UNB

Universitat Autonoma de Barcelona

Radical dendrimers as Magnetic Resonance Imaging Contrast Agents

Songbai Zhang

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’Us
establertes per la seglent lliceéncia Creative Commons: http://cat.creativecommons.org/?page_id=184

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacion de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: http://es.creativecommons.org/blog/licencias/

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: https://creativecommons.org/licenses/?lang=en




UurB

Universitat Autonoma
de Barcelona

Radical dendrimers as Magnetic

Resonance Imaging Contrast Agents

Songbai Zhang

Tesi Doctoral
Programa de doctorat de Quimica

Directors

José Vidal Gancedo i Vega Lloveras Monserrat

Departament de Quimica

2021






Memoria presentada para aspirar al grado de doctor por:

Songbai Zhang

Visto Bueno:

José Vidal Gancedo Vega Lloveras Monserrat

En Bellaterra, a 29 de Octubre de 2021






YICMAB UNB

INSTITUT DE CIENCIA DE MATERIALS DE BARCELONA

;E‘% EXCELENCIA
¢ e CS l C Universitat Autonoma
de Barcelona

Dr. José Vidal Gancedo and Dr. Vega Lloveras Monserrat, of the Spanish National
Research Council at the Materials Science Institute of Barcelona (ICMAB-CSIC)

CERTIFY

That Songbai Zhang, graduate in Chemistry, has performed, under their management,
the research work entitled “Radical dendrimers as Magnetic Resonance Imaging
Contrast Agents”. This work has been performed under the mark of the Chemistry Ph.

D. program of the Chemistry Department of the Autonomous University of Barcelona.

An in witness whereof this is signed by

Directors UAB Tutor

José Vidal Gancedo  Vega Lloveras Monserrat Rosa M? Sebastian Pérez

Ph.D. Student

Songbai Zhang
En Bellaterra, a 29 de Octubre de 2021

NANO






“What is reasonable is real; that which is real is reasonable.”

Georg Wilhelm Friedrich Hegel
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Abbreviations

A: &ngstrém unit.

ACN: Acetonitrile.

AcOH: Acetic Acid.

Bo: External Magnetic Field.

bis-MPA: 2,2-bis(hydroxymethyl)propionic acid.

BOC: tert-butyloxycarbonyl protecting group.

br: broad.

d: doublet.

DCE: Dynamic Contrast Enhanced

DCM: Dichlorometane.

DIEA: N,N-Diisopropylethylamine.

DLS: Dynamic light scattering.

DMF: Dimethylformamide.

DMSQO: Dimethyl sulfoxide.

DNP: Dynamic Nuclear Polarization.

DTPA: diethylenetriaminepentaacetic acid.

EDTA: 2,2',2",2"-(Ethane-1,2-diyldinitrilo)tetraacetic acid.

EPR: Electron Paramagnetic Resonance.

eq.: Equivalent.

EU: Endotoxin Units.

AcOEt: Ethyl acetate.

G: Gauss, magnetic field unit.

GPC: Gel Permeation chromatography.

HATU: 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
3- oxid hexafluorophosphate.

HPLC: High Performance Liquid Chromatography.

I: Nuclear spin quantum number.

IC50: half maximal inhibitory concentration.

IC: Internal conversion.

IR-ATR: Infrared spectroscopy-Attenuated Total Reflectance.

ISC: intersystem crossing.
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GBCAs: gadolinium-based contrast agents.

GL261: Glioma 261.

Gn: Dendrimer of x generation.

Gn’: Dendrimer of x generation ended in aldehyde.

LB: Line broadening.

m: multiplet.

MALDI-TOF: Matrix-Assisted Laser Desorption/ lonization-Time Of Fly.

MeOH: Methanol.

MRC-5: Medical Research Council cell strain-5.

MRI: Magnetic Resonance Imaging.

MS: Mass Spectrometry.

MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

MTS: (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium).

MWCO: Molecular weight cut-off.

m/z: Mass to charge ratio.

NMR: Nuclear Magnetic Resonance.

ORCAs: Organic Radical Contrast Agents.

OEG: Oligoethylene glycol.

OSB: oligo(styryl)benzene

PTM: Perchlorotriphenylmethyl radical.

PROXYL: 2,2,5,5-tetramethylpyrrolidin-1-oxyl radical.

r1: Longitudinal relaxivity.

r>: Transverse relaxivity.

s: singlet.

SEC: Size-exclusion chromatography.

t: triplet.

T1: Longitudinal relaxation time or Spin-Lattice relaxation time.

T,: Transverse relaxation time or Spin-Spin relaxation time.

TE: Time echo.

TEA: Trimethylamine.

TEM: Transmission electron microscope.

TEMPO: (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl radical.



TFA: Trifluoroacetic acid.

THF: Tetrahydrofuran.

TLC: Thin layer chromatography.

UV-Vis: Ultraviolet-visible spectrophotometry.
Wt: Wild type.

XTT: 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide.
d: Chemical shift (ppm).

v: Gyromagnetic constant.

wo: Larmor frequency.

