant field,
they can cause relaxation. Relaxation processes have a significant influence on linewidth. If the
lifetime of a spin system is shortened by relaxation, uncertainty about the real value of the energy
increases with consequent line widening, following what is established by the uncertainty
principle.

There are therefore two types of relaxation:

¢ Longitudinal, due to spin-lattice interactions (T1);
e Transversal, due to the spin-spin interaction (Tz), corresponding to the time necessary for
the spin directions to be redistributed according to all possible angles around z.

The shorter time predominates. When the interaction between the spins creates a series of close
energy levels, each of which has indeterminate energy from the Heisenberg principle, then a form
of Gaussian line (Lorentzian envelope) is obtained.

2.6.5 Main parameters directly measurable from the EPR spectra

The following values are measurable in the EPR spectrum:

e 2A: and 2<A>: for nitroxide radicals in slow motion conditions, 2A:: is calculated by subtracting

(in Gauss or Tesla) the maximum positive value of the Gaussian peak (h-1) and the negative
minimum value referred to the same peak (h+1). For fast motion spectra, the distance between the
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two high-field and low-field peaks provides the 2<A> parameter. For nitroxide radicals, these
values afford a measure of increases or decreases in polarity in the surroundings, directly from
the spectrum.

¢ Hs/Ht in case the slow (s) motion signal superimposes to a fast (f) motion one, Hs/H: represents
the ratio between the peak heights of the two signals, which may be transformed into the
percentage of the interacting probes that give rise to the slow component:

e AW (line width): the Heisenberg exchange frequency, We, measures the increase in the local
radical concentration in a fluid system due to spin-spin interactions. In a system with low motion-
freedom, a dipolar interaction between neighboring spins prevails. The main effect of spin-spin
interactions, that is, dipolar interaction and low exchange frequency, in the EPR spectrum is
reflected by increase in linewidth, AW. Therefore, this parameter (distance between peaks
maximum and minimum in derivative form) provides a measure of spin-spin interactions, in turn
indicating radical local concentration. If strong spin-spin interactions occur, a high Wex provokes
linewidth narrowing, while a strong dipolar interaction let the broadening being so large to
decrease the spectral intensity.

e gz and <g>: these two parameters, measuring the coupling between the electron spin and the
magnetic field, satisfy the equation hv = gBH, where v is the frequency, (3 is the Bohr magneton,
h is the Plank constant, and H is the magnetic field (Hz. or <H>, as the central field in slow motion
and fast motion spectra, respectively). For nitroxide radicals, usually these values poorly change,
being gz variable between 2.002-2.003, and <g> around 2.006 (for free electrons, <g>=2.0023).

e S (order parameter): measures the oscillatory motion of the carbon chain bearing the radical
group inserted in a structured system, ranging from 0 (completely disordered system) to 1
(perfectly ordered system).

S:@ A//—AJ_

1
n Azz ) (Axx + Ayy)

Where Z—Ois the polarity correction factor. The values of the hyperfine tensor are those obtained
n

from computation.

Usually the above described parameters are used in a comparative way, to analyze the properties
of related systems. To obtain a more accurate evaluation of the structural and dynamical parameters
a spectra computation is needed, using programs taking into account the relaxation process and the
resolution of the dynamic Schrodinger equation.

2.7 Paramagnetic systems and EPR instrumentation used in the present
thesis work

The use of spin probes has been introduced to further extend the application field of this technique
in biological systems, in which paramagnetism occurs very rarely. These are non-perturbative
paramagnetic species, allowing the study of the surface of diamagnetic species with whom they
interact.

This technique uses two types of strategies, by means of:
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e Spin Probes: they are paramagnetic probes that are used to investigate structural and dynamic
properties. They act as "cameras" capable of providing information about the molecular
chemical environment.

e Spin Labels: they are stable paramagnetic units linked covalently or through a permanent
physical interaction with molecules belonging to the system itself.

The choice between one strategy or another depends on the system and on the type of
information to be obtained. In both cases, the probe must be sensitive to the surroundings to be
studied, without modifying it.

2.7.1 Nitroxide radical probes

Nitroxide is a radical group, since the oxygen, by binding with nitrogen, places an unpaired
electron in a sp hybrid orbital. ¥l This electron is then delocalized on the whole group, according
to two limit forms.

Figure 2.6 Nitroxide radical resonance forms

Since nitrogen has a nuclear spin I = 1, the values that the magnetic quantum number (mi) can
assume are [+1, 0, -1]. Therefore, following the hyperfine interaction between the unpaired electron
and the nitrogen nucleus, three transitions are allowed:

*
+1rz
hv
-z
|

Figure 2.7: EPR spectrum obtained from the analysis of a nitroxide radical. Three lines arise due
to the interaction of the unpaired electron with a nucleus having spin 1= 1.
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In the figure, it is also possible to observe an example of the first derivative EPR spectrum that is
obtained from the analysis of a nitroxide radical, with three lines due to the interaction of the
unpaired electron with a nucleus having spin I=1. It is possible to obtain information on the chemical
surroundings in which the nitroxide was inserted by observing the variation of certain parameters.
A free nitroxide radical is not only sensitive to the rotational motions of the molecule itself, but also
to the type of solvent and other solutes used and therefore to its molecular surroundings.

The explanation for this is that the magnetic resonance parameters of any radical species are very
sensitive to the electronic distribution in the molecule, and are therefore influenced by perturbations
of the surrounding environment. It would be possible to notice a variation of the electron-spin
nuclear-spin coupling, (hyperfine coupling Anx), as regards the nitroxide radical in the example given
in Figure 2.6: situation B is strongly stabilized by the presence of a polar neighborhood, as in the case
of solvation with water, while the situation in A is related to non-polar environments. This variation
affects the EPR spectrum by changing the electron-nucleus hyperfine constant.
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Figure 2.8 Nitroxide radicals exploited in this work: A) TEMPO group B) CAT12 Spin Probe

The evaluation of this constant will allow us, therefore, to ascertain the polarity of the environment
experienced by the paramagnetic probe, as shown in paragraph 2.6.2 and already discussed in
paragraph 2.6.5.

2.7.2 EPR spectra of Cu(II) ions

The graph of the electronic energy levels for the Cu(Il) ion is shown in figure 2.9, which also shows
the effect of the electron Zeeman interaction.
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Figure 2.9: Splitting the states of a d9 ion in an Oh ligand field
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Copper is an element with a nuclear spin I = 3/2 and therefore consists of four lines (n. lines =
21+ 1). Through the perturbation theory it is possible to calculate the magnetic field values for the
four absorption lines:

m
hvy —g—S’-\/(Aﬁ/-gi — A% -g})costy + A% - g,

B, =

Be - J (93 - g}/) - cos?y + g},

where

gs = J(gi ~ g},) - cos?y + g7,

v is the angle between the z-axis of the laboratory reference system (i.e. the direction of the
magnetic field) and the z-axis of the main axis system of g (it has been considered that the main
axis systems of A and g coincide).

Fortunately, the relaxation mechanisms of nitroxide radicals and Cu(Il) ions coincide. This
allowed us to use the same empirical parameters and calculation programs, already described for
nitroxide radicals in paragraph 2.6.5. The main difference is the meaning/use of the magnetic
parameters gz-/<g>and Az-/<A>. For Cu(Il) ions these parameters change in function of the type of
complex/coordination (and geometry) formed by the ions with different ligands.

2.8 EPR device used in this work

For this dissertation and all the related papers, it was used a continuous wave (CW) Bruker X
Band 9.5 GHz, interfaced with a Bruker microwave bridge, ER 041 XG type (serial number
W1702025).

The device is interfaced with a computer to process the signal.
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3 - DENDRIMERS

3.1 Introduction and structure

Dendrimers constitute a particular class of polymers that exhibit a high degree of symmetry and
monodispersity, deriving from a series of reactions of type ABx, with x > 2. The name dendrimer
derives from the Greek "Dendron", i.e. tree, in reference to the highly branched structure, reminiscent
of a bare shrub.

Their applications are wide ranging: from medicine to material chemistry, as drug per se or
conjugated to pharmacologically active molecules, ligands for biological targets, fluorescence probes,
or as contrast agents for imaging. V! The family of dendritic macromolecules includes a variety of
different compounds, characterized by monodispersity and well-defined symmetry.

Hyperbranched Dendritic-linear Dendrigraft Dendronized Dendronized
Polymers Surface polymers
Y N > Vi ¢
WSt £ 05 Weae Y
%‘% oY ﬁa O me——im {(& ¢
PN 73{ tb =) N ) z\. \

Figure 3.1 Dendritic polymers

Dendrimers have a spherical structure and macromolecular dimensions; these structures should
not be confused with the "dendrons", even though often the two terms are used synonymously. It is
possible to compare the two structures in Figure 3.2. A dendron only consists of one section of the
complete dendrimer, and has different physico-chemical properties.

Focal
point

VY
M
LIRS

Core

Figure 3.2 Dendrimers vs Dendrons

The skeleton that constitutes the dendrimer can be composed of various types of polymers. It is
precisely from the composition of the skeleton that the dendrimer class takes its name, as well as the
vast majority of its chemical-physical properties.
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The most important skeleta are 1%

e Polypropylenimine (PPI)

e Polyamidoamine (PAMAM)
e Carbosilane

e Phosphorus Dendrimers

e DPolyether

Three components are common to all dendrimers:

e Central Core: the innermost core of the structure, composed of an atom or a small molecule
which often differs in nature from the rest of the skeleton.

¢ Generations: concentric layers of atoms arranged neatly, linked through cyclic reactions.
Starting from generation 0, often corresponding to the central core only, up to generation
12 are reported in literature.

¢ External terminal groups: the last generation is generally decorated with functional groups
based on the use designed for the polymer.

Since the diameter of the dendrimer grows linearly while the number of surface groups grows
exponentially for each generation, steric hindrance is marked at high generations. Low-generation
dendrimers usually have an open and flexible structure, while high-generation ones have a denser
structure. 1112]

The conformational state is different according to the type of skeleton of the dendrimer, many
of whom are strongly influenced by the pH of the medium in which they are immersed for the
possible establishment of electrostatic interactions between surface groups. Taking PAMAM
dendrimers as an example, it has been observed that at low pH values (less than 5) it has an
elongated structure, due to electrostatic repulsion between the internal proton tertiary amines. At
high pH values, however, we can observe a globular structure, tending to occupy all the available
space due to the absence of ionic “bridging” forces between the functional groups. ['%]

On the other hand, PPI dendrimers with terminal carboxy units maintain a globular structure
at any pH value, with more or less accentuated backfolded conformation.

3.2 History and Synthesis

Initially born as by-products of linear polymer synthesis, dendrimers have attracted increasing
interest in the final decades of the last century due to the extreme versatility that distinguishes
them. The first example of synthesis dates back to 1978, described by Fritz Vogtle. The procedure
was defined as a "cascade", with two reactions repeated cyclically eventually giving birth to the
final product. Unfortunately, this cannot be today defined as a dendrimer, given the high degree
of impurity, polydispersity, and very low yield achieved by Vogtle.

It was only in 1985 that a PAMAM dendrimer was obtained for the first time, characterized by
monodispersity and a well-defined structure, as a result of Tomalia’s work. This time, the synthesis
protocol adopted was named “divergent”: starting from a central amino core, he proceeded
outwards, through the reactions between methyl acrylate and ethylenediamine. The subsequent



polymerization of amidoamines led to a sixth-generation dendrimer, which mimicked a histone
structure for gene transport.

This type of synthesis, still widely used to date, involves the formation of the central core, on which
layers of monomers are cyclically reacted until the desired generation is reached.

The growth of the dendrimer can occur up to a "critical" branching level, beyond which it can no
longer increase due to the growing density of the dendron, as direct result of the its steric limitations.
The divergent approach is widely used due to its effectiveness for the production of large quantities
of dendrimers. However, it is possible that collateral or incomplete reactions may occur, especially
for high generations. 8]

In 1993, Vogtle's work was resumed by the research team of Brabander-Van Den Berg and Meijer,
who made significant improvements to the synthesis generating the first PPI dendrimer. Finally,
Fréchet and Hawker faced the drawbacks encountered by their predecessors, creating a different kind
synthesis with a convergent approach. 14101l

This starts from the outside of the molecule and proceeds inwards. It was conceived by Fréchet to
overcome the drawbacks of divergent synthesis. It foresees two cyclically repeated reactions until the
desired generation is formed:

e Coupling Step: a type AB multifunctional monomer, with a protected function called "focal
point", is reacted by creating the outer layer of the generation
e Activation Step: the focal point is activated and reacted with other monomers.