31p: 31p NMR spectrum with {*H} disengaged.
13C: 13C NMR spectrum with {*H} disengaged.
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Summary

The main objective of this Thesis is to develop metal-free contrast agents (CA) for
magnetic resonance imaging (MRI) to overcome the established toxicity of the most
widely used CA in clinical diagnosis based on Gd(Ill) complexes. Dendrimers are
monodisperse polymers with a well-defined molecular structure, which can be a perfect
support for anchoring organic radicals, what is called 'radical dendrimer'. In this way, the
relaxivity can be improved and a shielding effect can be provided to the radicals offering
them protection against reduction.

One of the greatest challenges in the synthesis of CA for biomedical applications is
to make them water-soluble. Besides, CA should present high relaxivity and low toxicity.
In this Thesis we use different strategies to prepare water-soluble radical dendrimers, by
playing with different types of dendrimers, linkers and supramolecular structures.

Amino acids can be ideal linkers for preparing water-soluble radical dendrimers
because they provide an amino group for radical coupling, and an acid group that can
provide negative charges conferring high solubility and low toxicity. Tyrosine and lysine
have been chosen as linkers between polyphosphorhydrazone (PPH) dendrimer branches
and PROXYL radicals. In the group it had been started the synthesis of four generations
of PPH radical dendrimers with tyrosine as linker (Gn-Tyr(PROXYL)-COOLi, n=0-3).
They are fully soluble in water, present high relaxivity (from 1.39 mM™s in GO to 12.96
mM2st in G3), and no cytotoxicity. Lysine has been properly anchored to four
generations of PPH dendrimers (Gn-Lys(BOC)-COOMe, n=0-3). However, under acid
conditions the generations higher than GO showed lysine release through P-N bond
cleavage, preventing the obtaining of radical dendrimers with this linker. We have been
able to determine that G1-Lys(BOC)-COOL. presents lysine release at pH 7.7. Therefore,
these new lysine-functionalized PPH dendrimers can be used to prepare pH-controlled
degradable dendrimers or pH-controlled release, opening a new field of research.

Another strategy has been the use of dendrimers that are water-soluble themselves,
in particular oligoethylene glycol (OEG) based dendrimers. Two generations of OEG-
based dendrimers fully functionalized with 5 and 20 PROXYL radicals have been
synthesized and characterized. They are soluble in water, non-cytotoxic and have a good
relaxivity: G1-OEG-PROXYL radical dendrimer has a similar r1 relaxivity value (3.4
mM1s71) than Gd-DTPA (3.2 mM1s™1) widely used in clinics.

vii



A third possibility is the use of amphiphilic compounds to prepare self-assembled
supramolecular structures such as nanoparticles. We have used dendritic-linear-dendritic
polymers based on (bis-MPA) dendrons at the end of a poly(ethylene glycol) chain. Three
different generations have been synthesized by click chemistry (G1-, G2- and G3-MPA-
PEG20k-TEMPO) and we have obtained homogeneous suspension of G2 nanoparticles
(G2NPs) in water. While G2NPs form spherical nanoparticles, G2 directly dissolved in
water forms nanofibers. They are non-cytotoxic and G2NPs present slightly higher
relaxivity than G2, probably because of the higher rigidity of the former.

We have also explored the possibility of obtaining not only magnetic but also
fluorescent dendrimers to have bimodal CA for potential MR1 and fluorescence imaging
applications. We have synthesized six radical dendrimers based on fluorescent
oligo(styryl)benzenes. In organic solvents these compounds present simultaneously
fluorescence and relaxivity. In order to obtain these compounds in aqueous solution,
CTAB micelles have been prepared to encapsulate them. Such systems, with the radical
dendrimers inside, maintain both magnetic and fluorescent properties.

Finally, the contrast ability in vivo of G3-Tyr(PROXYL)-COONa (G3) radical
dendrimer has been described in healthy and GL261 glioblastoma-bearing mice.
Biodistribution studies show enhancement mostly in kidney cortex and pelvis, as well as
a selective accumulation of the radical dendrimer in the brain tumor. G3 provides similar

contrast enhancement than commercial Gd-based CA and a longer circulation time.
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Chapter 1 Introduction and Objectives

1.1 Imaging modalities

The term “molecular imaging” has been used to describe techniques that directly or
indirectly monitor and record the spatiotemporal distribution of molecular species or
cellular processes for biochemical, biologic, diagnostic or therapeutic applications.?
Several imaging techniques have been developed to these purposes, including optical
fluorescence imaging (OFI), positron emission tomography (PET), single photon
emission computed tomography (SPECT), X-ray based computed tomography (CT) and
magnetic resonance imaging (MR1).? Among them, MRI is the most versatile and widely
used clinical diagnostic tool nowadays, showing some advantages over the others (Table
1-1).

MRI provides images of soft tissue anatomy in excellent detail, with high spatial
resolution (~1 mm), non-destructive and non-invasive characteristics due to the absence
of ionizing radiation, unlimited penetration depth and long effective imaging window.
This method is largely used for non-invasive diagnostic routine in detection and staging
of cancer, pathologies of the brain such as stroke or neurodegenerative disease,
musculoskeletal disease or in cardiac imaging, among others. On the other hand, other
clinical imaging techniques such as optical fluorescence imaging (OFI) shows high
sensitivity but low resolution in in vivo tissues and low penetration depth. X-ray based
computed tomography (CT) presents high resolution (0.5-1 mm) but presents safety
concerns due to the ionizing radiation like positron emission tomography (PET) and

single photon emission computed tomography (SPECT).
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1.2 Nuclear Magnetic Resonance (NMR) and Magnetic
Resonance Imaging (MRI)

Magnetic resonance imaging which is based on nuclear magnetic resonance (NMR),
was developed for clinical use in the 1980s to study structural aspects of tissues. More
recently, this technique has provided functional insights due to several MRI innovations.
Indeed, in vivo magnetic resonance spectroscopy using contrast agents has made it
possible to obtain information on basic cellular mechanisms at the molecular level.

Nuclear spin is the basis of all magnetic resonance research. Many atomic nuclei
have spin, characterized by the nuclear spin quantum number (I). Spin behaves as
expected from a classical description of a rotating object but fits the quantum mechanical
descriptions of angular momentum. Thus, nuclear spin is associated with an angular
momentum (W) which, in absence of an external magnetic field shows a random direction.
When an external magnetic field (Bo) is applied, the nuclear magnetic moments are
oriented preferentially along the magnetic field. As a result, the degenerated energy states
from the nucleus are split in different levels which are filled following a Boltzman
distribution. Additionally, this interaction forces the spin to precess around the magnetic
field Bo (rotational movement around Bo) that depends on the magnetic field and the
gyromagnetic constant (y) which is characteristic of each isotope of the nuclei. The
frequency of the precession is called Larmor frequency (wo)

wo = YBy (1-1)

For any I, there are 21+1 energy levels. In particular, for a nucleus with spin | =%
there are only two energy levels, the low energy level occupied by the spins aligned with
Bo and the high energy level occupied by spins aligned against Bo, with an energy
difference of:

AE = yhB, = hw, (1-2)
Where Ais Planck’s constant (/) divided by 2.

At room temperature, there is only a slight excess of spins aligned along the magnetic
field (i.e. in the lower energy level) compared to those aligned against the field if the
nuclei have a positive gyromagnetic ratio. Although the excess of spins in the lower
energy level is quite small (often approximately 1 ppm) it yields a net magnetic moment,
which is the signal detected in an NMR experiment. Bloch® showed that for any ensemble

of spins with | =%, the net magnetization was given by:

3



My = 2oL 200 2 (1-3)

where po is the spin density, K is the Boltzmann constant and T is the temperature.
The spin magnetization vector (Mo) is parallel to the external magnetic field Bo, thus,
in the Z-axis direction (M). In the initial equilibrium state, M, equals Mo. Once another
magnetic field B1 with energy that equals to the energy gap AE is applied (created by a
radiofrequency pulse), the magnetization vector Mo can rotate to XY transverse plane and
produce Myy, . The recovery of the initial equilibrium state takes place through relaxation
processes changing the magnetization and these data are those which are measured in a
magnetic resonance imaging experiment. By taking the vector sum over all spins, the

behavior of the spins in a magnetic field can be described by the Bloch equations.®

am : M
—dtx =y(MyB, + M,B;sin(wt)) — T: (1-4)
am : M
= = ¥(=MxBq + M,Bysin(wt)) — 2 (1-5)
SE = Y(MxBisin(wt) + My B; cos(wb)) — M (1-6)
1

In a more simplified way: when the applied energy is removed, the spin
magnetization can recover its initial state Mo along the Z direction. During this process,

the magnetization M; increases. The increasing process can be described by this equation:

M, = My(1— e ) (1-7)

The time constant T is the longitudinal relaxation time also called the spin-lattice

relaxation time because the longitudinal process results from the release of energy to the

environment. In other words, it is the result of non-radiative interactions between the spin

system and the lattice. Strictly, relaxation time Ty is defined as the time when the
magnetization vector Mz increases to 63% (1-1/e) of the maximum Mo.

While the longitudinal magnetization vector Mz increases to the Mo, the transverse

magnetization vector Myy decreases to zero. Due to the heterogeneous magnetic field

experienced, the spins of the magnetization vector lose their coherence. This process can

be expressed by the equation:

-t

Myy = MxyoeE (1-8)

Here, the time constant T» is the transverse relaxation time or spin-spin relaxation

time because the relaxation comes from the spin-spin interactions. The value of the Tz is

defined as the time that it takes the magnetization to decrease to 37% (1/e) of the initial
Myy, .



The graphical representations of longitudinal and transverse magnetization with
different relaxation times (short and long T1 or T2) are presented in Figure 1-1. Itis clearly
observed that the longitudinal relaxation with short Ty is faster in recovering the initial
value than with long Ty, as well as in the transverse relaxation process, the relaxation with

short T» is also faster than with long Ta.

o
a) M, =My(1—e Tl)

time —>» time —>»

Figure 1-1. The graphical representations of longitudinal and transverse magnetization change with time

with different T1 and T2 relaxation times.