These two reactions are repeated as many times as desired, until a dendron of the suitable
generation is created, which is then reacted with the central core to form the dendrimer. It should be
emphasized that each activation/coupling cycle requires only a small number of transformations per
molecule and therefore only a few excess reagents are needed. 1"

Nowadays, dendrimers are synthesized with step-wise processes in order to avoid non-
quantitative reactions or unwanted by-products. For the subsequent external functionalization, the
use of click chemistry practices is common. New methods have been recently developed, but to date,
these two synthesis methods are still the most widely used. ['Il17]

Lately, accelerated growth approaches are becoming more and more popular between chemists,
exploiting different mechanisms: the so called “orthogonal strategy” allows, for example, the
production of up to 6" generation dendrimers in one day, through the use of activated AB:C type
monomers. Nevertheless, the holy grail of dendrimers, namely the one-pot synthesis system for high
generation dendrimers with a single purification step, is far from being achieved. I3

3.3 Applications in the Biomedical Field

Dendrimers find innumerable outlets in the biomedical field. Extreme structural versatility and
high biocompatibility are just two of the characteristics that make this class of polymers so special. !
The globular structure gives them a weak adhesivity to biological membranes, with reduced
cytotoxicity. The numerous cavities present in the skeleton allow the complexation/coordination of
smaller chemical entities (such as metal ions, genetic material or proper drugs), in a host-guest
mechanism.?!l

Dendrimers can therefore act as metallic carriers with low tissue accumulation, when compared
with metallic markers.??! The interior of high-generation dendrimers undergoes little penetration by
the solvent: in an aqueous solution they have a micellar-like behavior, maintaining a hydrophobic
internal environment.
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Thus, they are excellent drug transporters, aligning with modern smart drug-delivery
techniques. New and old molecules can be incorporated inside the structure (endo-receptor) or
linked to external branches (exo-receptor). This allows the on-site preservation and transfer of
poorly soluble drugs, significantly improving the bioavailability of the drug itself. Another
supramolecular level application is the use of dendrimers as support for controlled release
systems.

Schematizing, the main fields of use in medicine are: 2118112311241

e Drugs per se;

e Pharmacological Carrier;

e Gene Transfection Agents;

e Magnetic Resonance Imaging Agents;

Table 1. Most successful dendrimers so far:

Distributing Research
Dendrimer Type Applications
A2 Company PP Status
— HIV and SDS Cliimsieeil
Vivagel Y StarPharma Transmission Studies Phase
bys Prevention I
. Cardiac In
Stratus CS PAMAM Dade Behring diagnostic tests commerc.
Transfection In
fect PAMAM i
Supertec Qiagen agent (gene delivery) R
Transfection In
Priofect PAMAM Starph
riotee arphiatma agent (gene delivery) commerc.
Anthrax detecti In
Alert ticket PAMAM U.S. army lab nrax detection commerc
agent :
DEP®Dendrimer- Poly-L- Staroharma Breast cancer Under
Docetaxel Lys P treatment Development
Dendrimer- Poly-L- Starpharma Colon cancer Precl‘inical
oxaliplatin Lys P treatment studies

3.3.1 Dendrimers as antimicrobials

The emergency of the drug resistance widespread has shifted research to new molecular targets
to be used as antimicrobials.

Dendrimers have been identified as potential new drugs to treat infections. Thanks to the
numerous interactions between the dendrimer surface groups and microorganisms, they find a
wide range of applications: from antibiotics to antivirals, antifungal agents and more.

In particular, carbosilane dendrimers and metallodendrimers show high activity at low
generation as well, as shown in chapter 1.
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As regards the use of antivirals, dendrimers demonstrated great potential in the treatment of
herpes simplex infections (HSV) and HIV-1 infections, as topical microbicides to be applied rectally
and/or vaginally in order to protect the patient from infections. Dendrimer SPL7013 (VivaGel™),
distributed by Starpharma Pty Ltd (Melbourne, Australia), is a sulphonated L-Lys based compound.
At the moment the drug is in phase III of the clinical trials, and has proven to be well tolerated by
both animals and humans. *°!

3.3.2 Dendrimers in the treatment of cancer

In recent years, research in the fields of new chemotherapy agents has turned its attention to drugs
with greater cellular selectivity. The major drawback of conventional chemotherapy is the poor cyto-
selectivity, which causes countless side effects worsening patients’ life expectancy.

Dendrimers have proven to be a good substrate for the development of site-specific chemotherapy,
through surface modifications with ligands capable of recognizing and binding to cancer cells only.
A few examples of such ligands are folic acid, glycosidic groups, and colchicine. In this last case, the
modified dendrimer is recognized by the tumor cells with a good degree of selectivity, inhibiting its
mitosis processes following the intracellular release of colchicine. 2!

Frequently, dendrimers designed for this purpose are coordinated with metal ions, to exploit the
synergic activity of the two classes of molecules. The outcome of the binding, called
metallodendrimers, are described in section 3.4.2.

Despite the high potential of such antitumoral agents, the required degree of potency and
selectivity for tumoral cells to replace traditional anticancer drugs hasn’t been reached yet. This thesis
aims to get one step closer to the discovery of effective metal conjugated dendrimers for the treatment
of cancer.

The vast field of metallodendrimers as antitumoral agents will be discussed in chapter 1

3.3.3 Dendrimers in the treatment of neurodegenerative pathologies

Dendrimers have in vitro shown the ability to interfere with the formation of amyloid fibrils
structures typically linked to the appearance and development of so-called conformational diseases,
such as Alzheimer's or prion diseases. [?7]

To date, PAMAM dendrimers proved the highest potency in this sense. However, due to the
intrinsic toxicity of positively charged dendrimers, research has moved towards the design of more
biocompatible molecules such as glycodendrimers, described in section 3.4.1. The use of dendrimers
in the treatment of neurodegenerative diseases is one of the most promising fields from a
pharmacological point of view, also taken into account that no treatment is currently available, other
than symptomatic.

3.4 Structural improvements to classic dendrimers

3.4.1 Glycodendrimers

Dendrimer structures with terminal amino residues can hardly find use in the biomedical field,
given their high toxicity.

In fact, the amino groups, protonated at physiological pH, interact with the cell membranes
causing lysis as a final effect. This cytotoxic behavior is more marked in the presence of more amino
residues. Therefore, the toxicity increases exponentially together with the generation of the
dendrimer.
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Research has gone in the direction of mitigating this toxicity, through various techniques. One
of the most effective is the bonding of oligosaccharide groups on the terminal amines, making the
dendrimer completely biocompatible. The most used sugar-coating techniques imply the use of
maltose, galactose, or maltotriose. The effect of the addition of carbohydrates is multiple: besides
the renewed bioavailability, it allows the dendrimer to interact with a variety of
physio/pathological processes, thus making it versatile for use in drug delivery and/or as drug per
se.

Based on the degree of substitution of the surface amines, we can divide the resulting structures
into:

¢ Dense Shell (DS), i.e. all the amino hydrogens are replaced by carbohydrate units,
resulting in a complete coating of the molecule. For a generation 4 PPI, presenting 64
terminal amino groups, it implies the conjugation of 128 sugar groups.

e Open Shell (OS), i.e. only 50% of the hydrogens in the amino groups are replaced. For a
generation 4 PPI, on 64 amino groups, it implies the conjugation of 64 sugar groups.

e Other, recently, lesser degrees of substitution are being explored

What differentiates the synthesis of DS and OS is the number of sugar equivalents that are
added in reaction: a large excess of oligosaccharides is processed for DS, while in OS the precise
number of moles must be added, trying to get a 100% yield. The synthesis of this coating type can
be less time-efficient. The coating process performed in this work is carried out under click
chemistry conditions. %)
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Figure 3.3 Example of PAMAM Dendrimer, coated with maltose groups

Given glycodendrimers extreme biocompatibility, this thesis aims to use them as a well-
tolerated metal chelator, for the treatment of metal accumulation pathologies such as Wilson
disease.
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3.4.2 Metallodendrimers

Metallodendrimers are the combination of dendrimers and metal ions, greatly improving the
range of application of this class of molecules. Such metals can be incorporated in a preformed
dendrimer, or take part to the dendrimer growth.

They can be: Bl

e Dendrimer core

e Dendrimer termini

e Branching units

e Connectors

e Placed at multiple locations

O

Figure 3.4 Different metal location inside the dendrimer skeleton: (A) Core; (B) Periphery; (C) nodes of
ramification; (D) Multiple locations; (E) inside the cavities; (F) as building-blocks. (Review, figure 1)

The possibilities of this emerging class of molecules are wide, both biomedical and non-
biomedical. Several examples are reported in literature, for their use as antiviral, antifungal
antibacterial agents.

One of their most studied applications is the treatment of cancer, namely the purpose of their
application in this thesis. The most exploited metal ion for this purpose is Pt(II), followed by, among
the others, Ru(Il), Gd(I) and Pd(II). 128
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Fig. 3.5 state of the art of antineoplastic metallodendrimers. (Review, figure 3)

The metallodendrimers synthetized for this work are carbosilane, and chelate Cu(II) and Ru(II)
ions acting as Schiff-base ligands.
A detailed explanation of the metallodendrimers world and application is present in chapter 1.
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CHAPTER 1

Carbosilane metallodendrimers as promising
antitumoral agents

35



1-INTRODUCTION AND GOALS

1.1 Introduction

1.1.1 Cancer and nanotechnologies

Cancer is a major threat issue humanity has to face, with approximately 9.6 million deaths
per year. Among the various types of tumor, lungs, breast and prostate cancer are the deadliest,
accounting for over 37% of the total demises, as GLOBOCAN estimated in 2018.

Cis-Platin, by far the most successful metal-conjugated drug ever made, is still used for
the treatment of various types of cancer, bladder, lungs, ovarian and more. Its mechanism relies
in DNA cross linking, affecting more fast replicating cells, like tumoral ones. However, several
side effects come along with the treatment, the most common ones are a decreased immunity
to infections, allergic reactions, and kidneys problems.

The biggest problem related with cis-platin though is the induced resistance to the
treatment, which pushed physicians to combine it with other drugs to mitigate this effect.

Nanotechnology is addressed as one of the best candidates to overcome old drugs
limitations. Its strength relies in the use of various novel techniques, like malignant
hyperthermia induced by magnetic nanoparticles, smart drug-delivery with liposomes etc.

Dendrimers, as already described in the introduction of this work, are a very promising
class of molecules for the treatment of cancer, being able to deliver traditional drugs as smart
carriers or to act as drug-per-se.

Among the various types of dendrimers used for the treatment of cancer, Schiff-base-
bearing carbosilane have had a discrete success, thanks to their ability to firmly chelate metals
ions and synergically express the antitumoral activity.

1.1.2 Schiff-base carbosilane metallodendrimers

The general synthesis adopted by our group for carbosilane dendrimers is the following:
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Figure 1.1 General synthesis of carbosilane dendrimers

This way, it’s possible to reach the desired generation, achieving high yields and product
purity. Carbosilane skeleton grants a high degree of interaction with biological membranes, due
to its balanced hydrophobicity, stability and flexibility.['l It was therefore chosen as a promising
starting point for the development of antitumoral agents.

The modification of dendrimer termini with iminopyridine groups makes a Schiff-base
bidentate, ligand out of the molecule, allowing it to chelate metal ions. This way it’s possible to
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bind them the dendrimer skeleton, in a directly proportional number to the dendrimer branches, and
therefore to the dendrimer generation.
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Figure 1.2 An example of generation 2 metallodendrimer, bound to a generic penta-coordinated metal.

The combination of dendrimers and metal ions allows to get access to a wider variety of
mechanisms of action for the treatment of cancer, if compared to the dendrimer alone.
The following review describes in details the world of metallodendrimers.

1.2 Objectives

In this chapter, the attention is focused on studies performed on carbosilane metallodendrimers
for the treatment of cancer.

Our goals were the following:

¢ Study and define the state-of-the-art of metallodendrimers for the treatment of cancer and
infectious diseases.

* Design, synthetize and characterize novel metallodendrimers with potential as antitumoral
agents.

¢ Study the interaction of the newly synthetized metallodendrimers with biological systems and
define their antitumoral activity.

1.3 Methodology

The synthesis and characterization of the molecules was carried out in the laboratories of Alcala
University under the guidance of Prof. de la Mata and Prof. Garcia-Gallego.