In NMR, we pay much attention to the chemical shift of protons. However, in MRI,
we are interested in finding the location of the protons in water or fat. In order to
differentiate the position of the protons, a gradient field is designed. With the aid of the
gradient field, the recognition of protons in different locations can be achieved by slice
selection, frequency encoding, and phase encoding processes. In this way, we can give a
specific position in a 2-D plane with different frequencies or phases. When the exam
finishes, the signal can be transferred to a voxel by Fourier transform. Finally, the image
at different location can be obtained.*

1.3 MRI with contrast agents

One limitation of MRI techniques is their low sensitivity, inherent to the nuclear
magnetic resonance, because of the low energy difference between the ground and excited
states which are filled following a Boltzman distribution, with only slight excess in the
lower state in the thermal equilibrium. In order to overcome the lack of sensitivity, the
use of contrast agents (CAs) for *H visualization are needed to enhance the contrast of
the images in most MRI clinical diagnostic techniques.
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Signal intensity in most of the MRI experiments stems largely from the local value
of the longitudinal relaxation rate (1/T1) and the transverse relaxation rate (1/T2) of water
protons contained in tissues. Contrast agents are used to shorten the longitudinal T or the
transverse T relaxation times. Signal tends to increase (brighter signals) with shortening
T1 (increasing 1/T1 rate) and decrease (darker signals) with shortening T- (increasing 1/T>
rate).

The extent to which the contrast agent can modify the relaxation rate (1/T1 or 1/T>)
of tissue water *H per milimolar concentration is defined as relaxivity (r1 or r2)°. Higher
relaxivity values translate to a better image contrast (positive or negative contrast,
respectively) and, hence, better MRI efficiency of the system. Pulse sequences that
emphasize changes in 1/Ty are referred as Ti-weighted, and changes in 1/T> as To-
weighted scans.

Relaxivity can be obtained from the slope of 1/T; versus the concentration of the
contrast agent [CA].

li = Tio + 1,[CA]; i=12 (1-9)

Where 1/T; is the relaxation rate (1/T1 or 1/T,) in st units, 1/To is the relaxation rate
without contrast agent, ri (r. or r2) is the relaxivity and [CA] the concentration of the
contrast agent in mM units. When the contrast agent approaches the water 'H of the
tissues, the relaxation time (Ti) change (decreases) depending on the concentration of the
CA, at higher concentration higher change. Relaxivity value is usually expressed in
mM-1s? units.

Here, we will describe the working mechanism of a MRI contrast agent to help to
understand the parameters that influence the relaxivity. In this Introduction, we pay more
attention to the factors influencing the r; relaxivity since the contrast agents developed in
this Thesis are categorized as T1 contrast agents and because they are the most important
and used ones in many MRI applications. We will describe the theories related to metal-
based CA, and then we will explain the similarities to our systems. When a paramagnetic
complex, such as gadolinium (I11) ion complex, is used as contrast agent, there are two
contributions to the relaxivity. The first one is through inner sphere relaxation where a
water molecule is directly bound to the paramagnetic center (metal) by occupying one of
the coordination sites and exchange with water from the bulk (Figure 1-2). The second
one is the outer-sphere relaxation where water molecules diffuse to the vicinity of the

paramagnetic compound (second coordination sphere and beyond, i.e., bulk solvent) and
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are relaxed (Figure 1-2).° The relaxivity from both the inner sphere (r1'%) and outer sphere
(r1°%) can be expressed as:
rn =15 +rPs (1-10)

Bulk Water —aff

NS 38

Sphere\\‘
=

ﬁ\ \1 Outer Sphere

Figure 1-2. Schematic description of the parameters that influence the relaxivity of a MRI contrast agent.®

We can observe the inner and outer sphere, and the main parameters: tr (rotational correlation time or
tumbling of the molecule), Tm (mean residence time of the water in the ligand) and ts (also referred as Tie)

electronic relaxation time.

The inner sphere stems from the intimate or direct interaction between water and
metal ion. Since the molecule of water forms a coordinating bond with the metal, the
distance between them is very short, and the metal can relax the water directly. Then, the
relaxed water can exchange with another water from the bulk. The relaxivity from the

inner sphere can be expressed by the equation:

rlls — ‘I[Pm] (1_11)

Tim+Tm
Where q is the number of bound water, Pr is the mole fraction of metal ion, zm is the
mean residence/exchange time of the water in the ligand (Figure 1-2), T1im is the relaxation
time of the bound water (bound relaxation time). In general, T1im is always larger than zm,
for a simple metal complex. Therefore, the inner relaxivity depends, mainly, on the Tim.
According to Solomon-Bloembergen-Morgan (SBM) equations,®” Tim can be expressed

as.
1 1 1
—_—= 7"1.TD+$ (1-12)

Tim

Where T1PP is the relaxation time from the dipole-dipole (DD) mechanism (through



space) and T15C is the relaxation time from the scalar coupling (though bonds).® In Gd(l11)
(ion) complex, due to the water is separated from the Gd ion by two bonds (H-O; O--Gd),
the T15C is quite small and can be negligible.”® The T1PP can be expressed as the equation:

1 2 yu*getugS(s+1) [ 7Tco 371 ] (1-13)

PP 15 5y 1+w2t?,  1+witd
Where rwvn is the metal ion to water hydrogen distance, yw is the proton gyromagnetic
constant, ge is the g factor of the electron, us is the Bohr magneton, uo is the vacuum
permeability, and ws and wn are the Larmor frequencies of the electron and proton,
respectively. =i (zc1 and zc2) is the correlation time of the magnetic fluctuation (overall

correlation time), which is given in equation:

L=y (1-14)

Te1 T1ie Tm TR

Where, 1/T1e is the electronic relaxation time (sometimes referred to as zs, see
Figure 1-2) which is usually not taken into account, since its contribution to relaxivity is
negligible at the magnetic field strengths that are typically used in the clinic (>1.5 T).> As
explained above, = is the mean residence/exchange time of the water in the ligand,
while the term zr is the rotational correlation time (or tumbling of the molecule, see
Figure 1-2).

When the magnetic field is above 0.1 T, the “77c2” term of equation ((1-13) can be
negligible.®> Thus, and in turn equation (1-12) is reduced to:

1 C  3Tq

Tom — Ton Trhh (1-15)
Where C is a constant.
The relaxivity from the inner sphere can be expressed by:
IS ¢ _3ta -
e e, (1-16)

Here, we can see that the most important parameters influencing the relaxivity from
the inner sphere are, the number of water molecules (q), metal-water hydrogen distance
(rmn) and then, through zc1 term, the mean residence time of water (zm), and the rotational
correlation time or tumbling of the molecule (zr). The metal-water hydrogen distance
normally is around 3.05 A for Gd-ligand, determined by proton electron-nuclear double
resonance (*H ENDOR).%% As shown in equation (1-16), increasing the number of water
molecules (g) should increase the inner-sphere relaxivity, but this may decrease the
thermodynamic stability.!* As commented, the mean residence/exchange time of water
(zm) is normally smaller than T1im for a small Gd(l11) complex, so the influence obtained

by tuning this parameter is limited. However, in general, a short residence/exchange time
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of water molecules (fast exchange of water molecules) favors relaxivity, and, on the
contrary, low exchange rates often limit the relaxivity. We can play more easily with the
tumbling of the molecule (rotational correlation time, zr) to tune the relaxivity. In general,
slow tumbling of the molecule (large size) favors an increase in relaxivity.

As above mentioned, there is also an outer-sphere relaxation that contributes to
relaxivity. The very vicinity sphere is sometimes called second-sphere relaxation and can
be described by equations (1-11) and (1-13), where the related parameters are denoted
with a prime, ¢, r’, etc.” It is difficult to use these equations since the number of water
molecules and the distance are unknown. The outer-sphere relaxation itself is complex.

Although the inner and outer-sphere theories have been developed for paramagnetic
systems based on metal ions such as Gd(lll), they can be used for other paramagnetic
systems such as organic radicals. The difference lies in the fact that the parameters that
influence relaxivity must be adapted to the specific characteristics of the radicals. In fact,
some theories has been proposed in the literature to explain the experimental relaxivity in
aqueous solutions of molecular oxygen,*? or in solutions of nitroxide free radicals in

water'®1* or other solvents.®®

1.4 Different types of MRI contrast agents

According to the mechanism of action, contrast agents can be classified into four
categories, 1) paramagnetic, 2) superparamagnetic, 3) chemical exchange saturation
transfer (CEST) and 4) direct detection agents.®

Paramagnetic contrast agents are the most widely used and comprise a paramagnetic
metal ion that contain unpaired electrons, such as Gd(lll)-, Mn(ll)- and Fe(lll)-
complexes. They increase the magnetic resonance signal around them. Among them,
Gd(I11) complexes are, by far, the most successful and used paramagnetic contrast agents
in clinics. Superparamagnetic contrast agents are colloidal materials formed by iron oxide
particles in suspension, approximately from 5 to 200 nm in diameter. In the presence of
an external magnetic field, the total spin of the particle is much larger than the sum of the
individual magnetic metal ion spins of the particle (leading to a superspin) which can
induce a high relaxivity. Generically, these agents are also referred to as
superparamagnetic iron oxide nanoparticles (SPION) and they are classified in three

groups depending on the nanoparticles size (ultrasmall, small and micron-sized particles).



They decrease the magnetic resonance signal around them. CEST contrast agents are
molecules that possess exchangeable protons (usually OH or NH) that resonate at a
different chemical shift than the bulk water signal. The exchangeable protons of the CEST
agent are saturated by a saturation pulse and their magnetization is transferred to the
protons of the bulk water leading to a reduced intensity of the water signal (generating
MRI contrast). These three last examples of types of contrast agents are agents not directly
detected but their effect on the bulk water signal is clearly observed. Direct detection
agents do not generate contrast but are directly detected and in general have little
background signal. For example, nanoparticles containing perfluorocarbon emulsions,
that provide huge amount of 1°F atoms, have been used for direct detection in *°F MRI.
Here, it is important to comment that another possible way to overcome the low sensitivity
of nuclear magnetic resonance is by hyperpolarization processes, in particular by dynamic
nuclear polarization (DNP) which results from transferring spin polarization from
electrons to nuclei (usually **C or N nuclei). For example, we can hyperpolarize [1-1°C]
pyruvate for human applications.

According to their effect, contrast agents are divided into two principal classes: Ty
contrast agents and T» contrast agents. T1 contrast agents (e.g., paramagnetic contrast
agents such as Gd(l11) complexes) are also referred to as positive contrast agents because
give positive contrast (brightened) images by locally reducing the water *H longitudinal
relaxation time (T1). In fact, they increase 1/T1 and 1/T2 values by roughly similar amounts
(they have ro/ry ratios of 1-2) but are used to get T:-weighted images since the percentage
change in 1/Ty in tissue is much greater than in 1/T». On the other hand, T contrast agents
(e.g., superparamagnetic iron oxide nanoparticles) are also referred to as negative contrast
agents because they lead to negative contrast (darkened) images by locally decreasing the
water 'H transverse relaxation time (T2). Although these contrast agent shortens T, the
effect on Tz is very large, i.e. they generally lead to a much larger increase in 1/T> than in
1/T1 (they can have ra2/r1 ratios higher than 10) and are used to get T>-weighted scans.