In-vitro testing was carried out with both healthy and tumoral cell lines, allowing to compare the
results obtained for different kinds of cancer. For one metallodendrimer structure, it was also possible
to carry out an ex-vivo testing, as shown in the results and discussion section.
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The structure-interaction relationship of the newly synthetized structures with model
membranes and cells was investigated by means of the EPR technique, by directly analyzing
paramagnetic metal ions (when present) and/or inserting spin probes in the biological systems.
EPR studies were performed in the physical chemistry laboratory of Urbino University, by the
group of Prof. Ottaviani.

1.4 Results

* OQur first goal gave birth to a review which presents the current state of the art of
metallodendrimers, their uses in the biomedical field and applications for the treatment of the
most diverse pathologies. The first half of the review is about the use of metallodendrimers for
the treatment of cancer. An historical overlook of the use of metal-conjugated drugs for the
treatment of tumors will introduce the topic, followed by a detailed description of the most
successful metallodendrimers synthetized for this purpose.

* Our second and third goal resulted in the publication of three papers describing the synthesis
and characterization of novel antitumoral carbosilane metallodendrimers. A particular
emphasis was given on the effect of different metal ions, dendrimer generations, metal
counterions, and structure substitutions on the antitumoral activity. The outcome of these
studied is going to be summarized in section 2.
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1. Introduction

Since ancient times, inorganic compounds have been used to treat different diseases. The
discovery of Arsfenamin to treat syphilis in 1910 by Paul Ehrlich launched the clinical use of
metal-based drugs.! Although in some cases the treatment is carried out with inorganic salts of
the corresponding metal, in most of them coordination complexes and organometallic
derivatives are employed. The metal complexes present the ability to form strong interactions
with the target biomolecule thanks to the combination of the coordination ability of metals,
through covalent or ionic bond, with the unique stereoelectronic properties of the ligand.
Moreover, the complexation of metals ions to organic ligands frequently reduces their toxicity

Table 1 Overview of common metals used in clinic, including examples of commercially
available metallodrugs:

Metal Therapeutic/diagnostic application Metallodrug

Au Rheumatoid arthritis, gout Auranofin®

Ag Antiseptic in burns and wounds Silvadene®

Cu Dermatitis, algaecide, fungicide, antioxidant Copper aspirinate
Pt Cancer Cisplatin®

Gd Contrast agent for Magnetic Resonance Imaging Magnevist®

Zn Peptic ulcer disease, dyspepsia Polaprezinc®

Co Synthesis of vitamin B, Cyanocobalamin
Li Manic depression Lithobid®

Bi Stomach discomfort, diarrhea, skin injuries Pepto—Bismol®
Hg Antiseptic Meralein sodium®
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and improves both the bioavailability and the absorption of ions in tissues. The versatility of metal
complexes, with a great variety of coordination numbers, geometries, structural diversity and kinetics
of ligand exchange, places them as promising candidates in biomedicine (Table 1). Many other fields
have also benefited from their catalytic properties, redox activities, Lewis acid- ity, magnetic and
spectroscopic properties, radioactivity, etc. Nevertheless, the treatment with metallodrugs is often
associated with a high toxicity and side effects,? thus highlighting the need to develop novel strategies
with higher efficiency and selectivity. The potential accumulation of the metal ions in the human
body could be harmful, leading to the development of exhaustive studies of their biodistribution and
interaction with biological molecules.’

Nanotechnology has emerged as a promising alternative to traditional treatments. The nanometric
size and the high surface area of these tools often lead to an increase in the therapeutic response and
specificity. Since the first conceptualization of molecular machines and nanotechnology in 1959 by
Richard Feynman,* the field has expanded exponentially and multiple strategies have been reported
in the literature, including nanoparticles, liposomes, micelles and dendrimers.> Dendrimers and
dendritic polymers emerged as a class of macromolecular structures, with an arborescent shape,
highly branched and symmetrical, prepared through the repetition of a series of reaction steps that
extend from a nucleus to the periphery. Such controlled synthesis, unique among the
nanotechnological tools, pro- duces monodisperse molecules with application-driven design.
Together with their chemical stability, multivalence and possibility to on-demand attach therapeutic
drugs, monitoring tags or other biomolecules, have boosted their use in the last decades not only in
the biomedical field, but also in cosmetics,® catalysis” and photochemistry,® among others.

The field of dendritic polymers comprises different topologiesmonodisperse dendrimers and
dendrons, polydisperse dendritic polymers and hybrids— and different scaffolds —polyamidoamine
(PAMAM), polypropyleneimine (PPI), carbosilane, polyesters, polyether, polyglycerol, and
phosphorus dendrimers, among others.”!! Traditional synthetic approaches to dendrimers include
the divergent, the convergent and the mixed synthesis methods. The divergent approach was
described in 1978 by D. A. Tomalia and consists on a sequence of reactions that emerge from the core
to the periphery.’? Later, in 1990 C. Hawker and ]. M. ]. Frechet developed a new method, in which
the synthesis of the dendrimer was carried out in the opposite direction, called convergent synthesis.'®
The syn- thesis is mainly based on the attachment of dendrons to a multifunctional core, building the
dendritic macromolecule from outside to inside. While the divergent synthesis might be suitable for
large-scale production, the increasing steric hindrance in the growth to higher generations can
compromise the purity and monodispersity of the final dendrimers and structural defects may
appear. On the other hand, the convergent route reduces the possibility to get structural defects, but
it is mainly limited to low-generation dendrimers, considering the steric hindrance in the attachment
of big dendrons to the core. Finally, the mixed method emerged as an alternative to the previous two
methods with the aim of reducing the disadvantages of both.* Recently, accelerated-approaches have
remarkably simplified the synthetic routes to dendrimers and rely on the extraordinary properties of
chemoselective and orthogonal reactions.!>® This growth concept makes the typical usage of
activation steps obsolete, reducing the reaction time and increasing the total yield.

Considering their structural perfection, nanometric size and resemblance to proteins, dendrimers
have been described as “artificial proteins.” Dendrimers are in the size range of other biomolecules
like DNA (2.4 nm), insulin (3 nm), hemoglobin (5.5 nm) or membrane lipids (around 5.5 nm)."”

Furthermore, some dendrimers have the ability of mimicking actions of their biological analogues
such as self-assembly, catalysis or light collection.!® These similarities have led the scientist to conduct
studies of these macromolecules in different biomedical applications. Dendrimers can act as
therapeutic agents per se or as carriers of drugs or biomolecules through encapsulation, electrostatic
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interactions or covalent bonds. These macro- molecules have been studied toward different
diseases such as HIV infection,’” malaria,? neurodegenerative diseases,? bacterial infections,?
cancer and diagnosis,”®> among others. The reader is referred to excellent reviews in the
literature.17.24

The combination of metal ions and dendritic scaffolds can lead to enhanced or even new
properties, in the so-called metallodendrimers. The multivalency and monodisperse nature of
dendrimers enable a con- trolled attachment of multiple metal entities in a single molecule, which
has proved to be more effective than their mononuclear counterparts.?> There are different
positions in the dendritic framework susceptible of incorporating metals (Figure 1). The synthetic
route will be dictated by the location of the metal ion, being included during the growth of the
dendritic scaffold or after, on a preformed dendrimer. Moreover, the location of the metal ion,
together with the nature of the metal, will determine the final application. For example,
metallodendrimers containing ruthenium, gold, copper, zinc, iron or technetium have been
evaluated due to their therapeutic or diagnostic potential. This review summarizes the latest
advances in the use of metallodendrimers in the field of biomedicine, focused on the treatment of
cancer and infectious diseases as the most widespread uses. The reader is referred to an excellent
review published in 2012 by G. Smith to previous state-of-the-art in the field of anticancer agents.?

The demand of multipurpose materials is increasingly changing the focus to heterofunctional
dendritic molecules, bearing different moieties in a single scaffold. Therapeutic drugs, monitoring
tags or targeting moieties can be attached in a single dendrimer and enhance the efficacy of the
treatment. Several approaches have been reported in the literature, where the heterofunctionalities
are introduced in the periphery or in the scaffold either randomly or in a controlled way (Figure
1G-I). This review will also present different heterofunctional metallodendrimers, based on
whether the heterofunctionalization has been performed only with metal complexes or if other
molecules have been incorporated to provide additional proper- ties such as water solubility or
tracing tools. Surprisingly, despite the numerous possibilities that exist today in
herofunctionalized dendrimers, only a few have been used in the field of metallodendrimers.
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Figure 1 Metallodendrimers classification attending to the metal position in the frame- work. (A) In the
center of the skeleton; (B) in the periphery; (C) in the nodes of ramification; (D) in different points of the
structure; (E) inside the cavities; (F) as building-blocks; (G) heterofunctional random; (H) heterofunctional
layer-block; and (1) heterofunctional dendron.

2. Applications of metallodendrimers in biomedicine

2.1 Metallodendrimers in cancer treatment

Cancer is one of the main causes of death in the world. According to GLOBOCAN estimations for
the year 2018, 18.1 million new cases would be diagnosed with cancer and this disease would be
responsible of 9.6 millions of deaths.”” From a biological point of view, cancer arises from an
uncontrolled cell proliferation that in some occasions acquires the ability to invade foreign tissues
producing what we know today as metastasis, and often leads to the death of the patient. Due to the
heterogeneous causes, it is difficult to find an effective and non-toxic treatment for cancer.

The use of metal complexes in cancer treatment started when Rosenberg discovered the potential
of cisplatin in 1969.%% Its mechanism of action resides in its ability of interacting with DNA, which
avoids its replication, leading to cell death through apoptosis. Cisplatin and their second- and third-
line analogues, carboplatin and oxaliplatin, are currently one of the most used strategies in clinic to
treat patients with ovarian, lung, head, neck and bladder cancer. However, they also produce
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undesirable side effects and drug resistance related to their non-specificity.? In this sense, nano-
technological tools can greatly improve cancer treatment. Due to their nanometric size, these tools
benefit from non-specific targeting to solid tumors, known as enhanced permeation and retention
effect (Figure 2).° The defective anatomy of the vasculature surrounding the tumor, highly dis-
organized with numerous dilations and pores, together with functional anomalies produce a high
permeation and retention of these nanoparticles, thus increasing the therapeutic index.
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Figure 2 Schematic representation of different mechanisms which nanocarriers use to deliver
drugs to tumors, including passive tissue targeting (enhanced permeation and retention effect) and
active cellular targeting. Reprinted by permission from Springer Nature, Peer D, Karp JM, Hong S,

Farokhzad OC, Margalit R, Langer R. Nanocarriers as an emerging platform for cancer therapy. Nat
Nanotechnol. 2007,2 (12):751-760. Copyright 2007.

In the search for new antitumor strategies, the combination of metal complexes and dendritic
scaffolds seemed like a logic transition to explore. Different examples have been reported in the
literature, where metallodendrimers act directly as drugs, or as carriers of drugs o genetic material
in gene therapy. Furthermore, they have been studied as diagnostic tools or even as theranostic
agents, combining both therapy and diagnosis. All these applications will be reviewed in the
following sections.

2.1.1 Metallodendrimers as anticancer drugs

Considering the potential of platinum complexes as anticancer agents, a popular alternative has
been the use of polymeric supports which enable the sustained release of the drug into the
extracellular fluid.®! The first metallodendrimers reported in the literature contained this drug in
its structure, providing non-toxic and multivalent platforms. Figure 3 presents the state-of-the-art
timeline in the development of anticancer metallodendrimers, as highlighted by Smith in 2012.26
In 1999, the first metallodendrimers with antitumor properties were presented to the scientific
community, when Reedijk et al.®> and Duncan et al.** designed platinum complexes conjugated
with PPI and PAMAM dendrimers, respectively, showing high cytotoxic activities in diverse
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cancer cell lines. The carboxylate-decorated PAMAM dendrimer showed a high cytotoxicity in
cisplatin-resistant cell lines, like an ovarian cancer cell line (SKOV3). However, the PPI
metallodendrimer with four metal centers showed a low cytotoxicity in two mouse leukemia cells
lines (L1210/0 and L1210/2) and seven human cancer cell lines, probably due to the high steric
congestion hindering the cellular uptake. After this starting point, researchers introduced structural
modifications with the goal of reducing some of the severe effects involved in the treatment with
cisplatin. For example, the efforts of Gust et al.* on achieving a more selective system for breast cancer
led to platinum G1-PPI metallodendrimers which improved the cellular uptake and DNA binding
20-700 times more than the free drug in breast cancer cells (MCF-7). Besides platinum, other metal
ions have been reported in the state-of- the-art of metallodendrimers, such as ruthenium(ll),
copper(Il), gold(I) and palladium(II), as depicted in Figure 3. It is worth highlighting that, in recent
years, the research focus has shifted to such alternative metals, with few examples of new platinum
metallodendrimers. A summary of the most promising ones and their cytotoxicity indices are
included in Table 2 and will be discussed below.
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Figure 3 State-of-the-art in anticancer metallodendrimers until 2012, including selected examples.?