As mentioned above, the most commonly used contrast agents in clinics so far are
gadolinium-based contrast agents. They present high relaxivities due to the high spin of
Gd(I11) ion that contains 7 unpaired electrons in its 4f subshell (spin 7/2). Due to the high
toxicity of Gd(I) ion, it is used forming complexes with various ligands. The ligand
occupies eight of its coordination sites, and the left one can form transient bonding with
water molecule. The ligands to chelate gadolinium(lll) ion can be linear or macrocyclic,

being the macrocyclic ligands more inert than the linear ones. The Gd-based contrast
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agents approved for clinical use are listed in Figure 1-3 and consist of a nine-coordinate
Gd(I1l) ion chelated by an octadentate polyaminocarboxylate ligand with a water
coligand. The relaxivity values r1 of Gd complexes are around 3 mM™s? at 7 T. For
example, in Gd-DTPA it is 3.2 mMs?! and in Gd-DOTA it is 2.8 mM1s? (rt, 7 T).1®
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Figure 1-3. Commercially approved T; contrast agents.®

These Gd-based contrast agents have historically been considered as safe. However,
despite the wide use of Gd-based contrast agents in clinical diagnosis due to their high
relaxivity, there have been increasing concerns about their safety. First, in 2006,
nephrogenic systemic fibrosis (NSF) was identified in patients who have impaired
kidneys, which was directly related with exposure to gadolinium ion.” In addition, the
accumulation of residual toxic Gd(I11) ions in the brain and bones of patients with normal
renal function has also been reported.!31° Based on these facts, some Gd-based contrast
agents are being banned and gradually phased out from the market in several countries,
like Magnevist® while others directly are no longer commercially available.

Other metal-based contrast agents like manganese-based contrast agents and iron-
based contrast agents have also shown toxicity problems related to the metal. For instance,
the deposition of Mn(11) in the brain of mice up to 1 month after injection of manganese-
based CAs?® was reported. It is described that the overexposure to Mn(ll) can lead to a
neurodegenerative disorder.?! Regarding the iron oxide based contrast agents, they might
cause more serious adverse effect than Gd-based CAs. For instance, one of the iron oxide-
based contrast agents, ferumoxytol, has been related to the risk of suffer a potentially life-
threatening allergy.?? It has also been reported that the deposition of iron can cause organ
dysfunction and lead to the development of chronic diseases such as diabetes, cirrhosis,
and heart disease.?® Overall, all metal-containing CAs, especially those integrating

gadolinium, manganese and iron oxide present adverse effects on human health and
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safety, principally because of the metals themselves.?*

The safety concerns of Gd and other metal-based contrast agents are becoming a real
safety problem. Since the use of CAs in MRI is of vital importance to gain lifesaving
clinical information, it is critical to find alternative imaging probes that possess similar

or even better paramagnetic properties than Gd-based contrast agents but lower toxicity.

1.5 MRI contrast agents based on organic radicals

Contrast agents based on organic radicals can be an attractive option as alternative
MRI contrast agents since they are organic species free of metals that take advantage of
the paramagnetism of the unpaired electron of the organic radicals which can shorten the
T:1 relaxation time of water, like Gd-based CA. Especially, with the development of
polymer chemistry, more and more attention is paid to these metal-free MRI contrast

agents.

1.5.1 Organic radicals

The most commonly used organic radicals for MRI contrast agents are nitroxides (or
nitroxyl radicals). Nitroxides contain an unpaired electron located mainly between the
oxygen and nitrogen atoms of the N-O" group, the position of which can vary depending
on the environment, such as the polarity.?® The most common nitroxides are five- or six-
membered heterocyclic derivatives of pyrrolidine, oxazolidine, imidazolidine, piperidine
or isoindoline, among others (Figure 1-4). In these structures, the four adjacent methyl
groups protect the radical from reduction or other chemical processes in certain
conditions. The most known nitroxides are 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO)
and 2,2,5,5-tetramethylpyrrolidin-1-oxyl (PROXYL) radicals.
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Figure 1-4. Chemical structures of some nitroxides (or nitroxyl radicals).

Based on the special structure, nitroxides have unique chemical reactivity. In
general, these compounds are chemical inert, but the reactivity can increase with
increasing temperature, which is used in chemical synthesis and polymerization. Nitroxyl
free radicals can be reduced or oxidized to form hydroxylamine or oxoammonium cation,
respectively (Scheme 1-1). The reduction of nitroxides to the corresponding
hydroxylamine can be performed with mild reducing agents such as ascorbic acid,
phenylhydrazine, hydrazobenzene, thiols, etc. while oxidizing agents for the oxidation of
nitroxides can be chlorine, bromine, nitrogen dioxide, m-chloroperbenzoic acid, etc.?
The formed hydroxylamine or oxoammonium products can produce reversibly nitroxide

radicals again under proper conditions.

Oxoammonium cation TEMPO Hydroxylamine

Scheme 1-1. Redox reactions of TEMPO radical.