45



Table 2 Overview of selected metallodendrimers including the cytotoxicity index ICso in
different tumor and non-tumor cell lines, after 24 h treatment.

Entry Metal Dendritic scaffold Metal complex Number metals Cell line (tumor, *non-tumor) ICsp =50 (uM) Ref.
1 PHIV) G4-PAMAM ;—NH 12 CHI1/PA-1 0.009 £ 0.002 -
A549 0.15£0.03
SWA480 0.04£0.02
% ox 9 H,lL ;s
2 Rufll) GA-PA s 32 A2780 0.8:40.1 -
" & Nm A2780dsR 27401
N Ru~ =
cN’“‘F" vo o~ *HEK 26
PFy
3 Rl G1-CBS i 4 Hela 81404 L
“® TNF i MCF7? 69405
R} Dy HT29 5.60.1
c- v MDA-MB-231 61+10
o PC-3 TEL14
cl HL-60 23+04
* HEK-239T 10.7£0.0
4 Rufll) GA-PA s 32 A2780 504+0.1° -
AN [ = A2780cisR. 173£15
RUEN. =
o *HEK293 12009
HO-/~O BPhy
5 Ru(ll) Gl-Pa @ PPhy Caco-2 a4 a4
~CEN-Ri-ppr, CAL-72 0.6*
o o MCF-7 25
CF3S0,
> AZ780 o
A2780sH 0.3
hMSC <0,05°
6 Rl G1-CBS [ Hela 63+02 !
* Nl MCF? 103405
‘}T’;‘P‘R"‘: N HT29 114404
Lyt &P HCC1806 22401
PC-3 B3x0.6
*142BR. 19.2+0.2
7 Cull) G3-PD 5 48 KB 0.46° 5
ONF s HL60 0.58°
Cu—Nz HCT16 0.30°
[ hallY MCF7 041
cl OVCARS 0.65°
us? 0.86°
*EPC 136"
*MRCS 0.80°
8 Cufll) G1-CBS s Hela 17405 “
i i) PC-3 34402
o MCF-T 21402
ho ono; HCC1806 19401
HT29 9305
*142BR. 7.7£05
9 Feill) G1-PA e DLD-1 17.0£1.2 o
A - HT29 339412
10 Refl) G1-PA N 4 Ad31 14.0942.23 =
e DLD-1 10.1840.47
] e o A2780 638+1.18
~oc co PFe *Bj 1769415
1 Au(ll) G3-PD i 48 KB 75475
X L HL&0 3306
Au—N_ =
(v W2 a *EPC 1000
cr AuCl *MRCS 12.0£5.0
12 Rh(In) G2-PA 3 8 A2780 8005
i A2780ciR 31403
RS
L *HEK293 4505
i
13 Ie{1In) G2-PA . 8 AZTHI) 0.75+0.01° ol
* N A2780ciR 35405
B —N
*HEK 286+1.3
)
PFg
14 Os(l1) G2-PA El A2780 16.4:+£12.5° 0
A2780cisR 35427

aValues after 72 h treatment. PLL, polylysine dendrimer; PA, polyamine dendrimer;
CBS, carbosilane dendrimer; PD, phosphorous dendrimer.



2.1.1.1 Platinum(II, IV) metallodendrimers

Among the recent trends on the design of anticancer platinum metallodendrimers, two different
approaches are prevalent. First, the use of dendritic scaffolds as carriers of cisplatin or analogues
through electrostatic interactions or encapsulation. In 2013, Palakurthi et al. reported a new family of
biotin-conjugated PAMAM metallodendrimers functionalized with amino and carboxylic groups in
their periphery with the ability to act as potential carriers of cisplatin.** All dendrimers studied
showed better anti- cancer activities than cisplatin in a wide variety of tumor cancer cell lines
(OVCAR-3, SKOV, A2780, CP70), as well as higher expression of apoptotic genes. All these properties,
besides their higher potential to form adducts with DNA, placed them as promising candidates in
this field. A similar strategy was recently proposed by Wheate et al., using a cationic PAMAM
dendrimer as a carrier of PHENSS, a potent platinum anticancer drug developed by Aldrich-Wright,
previously encapsulated with p-sulfonatocalix[4]arene.’® Unfortunately, the final dendritic
nanocomplex did not potentiate the anti- cancer properties but placed it as a possible vehicle to
increase the selectivity of the drug and decrease the side effects.

The second prevalent approach relies on the covalent attachment of platinum complexes to the
dendritic scaffold, leading to new metallodendrimers with anticancer activity per se. In 2016, Xu et al.
developed three different generations (G1, G2 and G3) of poly-i-lysine dendrimers with platinum
coordinated to selenium in the core and amino groups in the periphery (Figure 4A).5' The
coordination of platinum was carried out through the replacement of the chloro and amino ligands
in the cisplatin complex leading to the formation of a selenium-—platinum active site. These
dendrimers showed better cellular uptake than cisplatin allowing the reduction of the dosage, as well
as better anticancer activities in vitro. Importantly, the increase in generation led to a decrease in the
anticancer activity due to the reduced availability of the metal center. In vivo experiments carried out
in Balb/c mice with breast cancer showed that all metallodendrimers had similar activity than
cisplatin but did not affect the mouse weight, unlike cisplatin (Figure 4B). In the same year, Keppler
et al. conjugated an oxaliplatin analogue to G2 and G4 PAMAM dendrimers decorated with amino
groups, which showed improved cytotoxicity in some cell lines (CH1/PA-1, A549 and SW480) (Table
2, Entry 1).%

2.1.1.2 Ruthenium(II) metallodendrimers

In pursuit of new mechanisms of action that overcome cancer cell resistance to drugs, ruthenium
has stood out during the last years. The main reason is the wide variety of oxidation states (+2, +3, +4)
and the ability to reduce systemic toxicity through the mimicking of iron behavior and binding to
some biological molecules, including transferrin. Taking into account that some cancer cells have the
transferrin receptor overexpressed a high level of ruthenium complexes will be delivered
preferentially to these cells.

Currently, there are two ruthenium complexes in clinical trials, namely NAMI-A Haolm[trans-
RuCly(DMSO)(Him)] (Him % imidazole) and KP1019 HzInd[trans-RuCls(Hind):] (Hinds indazole),
both comprising Ru(Ill). Ru(Ill) complexes can behave as prodrugs, being reduced to

Ru(Il) in the solid tumor where a reducing environment is created due to the low oxygen content.
On the contrary, only Ru(II) metallodendrimers have been reported in the literature, probably due to
the protective nature of the dendrimer which enables a direct delivery of the active metal.
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In the search of new metallodendritic structures, the imine-type ligands have become popular,
since these can act as anchor points of various metals centers. In 2013, PPI metallodendrimers
functionalized with RAPTA (ruthenium(Il)-arene-1,3,5-triaza-7-phosphatricyclo) complexes were
developed and evaluated as anticancer agents.* Smith et al. presented a library
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Figure 4 Antitumor activity of Pt(Il) poly-L-lysine metallodendrimers.>' (A) Structure of the
second-generation metallodendrimer. (B) Changes in tumor volume and body weight in breast (4T1)
cancer mice models after the treatment with cisplatin, dendrimer and three different generations of
metallodendrimers. Reprinted with permission from Li T, Smet M, Dehaen W, Xu H. Selenium-—
platinum coordination dendrimers with controlled anti-cancer activity. ACS Appl Mater Interfaces.
2016,8(6):3609-3614. Copyright 2016 American Chemical Society.

of dendrimers from first to fourth generation and functionalized with N-monodentate,
specifically pyridine, and N,O-, N,N-chelating imine ligands and complexes with ruthenium(II)-
arene-PTA where the arene derivate can be p-cymene or hexamethylbenzene. They found a
correlation between the size of the metallodendrimer and the activity, being the complex with 32
phenol-imine ligands and p-cymene the most active, with ICs0 values in the low uM range in two
ovarian cancer cell lines (A2780 and A2780cisR) (Table 2, Entry 2). The dendritic scaffolds
improved the selectivity in vitro toward tumor cell lines, compared to their mononuclear
analogues. In addition, they demonstrated that the presence of PTA ligands in the metal complexes
improved the overall activity probably due to a better interaction with DNA.

Using the same chelating ligands but supported on a carbosilane scaffold, de la Mata et al.
presented in 2016 different families of Ru(Il) carbosilane metallodendrimers employing [Ru(n®-p-
cymene)CL]z as precursor and evaluated their anticancer activity in a wide variety of tumor cell
lines.*” The influence of the lipophilic dendrimer was clearly observed, being the first-generation
dendrimer with four functional groups the most efficient, activity that did not improve even if the
number of metal centers doubled in the second generation. The reported studies of reactivity
toward some biomolecules like Human Serum Albumin (HSA), Cathepsin-B and DNA confirmed
a different mechanism of action, compared to cisplatin, and in vitro antimetastasic activity. In 2019,
further in vitro studies— proliferation, cell cycle, cytotoxicity, cell adhesion—were performed on
selected first-generation metallodendrimers. Overall, the assays concluded that the
metallodendrimer with iminopyridine ligands G1-[[NCPh (0-N)Ru(nf-p-cymene)Cl]Cl]s was an
outstanding molecule with ICso values in the range 5.6-8.1 uM in different human cancer cell lines
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(Table 2, Entry 3). The authors evaluated the antitumor behavior of this metallodendrimer in an ex
vivo mice model of human prostate cancer, inoculating untreated or treated PC-3 cells
subcutaneously into two different groups of immunodepressed mice. A remarkable 82% smaller
tumor size was observed in the treated mice, compared to non-treated group, at the end of the
experiment (Figure 5A). An in vivo mice model was later established, using athymic male nude mice
nu/nu with subcutaneously injected PC-3 cells, in order to use a scenario as closer to clinical practice
as possible. In this case, the subcutaneous treatment with this metallodendrimer at a daily dose of 5
mg/kg inhibited up to 36% of the tumor growth (Figure 5A)and no appreciable negative effect in mice
health was observed
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Figure 5 Reported anticancer strategies employing the Ru(Il) carbosilane metallodendrimer G1-
[[NCPh(o-N)Ru(ns-p-cymene)CI]Cl]s. (A) Antitumor activity per se in advanced prostate cancer mice
models. (B) Carrier of antitumor siRNA. Panel (A): Figures adapted from Maroto-Diaz M, Sanz del Olmo N,
Muiioz-Moreno L, et al. In vitro and in vivo evaluation of first-generation carbosilane arene Ru(Il)-
metallodendrimers in advanced prostate cancer. Eur Polym |. 2019;113:229-235. Copyright 2019, with
permission from Elsevier; Panel (B) Figures adapted from Michlewska S, Ionov M, Maroto M, et al. Ruthenium
dendrimers as carriers for anticancer siRNA. | Inorg Biochem. 2018;181:18-27. Copyright 2018, with
permission from Elsevier.

during the treatment.> Aiming to provide insight into the mechanism of action of these Ru(II)
carbosilane metallodendrimers, Bryszewska et al. evaluated their antitumor effect in the human
leukemia cell line HL-60.% Again, they observed a remarkable cytotoxicity for the first-generation
metallodendrimer G1-[[NCPh(o-N)Ru(nt-p-cymene)Cl]Cl]s (Table 2, Entry 3). Circular dichroism
studies using TMA-DPH and DPH probes showed the metallodendrimers interaction with the
hydrophobic and hydrophilic regions of the cell membranes. Moreover, the first-generation
metallodendrimer increased the production of Reactive Oxygen Species (ROS) and decreased the

49



mitochondria potential, confirming the activation of apoptosis pathway, as well as the DNA
damage and the increase in caspase level. The treatment with this metallodendrimer produced
visible changes in the cell structure, and they observed a chromatin condensation with changes in
mitochondrial shape and appearance of multivesicular and lamellar bodies, characteristic of early
apoptosis.

Other dendritic scaffolds used by Smith et al. in 2015 to anchor Ru(Il)-ethylene-glycol
complexes were G1-G4 pyridylimine-based poly(propylene)dendrimers.* The antiproliferative
effect was evaluated in vitro in two ovarian cancer cell lines (the cisplatin sensitive A2780 and the
cisplatin-resistant A2780cisR) and compared with monometallic complexes. The results showed
that the monomer and low generation dendrimers were inactive, whereas the higher generation
analogues exhibited antitumor activity (Table 2, Entry 4).

As an alternative cancer treatment, metallodendrimers have also been used as siRNA carriers
to selectively silence aberrantly activated oncogenes. The lack of effective and cheap carriers of
siRNA remains a major problem in gene silencing, where the use of dendrimers has shown
promising results.>® Cationic PAMAM, phosphorous and carbosilane dendrimers, among others,
efficiently interact with negatively charged siRNA through electrostatic interactions.>
Nonetheless, there are very few examples in which the nanocarrier contains metals in its structure.
In 2018, Bryszewska and co-workers studied the interactions between ruthenium(lIl) carbosilane
metallodendrimers and small siRNA,* aiming to observe an enhanced anti- cancer activity arising
from the combination of the metallodendrimer and the siRNA. Two different families of
ruthenium metallodendrimers were studied, comprising pyridine or iminopyridine ligands. The
authors con- firmed the in vitro interaction between the metallodendrimers and the siRNA, the
protection from nucleases degradation as well as the transfection in human promyelocytic
leukemia cell line (HL60), observing that the dendriplexes crossed the cell membrane and
penetrated into the cell, unlike naked siRNA (Figure 5B). The dendriplex uptake was more efficient
for iminopyridine-bearing dendrimers, due to their cationic nature, and for second-generation
counterparts, finding up to 30% loaded cells for the most efficient metallodendrimer G2-[[NCPh(o-
N)Ru(n6-p-cymene)Cl] Cl]8, compared to the ca. 23% of the first-generation counterpart.

Besides the dendritic scaffold and the peripheral moieties, the ligands on the metal coordination
sphere clearly influence the antitumor activity of the final metallodendrimer. Among the different
arene ligands on the Ru(Il) ion, cyclopentadienyl (Cp or 1n>-CsHs) showed promising results.
Continuing their work on poly(alkylidenimine) dendrimers functionalized with the metal
complex [Ru(n®-CsHs)(PPhs)2]%% in 2018 Rodrigues and co-workers evaluated the antitumor
activity in a broad variety of tumor cells, including colorectal, osteosarcoma, breast and ovarian
(Table 2, Entry 5).# The metallodendrimers exhibited high cytotoxicity, with ICso values in the
range 0.1-3.4 uM after 72 h treatment, higher than the precursor dendrimers, the complex [Ru(n?-
CsHs)(PPhs)2Cl] and cisplatin. In addition, promising activity was observed in primary human
mesenchymal stem cells (hMSCs), involved in tumor progression and drug resistance, with ICso <
0.05 uM.

The organometallic ligand cyclopentadienyl and the phosphine, 1,3,5-Triaza-7-
phosphatricyclo[3.3.1.13.7]decane (PTA), were included in a new family of Ru(ll) carbosilane
metallodendrimers in order to improve the activity, solubility and stability.*' Both families shared
the carbosilane dendritic scaffold and peripheral N,N-chelating imine ligands, as well as similarly
potent cytotoxic activity toward multiple cancer cell lines, including advanced prostate, breast,
colorectal and cervix, higher than the activity observed toward non-tumor fibroblasts (Table 2,
Entry 6). In order to corroborate the antitumor activity of this ruthenium dendrimer, an in vivo
experiment was designed in athymic mice with advanced prostate cancer injecting a dose of 10
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mg/kg intravenously once a week and achieving 25% of inhibition of the tumor growth compared to
the non-treated mice. No negative symptoms, such as weight loss, were observed during the
experiment (Figure 6).
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Figure 6 Antitumor activity of Ru(Il) carbosilane metallodendrimer G1{{NNRu(5-CsHs) PTA]Cl}in
an in vivo advanced prostate cancer mice model.*!

2.1.1.3 Copper(Il) metallodendrimers

Copper is a biocompatible metal, endogenously present in the human body. Copper(II)
mononuclear complexes have been explored as anticancer agents showing promising results.” Its
cytotoxicity is related to the high redox activity and the alteration of Reactive Oxygen Species (ROS)
balance.® Copper is also involved in tumor angiogenesis at early stages. In 2013, Majoral and co-
workers demonstrated the anticancer activity of new Cu(ll)-conjugated phosphorus dendrimers.*
Three different families were prepared bearing ligands with nitrogen donor atoms, i.e., N-(pyridin-
2- ylmethylene) ethanamine, N-(di(pyridin-2-yl)methylene)ethanamine and 2-(2-
(methylenehydrazinyl)pyridine, able to coordinate CuClz. The resultant first-, second- and third-
generation metallodendrimers presented 12, 24 and 48 bound Cu(ll) ions, respectively. Overall, the
study concluded that both the nature and the number of the peripheral groups play a major role in
the antitumor potency of the dendrimers and the metal coordination boosted this effect. The
metallodendrimers produced an increasing inhibition of the proliferation of human promyelocytic
leukemia cells (HL60) when the number of functional groups increased, being the third-generation
dendrimer the most promising one. Interestingly, the third-generation metallodendrimer decorated
with N-(pyridin-2-ylmethylene)ethanamine and 48 Cu(Il) ions exhibited certain preference for cancer
cells, such as HL60 and human cervical cancer derivative cell line (KB), compared to the non-cancer
cells used as control, after 72 h treatment (Table 2, Entry 7).

The promising results obtained with Ru(II) carbosilane metallodendrimers decorated with N,N-
and N,O-chelating ligands encouraged de la Mata and co-workers to generate the Cu(Il) analogues
and evaluate their antitumor activity. In 2017, the dendritic scaffolds were used to chelate CuCl..*3
Unlike the phosphorous Cu(ll) metallodendrimers, the first- generation carbosilane
metallodendrimers—with four metal ions—exhibited the highest antitumor activity among the
different dendritic generations. This behavior is consistent with that observed for the Ru(Il)
carbosilane counter- parts and confirms the dramatic influence of the lipophilic scaffold. In order to
improve the water solubility of the Cu(II) metallodendrimers, in 2019
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the dendritic scaffolds were used to chelate Cu(NQO3)2. The NOs~ groups are more labile than
the CI- ligands, and are susceptible to be released after dissolution in water creating an overall
positive charge in the metallodendrimer. The study showed that the exchange from chloride to
nitrate ligands increased not only the water solubility but also the general cyto- toxic activity
(Table 2, Entry 8), probably due to the positive charge of the new metallodendrimers, which
interact and consequently destabilize the cell membrane, according to Electron Paramagnetic
Resonance (EPR) studies. Further ex vivo studies in an advanced prostate cancer mice model
(athymic male nude mice nu/nu) demonstrated that the first- generation carbosilane dendrimer
functionalized with Cu(NOs)2 produced a significant inhibition of the tumor growth, reaching up
to 37% smaller tumor size compared to non-treated mice. Copper metallodendrimers open new
avenues in cancer treatment being more economic and more biocompatible than traditional
metallodrugs.

2.1.1.4 Iron(IT) metallodendrimers

Similar to copper, iron is also found in traces in the human body and takes part in numerous
biological processes. This metal has shown interesting anticancer properties; in fact, ferrocene was
the first organometallic com- pound reported for its antiproliferative effect.®® Ferrocenyl
derivatives might be oxidized in the cell via Fenton pathway generating free radicals that lead to
DNA damage and final cell apoptosis as a possible mechanism of action.®!

Despite the interest in including ferrocene moieties in a multivalent scaffold, surprisingly, only
few examples are found in the literature. In recent years, Smith and co-workers presented tri- and
tetrametallic systems comprising polypropylenimine tetramine or tris(2-aminoethyl)amine cores
functionalized with a ferrocenyl aldehyde by Schiff condensation followed by reductive
amination.* The Fe(II) metallodendrimers exhibited moderate ICso values in human colorectal
cancer cell lines (Table 2, Entry 9). Both compounds were capable of penetrating inside the cell and
producing early apoptosis, but only the trinuclear metallodendrimer increased the ROS level in
tumor cells.

2.1.1.5 Rhenium(I) metallodendrimers

Recently, rhenium has attracted a widespread attention from the biomedical field due to the
high variety of oxidation states and geometries, and the ability of coordinating different ligands.®?
In particular, the stable Re(I) tricarbonyl complexes have become quite popular,® inducing cell
death in a different manner compared to cisplatin and many other drugs, suggesting a novel mode
of action different from the traditional apoptosis, necrosis, paraptosis and autophagy. In 2018,
Smith and co-workers presented two different first-generation Re(I) PPI metallodendrimers,*
comprising 3 and 4 [Re(bpy)(CO)s] complexes bound to the dendrimer through a pyridine moiety.
The cytotoxicity of these metallodendrimers against epithelial, colon and ovarian carcinoma was
moderate, with ICso values in the micromolar range and selectivity toward cancer cells in
comparison to the mononuclear counterpart used as a control (Table 2, Entry 10). The tetranuclear
metallodendrimer exhibited higher cyto- toxicity than cisplatin in all cell lines tested. Mechanistic
studies demonstrated that these rhenium metallodendrimers boost apoptotic cell death by
modulating the expression of Bax-a, being the tetranuclear dendrimer the most efficient.

2.1.1.6 Gold(III) metallodendrimers
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Gold has been used from ancient times, and its potential as anticancer agent has been proved in in
vitro and in vivo experiments.®* Despite sharing the same electronic configuration and similar
properties, gold(Ill) and platinum(Il) complexes frequently follow different mechanism of action.
Gold complexes exhibit better selectivity and potency against cancer cells due to their weaker DNA-
binding activity and higher affinity to protein targets through sulfhydryl, thiol and selenocysteine
groups.®

Majoral and co-workers published in 2017 an original third-generation phosphorous
metallodendrimer comprising 48 iminopyridine end groups complexing Au(Ill), namely 1Gs-
[Auss][AuClslss. This metallodendrimer showed ICso values in the nanomolar range in different
tumor cell lines, while a very weak effect was observed against non-cancer cells (Table 2, Entry 11).
In order to corroborate that the activity arised from the metallodendritic complex, AuCls was also
studied, and it was observed that it retained a low intrinsic activity. In addition, the physical mixture
of AuCls and the precursor dendrimer did not potentiate the intrinsic anti- proliferative effect of the
dendrimer compared to that of the metallodendrimer 1Gs[Auss][AuClslss. Moreover, the authors
expanded the study performing different structural modifications, including the evaluation of non-
complexed dendrimers with iminopyridine and PEG, gold metallodendrimers with PEG and
dendrimers with free iminopyridine without metal, showing the best results with the
metallodendrimer

2.1.1.7 Osmium(II), Iridium(III), Rhodium(III) metallodendrimers

Recently, metals such as iridium, osmium and rhodium have caught the attention in the search for
new metallodrugs due to their intrinsic anticancer activity.®* In 2014 Smith et al. reported new
families of rhodium(Ill) and iridium(IlI) metallodendrimers of first- and second-generation
naphthaldimine-decorated PPIscaffolds and with Cp* (pentamethylcyclo- pentadienyl) as ligand of
the metal complex. The anticancer activity was measured in vitro in two different ovarian cancer cell
lines (A2780 and A2780cisR) where the second-generation complexes with eight functional groups
stood out as the most promising ones, being Rh(III) complexes bet- ter than their Ir(IIl) counterparts
(Table 2, Entries 12 and 13).# The activity found for the new rhodium and iridium derivatives is
comparable with the antitumor activity of arene-ruthenium(ll) complexes attached to similar
dendritic scaffolds.®®

Osmium analogues of potent anticancer drugs, such as Ruthenium- NAMI-A, present moderate
antiproliferative activity in vitro in colon carcinoma (HT-29) and breast carcinoma (SK-BR-3).7° With
the objective to implement the activity of these derivatives, in 2015 Smith et al.*® synthetized new
families of neutral and cationic half-sandwich Os(II)-arene DAB-PPI metallodendrimers, namely
[DAB-PPI-{(n®-p-cym)Os((CzHsNO)-k2-N,O) Cl}x], [DAB-PPI-{(n®-p-cym)Os((CsHsN2)-1c>-
N,N)Cl}x][PFe]n and

[DAB-PPI-{(n®-p-cym)Os((C-HsNO)-k2-N,O)PTA}x]. In vitro studies against the cisplatin sensitive
(A2780) and cisplatin-resistant (A2780cisR) ovarian cancer cell lines showed that neutral dendrimers
were inactive while cationic metallodendrimers displayed moderate activity which improved when
the counterion was PTA and not Cl (Table 2, Entry 14).

2.1.1.8 Heterofunctional metallodendrimers
An effective strategy in cancer treatment relies on combination therapy. It has been shown that the

administration of several drugs with different mechanisms of action, used in their optimal dose, has
a better effect than if they are administrated independently. In this sense, dendrimers are optimal
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platforms to provide a precise and controlled combination therapy in a single scaffold, in the so-
called heterofunctional dendrimers.