Traditional spectroscopic methods such as UV-Vis and IR as well as X-ray
diffraction can be used to characterize nitroxides but the most important characterization
technique for organic radicals is the electron paramagnetic resonance (EPR). The
characteristic IR absorption band of the N-O" bond is located at the range from 1340 to
1380 cm, depending on the type of nitroxide. They show two characteristic absorption
bands in the UV-Vis spectra: a very intense band at around 240 nm and another around
410-460 nm which is very weak. The maximum of the absorption bands in UV-Vis can

be shifted by changing the polarity of the environment or by conjugation of the structure.
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X-ray diffraction showed that the length of the N-O" bond is in the range of 1.23-1.29 A,
which is an intermediate value between the NO single bond and the NO double bond. On
the other hand, if we reduce nitroxyl radicals to their corresponding diamagnetic
hydroxylamine species they can be also characterized by *H NMR. Some commonly used
reducing agents include ascorbic acid, sodium dithionite?” or phenylhydrazine.?®

As mentioned, an important method to characterize organic radicals is electron
paramagnetic resonance. EPR describes the interaction between the unpaired electron/s
of the radical and the applied magnetic field, and it gives a characteristic g-factor for each
kind of radical species. In the case of organic radicals their g-factor differs little from the
g-value of the free electron, 2.0023. The basic concepts of EPR spectroscopy are
analogous to those of NMR, but it is the electron spins that are excited instead of the
nuclear atomic spins. In the absence of other interactions, there is only one single line in
the EPR spectrum. However, when the unpaired electron interacts with other atoms of the
molecule with nuclear spin I # 0, the hyperfine interaction (a) causes a split of the signal
depending on the nuclear spin and the number of atoms with which it interacts, providing
important structural information. For example, in nitroxides, the presence of a nitrogen
atom (**N; I = 1) in the zone of maximum spin density of the unpaired electron in the N-
O group is responsible for the characteristic spectrum of these types of radicals, showing
a three-line EPR spectrum with the same relative intensity (1:1:1). See more detailed
information about EPR in the corresponding EPR Appendix C.

Nitroxides have been extensively investigated in many fields, including nitroxide-
mediated polymerization,? fluorophore-nitroxide probes,® dynamic nuclear polarization
(DNP) agents®! or as organic radical batteries,* among others. In biomedical applications,
nitroxides have been used as anticancer®® and antioxidants* drugs. Also, it is worth
mentioning that nitroxides are prominent spin probes for obtaining structural information
of membrane proteins since their microenvironment sensitivity to pH, local dynamics,

temperature or viscosity can be reflected by EPR.%

1.5.2 Organic radical contrast agents

Nitroxide radicals, and in particular those derived from TEMPO and PROXYL
radicals, have been investigated as MRI contrast agents since the 1980s* because of their
paramagnetic properties, showing similar mechanism of relaxation than Gd-based

contrast agents. Nitroxides have important advantages such as low toxicity or easy
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elimination from the body. However, they have only one unpaired electron (spin ¥2), while
gadolinium, manganese and iron ions have 7, 5, and 5 unpaired electrons in their 4f, 3d
and 3d orbitals, respectively, which makes organic radicals have much lower relaxivities
compared with metal-based contrast agents. In addition, the susceptibility of nitroxides to
be reduced to diamagnetic hydroxylamine in the body (by ascorbate (vitamin C),
glutathione, etc.) is another obstacle for their advancement as MRI contrast agents. Due
to these two main drawbacks, i.e. their inherent low paramagnetic relaxivity and rapid
bioreduction, the widespread application of nitroxides as MRl CAs has been rather
limited at the beginning.

It has been proved that the reduction of radicals is related to their structure. In
general, the reduction of piperidine-based systems (TEMPO radicals) is slightly faster
than pyrrolidine-based ones (PROXYL radicals) as well as faster for positively charged
systems than for negatively charged ones.*® The stability of nitroxides can be enhanced
by replacing the adjacent methyl groups of N-O" by more bulky groups like ethyl or
cyclohexyl groups (see Figure 1-5).3%° Also, their biostability can be improved by

including the radical into host molecules, such as -cyclodextrin®® or RNA .4

Figure 1-5. Sterically hindered nitroxides with improved resistance to bioreduction.

Since nitroxide radicals present a similar relaxivity mechanism than the
paramagnetic metal-based contrast agents, the relaxivity can be improved by anchoring
them to big rigid scaffolds. In this way, the rotational correlation time (z:) can be slower,
increasing the relaxivity. In addition, at the same time, by this way the stability of
nitroxides can also be improved (by a protective shield effect offered by the scaffolds).
For this reason, numerous efforts have been made to anchor or encapsulate nitroxides into
cyclodextrin,*? chitosan,*® albumin,* carbon nanotubes,* virus,*® polymers,*"°! etc. The
chemical versatility of nitroxides enables the combination of the free radical with
macromolecules or other matrix compounds.