Despite the multiple advantages of designing heterofunctional metallodendrimers with
antitumor activity, very few examples can be found in the literature. In 2014, Smith et al. presented
the synthesis of first- and second- generation PPI metallodendrimers bearing heterometallic
ferrocenyl-derived = N,O-p-cymene-Ru(Il)-PTA-salicylaldimine and N,N-p-cymene-Ru(Il)-2-
pyridylimine (Figure 7A).”* Preliminary biological studies revealed that most of the compounds at
equiiron concentrations of 5 uM decreased the growth of the ovarian human cancer cell lines
A2780 and A2780cisR by more than 50% and showed certain selectivity for these ovarian cancer
cell lines,
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Figure 7 Examples of heterometallic dendrimers and cytotoxicity indices in cancer and non-
cancer cells, expressed as (A) T/Corr (%) at 96 h exposure to compound at 5 uM Fe relative to
untreated control,”" and (B and C) ICso after 72 h treatment.*67?

compared to other cancer cell lines. Higher cytotoxicity was observed with metallodendrimers
with N,O-p-cymene ligands. Using a similar strategy but expanding the number of metal atoms,
in 2016 new ferrocenyl PPI metallodendrimers were reported containing ruthenium(Il)-p-cymene,
ruthenium(I)-HMB (where HMB hexamethylbenzene), rhodium(Ill)- Cp* or iridium(III)-Cp*
moieties.”? The cytotoxicity of #Hese systems was studied against A2780 and A2780cisR cells and
non-tumorigenic human embryonic kidney cells (HEK-293), observing an increase in the activity
in the highest generations. Particularly the second-generation dendrimer with ruthenium(II)-HMB
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emerged as the most promising candidate, being less toxic in non-cancer cells (Figure 7B). UV-Vis
studies showed that these metallodendrimers produce a non-covalent interaction with DNA as a
possible mechanism of action. In 2017, Majoral and co-workers also explored the heterometallic
strategy in the cancer field. As an expansion of their work in Au(Ill) phosphorous
metallodendrimers,* they reported a third-generation metallodendrimer bearing 20 gold(III)
complexes and 20 copper(Il) complexes, to evaluate a possible synergistic effect, and 8 PEG molecules
to improve the water solubility and biocompatibility (Figure 7C). The authors ruled out any additive
effect, suggesting the existence of a threshold in the anticancer activity of Au(III) metallodendrimers.

The design of heterofunctional metallodendrimers goes beyond the heterometallic strategy, and
the metal complexes can further be combined with other antitumor moieties or tracing moieties
(Figure 8). For example, Grabchev et al. have developed several families of Cu(Il) and Zn(II)
poly(propyleneamine) metallodendrimers decorated with different 1,8- naphtalimides,”>”” where the
metal coordination is performed via the tertiary amine groups at the dendrimer inner shell and the
outer naphtalimide shell is available for additional therapeutic or fluorescent response. Even though
they were mainly evaluated as antibacterial agents as it will be described in Section 2.2.1, some of
these metallodendrimers also exhibited antitumor activity. For example, the second-generation
metallodendrimers,” decorated with four 4-bromo-1,8-napthtalimide peripheral moieties and two
metal ions in the internal shell, presented enhanced cytotoxicity toward human non-small cell lung
cancer (A549), triple negative breast cancer (MDA-MB-231) and carcinoma of the uterine cervix
(HeLa), compared to the precursor dendrimer. The metallodendrimers exhibited ICso values in the
range 15-30 uM after 72 h treatment, with slightly lower values for the Zn(Il) derivative (Figure 8A).

The inclusion of tracing moieties in a heterofunctional dendrimer can simplify the challenge of
unraveling its mechanism of action and provide accurate and complete information about their
behavior in a biological environment. In 2019, de la Mata, Bryszewska and co-workers presented a
tirst-generation ruthenium(Il) carbosilane metallodendrimer with fluorescein statistically attached in
one of the branches.” The attachment of a single fluorochrome enables the monitoring within the cell
but at the same time maximizing the antitumor activity arising from the Ru(Il) complexes. The uptake
by two different cancer cell lines, leukemia HL60 ”® and human prostate PC-3,52 was evaluated
through confocal microscopy, con- firming the ability of this compound to cross the cell membrane
and remain in the cytoplasm even 24 h after treatment, unlike the well-known DNA-binding
mechanism of platinum complexes (Figure 8B1). A similar strategy was used to attach the spin-label
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) to carbosilane Ru(II) metallodendrimers and conduct
a complete study by EPR to analyze the affinity of these metallodendrimers for cell membranes.”
Two different types of model membranes were used:
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Figure 8 Examples of heterofunctional metallodendrimers combining a cytotoxic metal complex
and additional moieties for improvement of activity, traceability or solubility. Layered-block Zn(II)
metallodendrimer.”> (B) Random Ru(1I) metallodendrimer, including a fluorescein moiety for confocal
microscopy (B1) or a TEMPO label for EPR evaluation (B2). (C) Ferrocene metallodendron.®® Panel
(B1): Figures adapted from Maroto-Diaz M, Sanz del Olmo N, Mutioz-Moreno L, et al. In vitro and in
vivo evaluation of first-generation carbosilane arene Ru(1I)-metallodendrimers in advanced prostate
cancer. Eur Polym ]. 2019;113:229-235. Copyright 2019, with permission from Elsevier and
Michlewska S, Kubczak M, Maroto-Diaz M, et al. Synthesis and characterization of FITC labelled
ruthenium dendrimer as a prospective anticancer drug. Biomolecules 2019;9(9): E411. Copyright 2019,
with permission from MDPI. Panel (B2): Figures adapted from Carloni R, Sanz del Olmo N, Ortega P,
et al. Exploring the interactions of ruthenium (II) carbosilane metallodendrimers and precursors with
model cell membranes through a dual spin-label spin-probe technique using EPR. Biomolecules.
2019;9(10):540. Copyright 2019, with permission from MDPI

cetyltrimethylammonium bromide micelles (CTAB) and lecithin liposomes (LEC). The study
provided complementary information from (1) the metallodendrimer point of view, containing
the TEMPO label; and (2) the model membrane point of view, using 4-(N,N-dimethyl-N-dodecyl)
ammonium-2,2,6,6-tetramethylpiperidine-1-oxyl bromide (CAT12), probe that can be inserted in
the membrane. The authors confirmed the partial insertion of the surface groups attached to the
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dendrimer skeleton into the model membranes, mainly CTAB micelles, and the presence of both
types of interactions (hydrophilic and hydrophobic) whereas, in the case of LEC, it is possible to
observe a prevalence of polar interactions (Figure 8B2). Any change in the dendritic structure can
modify their ability of interacting with membranes, and, therefore, their anticancer activity.

The inherent heterofunctional nature of dendrons has also been employed to design
metallodendrons with improved antitumor activity. In 2013, Senel and co-workers presented a family
of PAMAM dendrons with ferrocene in the focal point and amine groups in the periphery (Figure
8C).% The dendrons inhibited the proliferation of stomach adeno- carcinoma cells (AGS) via apoptosis
and necrosis, increasing with the dose and the generation of the dendron. A similar strategy was
recently reported by de la Mata and co-workers, where carbosilane dendrons comprised a [Ru(ne-p-
cymene)] fragment at the focal point coordinated through a N-monodentate, a N,N-chelate or an N,O-
chelate ligand, and multiple — NMe: groups in the periphery.?! These dendrons could potentially be
evaluated as antitumor agents in future assays.

2.1.2 Metallodendrimers in the diagnosis and treatment monitoring

Imaging techniques are the mainstay in the diagnosis of numerous diseases. The exclusive properties
provided by modern imaging methods in the study of the composition of the human body placed
them among the most relevant advances of the century. There are a large number of imaging
techniques,® and some of them provide remarkable information in the field of cancer. For example,
the differences between tumor and normal tissues can be established by Magnetic Resonance Imaging
(MRI). In order to improve the MRI signal, contrast agents are often used such as gadolinium chelates.
Other techniques, like Single-Photon Emission Computed Tomography (SPECT) and Positron
Emission Tomography (PET), involve the use of radiometals. Different metallodendrimers have been
developed as diagnostic tools for MRI, optical and nuclear medical imaging, as described below.

In 2014, Shen et al. reported a tumor-targeting biodegradable polyester dendrimer conjugated with
gadolinium and functionalized with PEG and folic acid as a MRI contrast agent, namely FA-PEG-G2-
DTPA-Gd.*® The PEG increased the blood circulation time whereas the folic acid increased the tumor
selectivity, due to the overexpressed folate receptors in most tumors. This metallodendrimer
exhibited a much higher contrast enhancement for longer times than Magnevist®, which is currently
used in clinic as a gadolinium contrast agent. Whereas Magnevist® contrast signal starts decreasing 5
min post injection, the dendrimer prolongs it up to 15 min before its biodegradation and excretion in
urine. In addition, 60 min post injection a weak contrast was observed between tumor and other
tissues in mice using Magnevist® or the non-targeting metallodendrimer PEG-G2-DTPA-Gd;
however, the contrast in mice treated with FA-PEG-G2-DTPA-Gd was strong, while in normal tissues
the signal deceased with the excretion of the contrast agent (Figure 9A).

Aiming for improved SPECT imaging, Adronov and co-workers reported in 2015 a fifth-
generation polyester dendrimer functionalized with mPEG chains of different molecular weights at
the periphery and dipicolylamine technetium(I) at the core.®* In vivo experiments in healthy rats
showed that this metallodendrimer circulated in blood for up 24 h. Moreover, the inoculation of mice
with Human Lung Squamous Cell Carcinoma (H520) showed that the dendrimer could accumulate
in the tumor for 6 h post injection, probably due to the enhanced permeation and retention effect that
characterize these systems (Figure 9B1). In parallel, Felder-Flesch and co-workers reported the
synthesis of In labeled PAMAM dendrons derived from DOTA and functionalized with PEG and
with a melanin-targeting ligand, and studied the in vitro and in vivo targeting efficacy in murine
melanoma models.®> They found a correlation
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between the multivalence of the dendrimers and the tumor uptake, the highest being 12.7 T
1.6% of the total injected dose per gram of tissue (ID/g) at 4 h post intravenous injection of the
second-generation probe, compared to the 1.5 T 0.5 ID/g for a non-dendritic counterpart (Figure
9B2). The authors highlight the importance of multivalent small

nanoprobes for imaging sensitivity enhancement and increased delivery of radiation doses to
tumors.

2.1.3 Metallodendrimers as theranostic agents

Current trends in the biomedical field focus on the design of new theranostic agents, which
combine diagnostic and therapeutic agents in a single
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Figure 9 Recent examples of metallodendrimers as imaging agents. (A) Bis-MPA polyester Gd
metallodendrimer as contrast agent for MRI, including 2D axial images contrast to noise ratio (CNR)
and tumors in mice injected with FA-PEG-G2-DTPA-Gd or Magnevist at 0.1 mmol/kg.5* (B1) Bis-
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Shen Y. Targeted bio- degradable dendritic MRI contrast agent for enhanced tumor imaging. ] Control
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platform. In these smart systems, each agent works synergistically and efficiently. Dendrimers are
ideal nanoplatforms for this purpose, enabling a con- trolled and precise conjugation of the different
moieties. In 2015, Chen et al. used cationic Ru(II) metallodendrimers to coat selenium nanoparticles
dec- orated with anionic 1- and p-arginine, which provided a chiral nature to the nanoparticle (Figure
10A).%¢ The multifunctional nanoparticle was evaluated as carrier of MDR-siRNA (Ru@L-SeNPs-
siRNA) into tumor cells, observing that the intravenous injection each 3 days in a mice model bearing
adenocarcinoma human alveolar basal epithelial tumor cells (A549R) produced 79.4% inhibition of
tumor growth. Furthermore, the intrinsic fluorescence of the multivalent Ru(II) complexes enabled a
real-time monitoring in a xenograft mice model, observing a higher intensity in the tumor compared
to the rest of the organs 4 h after the last injection. Another recent example of a powerful theranostic
nanosystem has been reported by Shi, Majoral et al. and consists on a fifth-generation Cu(Il) PAMAM
metallodendrimer (G5.NHAc-Pyr/Cu(ll)) (Figure 10B).#” In addition to the promising anticancer
properties of Cu(Il), the presence of unpaired electrons in its outermost orbital has proposed Cu(Il)
as an alternative T1-weighted MR contrast agent. The authors confirmed the anticancer properties of
this metallodendrimer, which increased the ROS levels, then produced a cell cycle S-phase arrest,
apoptosis and finally induced cell death in vitro. Furthermore, two in vivo experiments—a
xenografted subcutaneous tumor model and lung metastatic nodules in a bloodstream metastasis
model- confirmed the compound accumulation in the tumor through enhanced permeation and
retention effect and the suitability of this metallodendrimer as MRI agent. Nowadays, it is well known
that radiotherapy changes the tumor vasculature and favors the accumulation of nanoparticles in the
tumor. This fact has been also observed with G5.NHAc-Pyr/Cu(Il), where the MRI performance in
tumor-bearing mice can be significantly improved after the radiation of tumors observing an
increment in the accumulation of this compound in the tumor environment (Figure 10B).

2.2 Metallodendrimers as antimicrobial agents

Ever since Alexander Fleming discovered penicillin in 1928, the antibiotic consumption has grown
worldwide at neck-breaking speed. Undoubtedly, the discovery of this seeming panacea represented
a milestone of medicine for the whole humanity but has ultimately led to a serious problem of
multidrug-resistant bacteria. As an example, 14% of S. aureus hospital strains
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Figure 10 Dual activity of two metallodendritic-based theranostic agents. (A) Selenium NPs
(Ru@L-SeNPs-siRNA).% (B) Copper(Il) metallodendrimers G5.NHAc Pyr/Cu(11).5 Panel (A): Figure
adapted from Chen Q, Qiangian Y, Liu Y, et al. Multifunctional selenium nanoparticles: chiral
selectivity of delivering MDR-siRNA for reversal of multidrug resistance and real-time biofluorescence
imaging. Nanomedicine (N Y, NY, US). 2015;11 (7):1773-1784. Copyright 2015, Elsevier. Panel (B):
Figure adapted from Fan Y, Zhang ], Shi M, et al. Poly(amidoamine) dendrimer-coordinated copper(Il)
complexes as a theranostic nanoplatform for the radiotherapy-enhanced magnetic resonance imaging
and chemotherapy of tumors and tumor metastasis. Nano Lett 2019;19(2):1216-1226. Copyright 2019,
ACS.

became resistant 4 years after penicillin started to be used in clinic, and the percentage increased
to 59% just 4 years later. Between the 1980s and 90s, resistance exceeded 80% in non-clinical
environment and reached 95% in the majority of hospitals.® It is estimated that by 2050, 10 million
people per year will die due to untreatable infections. The development of new antibacterial agents
is therefore one of the most important and challenging tasks that the pharmaceutical field is
currently facing. Biofilm formation is one of the main hurdles that new antimicrobial drugs need
to overtake.® This bacterial mode of growth, highly involved in human infections, con- sists of a
matrix made of extracellular polymeric substance produced by microbes, exhibiting an altered
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phenotype. The biofilm acts as a barrier hindering the penetration of antimicrobial agents and
offering a favorable environment for microbial growth.

The interest in the antimicrobial activity of dendrimers has boosted in the last 20 years.”® Their
versatility and multivalency enable an accurate and application-oriented design to reach maximum
efficiency. In most cases, antibacterial dendrimers rely on an adequate cationic charge distribution
and amphiphilicity to disrupt the negatively charged microbe membrane in both Gram-positive and
Gram-negative bacteria.”’** A major issue arises on the high toxicity displayed also toward
mammalian cells. On the contrary, antiviral dendrimers mainly exhibit anionic, sugar or peptide
moieties which can interfere in the virus-host interaction and avoid the infection at early stages of the
viral cycle.%%

To overcome dendrimer limitations and further improve the therapeutic response, researchers
have shifted the focus to the combination of metals and dendrimers. The attachment of metal atoms
into biologically active molecules has been widely reported as a useful strategy to overcome microbial
resistance and improve activity.” In this field, the first metal complex dates back to the last century,
when Paul Ehrlich and his co-workers developed an organoarsenic compound to treat syphilis. The
following sections will provide a complete overview of the different metallodendrimers reported as
antimicrobial agents in the literature, toward bacteria, yeast, virus and parasite infections.

2.2.1 Metallodendrimers as antibacterial agents

Even though the inclusion of antibacterial metals in dendritic scaffolds dates back to 2000s, few
examples have been described during this 20-year period. An overview of selected
metallodendrimers is presented in Table 3, including indices of the antimicrobial activity such as the
Minimum Inhibitory Concentration (MIC), the Minimum Bactericidal Concentration (MBC) and the
Minimum Biofilm Inhibitory Concentration (MBIC). These indices represent the minimal
concentration that inhibits the growth of the microorganisms (MIC), kills the microorganism (MBC)
or inhibits the formation of biofilm but not the growth (MBIC).

61



Table 3 Overview of selected metallodendrimers and their antibacterial activity indicated as
Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) values
on different bacterial strains.

Entry Metal Dendritic scaffold Metal complex Number metals Bacteria MIC/MBC (mg/L) Ref.
1 Ag(l) G5-PAMAM Q . S. aureus 12.0"° 7
/\)LOAQ P. aeruginosa 10.54°
AN Q@ E. coli 87"
[S]C)
OAg
(e}
2 Ag(D) G1-PETIM @] 6 S. aureus 4.7/ 8
OAg MRSA 26.0/-
'§'N o®
Q@
OAg
(e}
3 Cu(Il) G1-CBS };\N =z x 4 E. coli 4/4 ”
\ | S. aureus 4/8
/CU'N Z S. aureus (BF)° 8/4%
OzNO™ / \
H,O ONO,
4 Ru(Il) G1-CBS 2OSNF e 4 E. coli 16/16 ”
\ ® S. aureus 4/4
=N .
oMdp Ry . aureus (BFJ' 32/32¢
[ CIO

N

6 E. coli 70/~ 100

H
N NH,
. ; S. typhi 102/
F';d/m B. subtilis 84/—
- 82/

HoN-" S. aureus

5 Pd(IT) G2-Polyamide

Cl

“Not reported.

bSensitivity indicated as inhibition area (in mm).

°BF stands for biofilm mode of growth.

For biofilm-forming bacteria, the Minimum Biofilm Inhibitory Concentration (MBIC) is reported.

2.2.1.1 Silver(I) metallodendrimers

Silver is probably the most ancient antibacterial agent ever used by humans. Nowadays,
different antibacterial drugs to treat external wounds or antibiotic coatings in medical devices rely
on silver-based metallodrugs. It has been described that Ag(I) ions interfere with the nutrient
transport chain in microorganisms, as well as bind to bacteria’s genetic material.’! Despite this
excellent and specific mechanism of action, microorganisms have developed resistance to silver
drugs'®?> and demand new approaches to treat infections.

The first antibacterial metallodendrimers, described in 2000 by Balogh et al. comprised
polyamidoamine scaffolds which complexed Ag(I) ions, forming stable and well characterized
bonds (Table 3, Entry 1).”” Generation 4 and 5 PAMAM dendrimers decorated with 192 hydroxyl
and 256 carboxylate groups respectively were complexed with silver acetate. The dendrimers
enabled an extremely high local concentration of silver cations within a relatively thin shell at the
periphery while the internal tertiary nitro- gen atoms could form stable silver complexes.
Nevertheless, the authors indicate that the metallodendrimers slowly photolyze into Ag(0)
containing dendrimer-silver nanocomposites (Figure 11A). Using a standard agar overlay method,
the diffusible antimicrobial activity was evaluated against plank- tonic P. aeruginosa, E. coli and S.
aureus. Both metallodendrimers and nanocomposites exhibited comparable or higher antibacterial
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activity than the AgNOs used as control. Interestingly, the antimicrobial activity was superior in
carboxylate-functional dendrimers, due to the higher surface

concentration of silver ions—256 carboxylate groups around a 54 A’

sphere—eager to interact with the bacterial membranes. The study also revealed the need for
accessibility to silver, considering that those dendrimers with mostly internally conjugated silver ions
produced a lower activity.

A similar strategy was recently used by Govender et al. to generate the silver salts of
propyletherimine (PETIM) dendrimers (Table 3, Entry 2).% The low-generation dendron and
dendrimers comprised carboxylate moieties at the surface with Ag(I) counterions (Figure 11B). The
PETIM silver salts exhibited lower toxicity toward healthy cells than a comparable concentration of
AgNO;s, probably due to the reduced net surface charge. The authors

222222225, ;222221724
z z z z
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Figure 11 Examples of Ag(I) metallodendrimers. (A) PAMAM metallodendrimers and slow conversion
to nanocomposites.”” (B) PETIM metallodendrimers.* Panel (A): With permission from American Chemical
Society. Balogh L, Swanson DR, Tomalia DA, Hagnauer GL, McManus AT. Dendrimer—silver complexes

and nanocomposites as antimicrobial agents. Nano Lett. 2001;1(1):18-21. Copyright 2001.

demonstrated a direct relation between the number of Ag(I) ions and the antibacterial activity; the
more potent response was observed with the aromatic cored metallodendrimer —featuring six Ag(I)
ions bound on its surface —which decreased for the oxygen cored metallodendrimer —with only four
ions—and even more for the metallodendron with only two ions. In order to analyze the combined
effects of the dendritic compounds and silver nitrate, the Fractional Inhibitory Concentration index
(ZFIC) was calculated. The index showed no antagonist effects and, remarkably, synergist effect
toward S. aureus for the aromatic cored metallodendrimer and toward MRSA for the oxygen cored
counterpart. Overall, they presented a promising approach considering that the low dendritic
generation simplifies the synthetic route, thus reducing time, costs and potential toxicity due to the
low number of metal ions.

The antibacterial properties of silver, enhanced by the fine control of dendrimer scaffold, seemed
indeed like the best route to get new drugs to overcome the problems of the traditional class of
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antimicrobial agents. However, like many similar compounds, these fell into the “dendrimer
paradox” of very high medical expectation which fades away due to the hurdles arising during the
development of new drugs.!® Indeed, since this first example of antibacterial metallodendrimers
in 2000, the focus has shifted to the use of dendrimer/silver composites due to the synthetic
simplicity, the inclusion of alternative metals which provide additional properties and the design
of heterofunctional systems that expand the properties and applications of metal-based
dendrimers, as it will be described in Section 2.2.1.5.

2.2.1.2 Copper(Il) metallodendrimers

Copper is a very promising metal, biocompatible, versatile and cheap, featuring potent
antimicrobial activity against viruses, yeasts and bacteria.!?*'%> The use of copper in medicine
expanded in the last two centuries, with a variety of inorganic copper compounds used to treat
eczemas, tubercular infections, syphilis and antibacterial infections.!® Furthermore, the intrinsic
paramagnetic activity of its +2 oxidation state enables the study and monitoring of Cu(Il)
complexes through Electron Paramagnetic Resonance (EPR), resulting in an accurate chemico-
physical characterization.

The attractive properties of copper—cost-effective, antimicrobial and easy to monitor—
encouraged de la Mata et al. to evaluate in 2019 the antibacterial properties of Cu(Il) carbosilane
metallodendrimers bearing iminopyridine ligands (Table 3, Entry 3), previously reported as
antitumoral agents.®*® The study not only showed the promising antibacterial activity toward
Gram-positive and Gram-negative bacteria—including biofilm mode of growth—but most
importantly confirmed the positive influence of the following parameters on the antibacterial
activity”: (1) The metal complexation to the ligand, unlike other metallodrugs which exhibit
antibacterial activity only after the metal release; (2) the lipophilic scaffold, being the first- generation
metallodendrimers the most potent members in the family unlike most other dendritic scaffolds
which require higher generations; (3) structural parameters such as the metal ion and counterion,
exhibiting different activity between Ru(II) vs Cu(II) complexes and chloride vs nitrate counterion,
confirming additional mechanisms besides the one related to the cationic charge at the dendrimer
surface (Figure 12). Furthermore, the authors proved that carbosilane metallodendrimers did not
produce hemolysis at the MIC concentrations and can be safely used as antibacterial agents.

2.2.1.3 Ruthenium(II) metallodendrimers

Ruthenium has long proved to be one of the most promising metals to be incorporated in
antimicrobial agents, due to its interaction with DNA.1” Ruthenium complexes exhibit different
mechanisms of action,'® including the interaction to DNA and the inhibition of DNA processing
enzymes. In general, Ru(II) complexes exhibit more potent antibacterial activity toward Gram-
positive than Gram-negative bacteria, being highly influenced by the charge and lipophilicity of
the complex.

The first antibacterial Ru(II) metallodendrimers reported were part of a broader study carried
out by de la Mata et al.””, aiming to evaluate the influence of different structural parameters on the
antibacterial activity (Figure 12). Similar to their copper counterparts described in the previous
section, the Ru(II) complexes were chelated through the iminopyridine ligands at the periphery of
the carbosilane dendrimers.# The first- generation Ru(ll) metallodendrimer showed potent
antibacterial activity against planktonic S. aureus and E. coli (Table 3, Entry 4), even higher than
the analogous Cu(Il) metallodendrimers. Furthermore, it inhibited the formation of S. aureus
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biofilm at low concentrations (MBIC 32 mg/L) but even lower values were accomplished with the
Cu(II) metallodendrimers (MBIC 8 mg/L).
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Figure 12 Effect of different first-generation carbosilane metallodendrimers in preventing the formation
of S. aureus biofilms, calculating the Minimum Bactericidal Concentration for Biofilms (MBC-B). Figure
adapted from Lamazares C, Sanz Del Olmo N, Ortega P, Gomez R, Soliveri |, de la Mata F], Garcia-Gallego S
and Copa-Patifio L. Antibacterial effect of carbosilane metallodendrimers in planktonic cells of gram-positive
and gram-negative bacteria and Staphylococcus aureus biofilm. Biomolecules 2019;9(9):E405. Copyright 2019,
MDPIL.

2.2.1.4 Platinum(II) and Palladium(II) metallodendrimers

Platinum and palladium complexes have been widely described as efficient antitumor agents.!%110
However, fewer reports appear on the antimicrobial activity of these metallodrugs.

In 2012, Alshehri et al. reported the synthesis of platinum(Il) and palladium(Il) aromatic
polyamide metallodendrimers.!® Each metal ion was coordinated through two amino groups at the
dendrimer periphery, a total of three metal ions in first-generation dendrimers and six metal ions in
second-generation counterparts. The metallodendrimers exhibited potent antibacterial activity
against different Gram-positive and Gram-negative strains, higher than the non-complexed
dendrimer, and especially high for Pd(II) derivatives. Indeed, the second-generation Pd(II)
metallodendrimer exhibited the most potent activity, comparable to the commercially available
antibiotic streptomycin (Table 3, Entry 5).

2.2.1.5 Heterofunctional metallodendrimers and metallodendrons

The field of antibacterial treatments has also benefited from attaching different moieties in a single
molecule. Enhancing the therapeutic response, reducing bacteria resistance or increasing the
solubility are among the different aims of these multipurpose materials. Several approaches have
been reported so far and are described in this section, with relevant examples depicted in Figure 13.

Since 2009, Grabchev et al. have developed several families of Cu(ll) and Zn(II)
poly(propyleneamine)  metallodendrimers decorated with  different 1,8-naphtalimides
(unsubstituted,” 4-bromo-,7#7> 4-amino-7%; 4-(N,N- dimethylaminoethoxy)””; and acridine," all
biologically active moieties with promising antibacterial activity and fluorescent properties. Similarly
to copper, the antimicrobial properties of zinc have been known for long time. For example, ZnO fine
particles have deodorizing and antibacterial activity and are therefore exploited in the production of
cotton fabrics and oral products.!* These properties come in handy in the treatment of skin
conditions, like sunburn or rush, due to Zn antiseptic activity.
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Figure 13 Selected examples of heterofunctional metallodendrimers (A and B)'"'112 and
metallodendron (C),"3 including MIC and MBC values in different bacterial strains.

The poly(propyleneamine) complexes are clear examples of heterofunctional
metallodendrimers, considering that the metal coordination is performed via the tertiary amine
groups at the dendrimer inner shell, comprising 1, 2 or 4 metal ions in G1, G2 and G3 dendrimers,
respectively, being the outer shell available for further therapeutic response. The authors
evaluated the antibacterial effect toward different Gram-positive bacteria (B. subtilis, B. cereus, S.
lutea and M. luteus), Gram-negative bacteria (P. aeruginosa, E. coli, A. johnsonii and Xanthomonas
oryzae) and yeast strains (C. lipolytica and S. cerevisiae). In general, Zn(II) complexes exhibited
slightly higher antibacterial effect compared to the Cu(Il) counterparts and superior activity to
antimicrobial drugs such as tetracycline and nystatin. The authors also demonstrated the influence
of the substituent at the 1,8-naphthalimide ring: the -Br group in the second-generation
metallodendrimer [Zn2(D)(NOs)s] reveals MIC values in the range 500-2000 pg/mL, while the —
NHz: in the first-generation metallodendrimer [Zn(D)(NOs):] produces values in the range 50-200
pug/mL. The third-generation counterpart [Zns(D)(NOs)s] decreases MIC values even further and
displayed the highest inhibition

toward B. subtilis, E. coli and P. aeruginosa with MIC ~50 ug/mL. Similarly to 1,8-naphtalimides,
acridine moieties have also been attached to a second-generation poly(propyleneamine)
dendrimer and used as plat- forms for antimicrobial Cu(II) metallodendrimers. Compared to the
dendrimer alone, the Cu(Il) complex exhibited an enhanced antimicrobial activity against B. cereus,
P. aeruginosa and C. lipolytica (Figure 13A). Deposition of dendrimers on the surface of cotton fabric
increased the hydrophobicity of the textile and prevented the formation of bacterial biofilm—
inhibiting about 90% of the growth of B. cereus and more than 50% of the growth of

P. aeruginosa. The authors explain the enhanced antimicrobial activity of these
metallodendrimers through the Overtone’s concept of cell permeability and the Tweedy’s
chelation theory.” The chelation reduces the polarity of the metal ion, increases the delocalization
of electrons over the chelate ring and thus increases the lipophilicity of the metallodendrimers,
favoring the penetration into the lipid cell membrane.

The influence of the dendritic scaffold was also evaluated, decorating PAMAM scaffolds with
1,8-naphtalimides and generating the corresponding Cu(Il) and Zn(II) metallodendrimers (Figure
13B).12 In this case, the metal coordination is produced through the either the carbonyl groups of
the internal amide bonds, in the case of Zn(Il), or the ethylenediamine core of two different
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molecules, in the case of Cu(ll), as evidenced through EPR analysis. SEM analysis indicated that the
metal coordination

CJ

ofl 48% reduction

Figure 14 Antibacterial effect of PAMAM metallodendrimers on cotton fabrics. On the left, SEM
micrographs of the dendrimer and the corresponding metallodendrimers. On the right, SEM images of cotton
fabrics tested against P. aeruginosa biofilm."> Used with permission of The Royal Society of Chemistry, from
Impact of Cu(1l) and Zn(Il) ions on the functional properties of new PAMAM metallodendrimers, Copyright

2018.112

to the dendrimer significantly changed the surface morphology (Figure 14). The smooth and thick
laminar structure of the dendrimer is exchanged for a microspherical structure in the copper complex
with some agglomerates and for a highly porous rod structure in the zinc derivative, which is later
translated into an increased antibacterial activity due to an easier penetration into the cell walls.
Again, the Zn(II) complex exhibited slightly higher antibacterial effect compared to the Cu(Il)
counterpart, with MIC values at the low mg/L range for Gram-positive bacteria. The negligible
inhibition toward Gram-negative bacteria can be explained considering the additional outer
membrane and slightly different cell wall structure of these bacteria,!!> as well as the different nature
of the little holes in intact phospholipidic bilayer where non-charged dendrimers are adsorbed.!1®

The authors also reported the antimicrobial efficacy of cotton fabrics treated with the dendrimers,
arising from both slow diffusion of the dendrimers from the cotton fabrics to the medium, a direct
contact with the microbes as well as an increase in hydrophobicity that prevents the formation and
proliferation of bacterial biofilms. As example, the Zn(II) metallodendrimer reduced the growth of C.
lipolytica (100%), B. cereus (60%) and P. aeruginosa (48%) (Figure 14).

A different strategy relies on the use of dendrons, as the most simple heterofunctional dendritic
entity. The first antibacterial metallodendron, reported in 2015, comprised a poly(propyl ether imine)
scaffold bearing a hydroxyl group in the focal point and two Ag(I) carboxylate moieties. As
previously described in Section 2.2.1.1, this metallodendron displayed moderate antibacterial activity
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against S. aureus and methicillin-resistant S. aureus, only observing an additive effect between the
dendron and AgNO:s in the first case. The antibacterial effect was clearly improved using the
metallodendrimer counterparts bearing 4 or 6 Ag(I) complexes.

In parallel, Gomez et al. designed a carbosilane dendron comprising a ferrocene moiety in the
focal point and multiple ammonium groups in the periphery (Figure 13C).!"* Ferrocene is a Fe(II)
“sandwich” complex, where the metal ion is coordinated between two cyclopentadienyl anions
(Fe(n>-CsHs)2), with antimicrobial activity. Even though the mechanism of action is not clearly
defined, it might be related to the triggering of Fenton’s reaction and the production of ROS from
hydrogen peroxide in biological environments.!'” Unlike the previous silver dendron, the metal is
now located in the focal point and anchored through a covalent bond in a real organometallic
complex. Furthermore, the antibacterial activity of the ferrocene is reinforced by the multiple
cationic groups in the periphery. The Fe(Il) metallodendrons exhibited a potent antibacterial
activity toward Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria, especially
remarkable for the first-generation complex, which exhibited one of the lowest MIC (2 mg/L) for
the examined strains of the whole metallodendrimer field. Surprisingly, the activity decreased
when increasing the generation, and NMR DOSY experiments suggested that the large hydro-
dynamic volume of the G3 metallodendron reduced the interactions with the bacteria membrane.
The high activity in both types of bacteria confirm the potential broad-spectrum antibacterial
activity of these metallodendrons, unlike many other organometallic compounds featuring
ferrocene,'® highlighting once again the importance of the dendritic scaffold.

2.2.2 Metallodendrimers as antiviral agents

Antiviral metallodendrimers aim to combine the activity of the peripheral anionic, sugar or
peptide moieties, with the promising properties of the metals, in order to interfere in the different
steps of the virus cycle.®*!" Despite the few examples reported in the literature in the field of
antiviral metallodendrimers, the rationale behind the design of these metallodrugs provides useful
insight into most important parameters influencing the antiviral behavior.

2.2.2.1 Copper(Il) metallodendrimers

Polyanionic microbicides are known to interfere in the first steps of the HIV replicative cycle,
inhibiting the adsorption and fusion of the virus to the cell. Dendrimers decorated with anionic
moieties have been widely evaluated as antiviral agents against HIV, such as carbosilane!?-22 and
the polylysine-based SPL7013 (VivaGel®).1?* Considering that several metal complexes are known
to interfere in this process as well as in subsequent steps of the cycle, such as the viral DNA
integration or viral protein processing by HIV protease, de la Mata et al. combined both strategies
developing Cu(Il) carbosilane metallodendrimers with carboxylate and sulfonate peripheral
groups (Figure 15A).7* In order to evaluate a possible synergic inhibitory effect between the metal
atoms and the anionic groups, the dendrimers were modified with both stoichiometric and sub-
stoichiometric amounts of copper, the latter leading to statistically functionalized
metallodendrimers with an overall negative charge. The UV-Vis and EPR study revealed that
carboxylate decorated dendrimers chelate the Cu(Il) ion in a square planar CuNOs geometry,
while the sulfonate decorated counter- parts probably form dimers at the internal-external
dendrimer layer and at the higher copper concentrations the ions are coordinated by the sulfonate
groups and water at the external layer. Second-generation dendrimers showed preventive and
therapeutic activity against HIV infection, as revealed the study performed in HEC-1A cells—as a
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model for the first cellular barrier in vaginal epithelia—and PBMC —as main target of HIV and second
barrier model. The authors concluded that the carboxylate systems are more efficient and the metal
coordination can further enhance the inhibitory effect of the anionic dendrimer, and this effect is more
important as the metal amount is increased.

The exchange of the dendritic scaffold from carbosilane to poly(propyleneimine) with
ethylenediamino core revealed a remarkable strategy to precisely control the heterofunctionalization
of the anionic den- drimers.'? In this case, an accurate specific pattern in the coordination of metal
atoms was discovered using Cu(Il) as a probe: at 1:1 M ratio between Cu(II) and the dendrimer, the
metal exhibits a CuN20: pattern at the core of the dendrimer, while the increase in Cu(Il)
concentration indicated a peripheral CuNO:s coordination in a square planar coordination which
ultimately forms CuOs complexes at the highest concentrations tested. The authors demonstrated a
different interaction for sulfonate dendrimers, with a weaker interaction toward nitrogen sites and
stronger interaction with the oxygen in the sulfonate group. The antiviral effect toward HIV-1 was
dependent upon the number, type and location of the metal within the dendritic scaffold (Figure
15B).1% Imp