The conjunction of nitroxides to polymers not only increases the relaxivity and

stability but also provides more opportunities to encapsulate fluorophore, drugs, target
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ligands. In this regard, Jeremiah A. Johnson’s group prepared nitroxide-loaded
macromolecules with also near-infrared fluorophores. They reported nitroxide-
functionalized brush-arm star polymer (BASP-ORCA, Figure 1-6) composed by a dense
layer of nitroxides at the interface between a rigid poly(acetal) core and a hydrophilic
PEG shell. Such structure showed very high per-nitroxide transverse relaxivity, from ~17
to ~44-fold greater than common nitroxides, and good stability*’. When they increased
the nitroxide payload, the corresponding structure showed higher relaxivity than the first
one, because more nitroxides were included in the macromolecule,*® Such enhancement

of relaxivity allowed detecting millimetric tumor implant in @ murine model.

BASP-ORCA

Figure 1-6. Structure of nitroxide loaded brush-arm star polymers (BASP-ORCA).

In this part, we have seen that nitroxide inclusion strategies in bulky scaffolds can
be used to prepare high relaxivity contrast agents, especially by anchoring nitroxides to a
polymeric scaffold. However, the polydisperse structure of the traditional polymers can
be problematic in calculating relaxivity, leading to inaccurate values and unsatisfactory
reproducibility. For this reason, we propose to use dendrimers as scaffolds for organic
radicals (which differs from polymers by the strict control over their structure, making
them nearly perfect monodisperse macromolecules) as metal-free MRI contrast agents in
this Thesis.

1.5.3 Radical dendrimers as contrast agents

The strategy of our group to overcome the two main drawbacks of organic radicals
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is through the incorporation of many nitroxide units to a dendrimer scaffold, i.e. radical
dendrimers. In this way, we can achieve higher molecular relaxivity since the relatively
low relaxivity per nitroxide is multiplied by the number of bounded nitroxides and a
protective shield effect can be provided to the radicals, by restricting the fast access of
reducing agents in such dendrimeric structures.

Dendrimers are monodisperse well defined macromolecules that usually have a
globular appearance due to its regular and symmetrical structure. They provide a wide
range of unusual properties both physical and chemical due to its symmetry, the presence
of internal cavities and the number and variety of functional groups capable of being
anchored at the end of their branches. They are constituted by three different domains
(Figure 1-7): a central core which is either a single atom or an atomic group having at
least two identical functional groups, branches emerging from the core, constituted of
repetitive units having at least one branch junction, whose repetition is organized in a
spherical progression called “generations” and terminal functional groups, located at the

exterior of the dendrimers, which play an important role in their properties.

dendron

1 . d .
1¥ Generation 2" Generation

Functional groups

cavities /\\T

Figure 1-7. Schematic representation of a second generation dendrimer with functional groups on its

core

surface.

There are two main methods for the synthesis of dendrimers.>? The divergent method
(Figure 1-8 a) builds up the dendrimer from a multifunctional core, which extends
outward through a series of reactions.>® By contrast, the convergent method (Figure 1-8

b), in which the dendrimers are built from smaller molecules (dendrons) which, as a final
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step, react with a multifunctional core in order to generate the corresponding dendrimer
generation of the dendron.>* Each method has advantages and disadvantages: Dendrimers
constructed by the convergent method are easier to purify than those synthesized by the
divergent method. However, the size of dendrimers built by the convergent approach is

smaller due to the steric effect of the dendron size in the final coupling with the core.

Dendron X 3
| o >y S— *y h i >y
___________ > A——— A———
+ core

Figure 1-8. Scheme for a) the divergent method for dendrimer growth, b) convergent process for dendrimer

synthesis.

The first dendrimer was synthesized by Vogtle®® and co-workers by the divergent
method, in 1978. Then, Tomalia’s poly(amidoamine) (PAMAM)*®® and Newkome’s
“arborol” dendrimers®’ received numerous attention and have been thoroughly
investigated. Both of these two dendrimeric structures were prepared in a divergent way.
PAMAM dendrimer was synthehsized by a Michael addition followed by amidation.
Later on, Fréchet et al. synthesized aromatic poly(ether) dendrimers in a convergent
way.>® Researchers have been working on developing many kinds of dendrimers with
different atomic cores such as silicon® or germanium® atom cores. The synthesis of
silicon containing dendrimers is mainly carried out by divergent methods. For instance,
carbosilane dendrimers are synthesized in very good yields by using alternate
alkenylation with Grignard reagents and hydrosilylation. The synthesis of
organogermanium dendrimers can be carried out both by divergent and convergent
methods.%’ Other examples are cores based on phosphorous built by a nucleophilic
substitution of chlorine leading phosphodiester compounds followed by an hydrazone
bond,% or organic cores such as aromatic rings®® or amines.%*

The well-defined structures of dendrimers lay the foundation for wide application in
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biomedicine.®® The interior cavities can be used to encapsulate small drug molecules or
genes. The functional groups on the periphery can be modified to improve the water
solubility or antiviral ability, for example. The size of the dendrimers can be easily
adjusted by changing the different dendrimer generations. When it comes to contrast
agents, the precise number of functional groups and the controllable molecular size make
dendrimers a suitable candidate scaffold to anchor small molecules to prepare contrast
agents.

There have been some reports about MRI contrast agents based on dendrimers.5®
Most of them reported the use of dendrimers as scaffolds to anchor ligands that can be
used to stabilize gadolinium ions. One of the most representative example is Gadomer-
17.%7 This kind of MRI contrast agents was prepared by anchoring 24 macrocyclic
Gd(I11)-complexes to a 17 kDa dendrimer, which is under clinical trial. By anchoring the
small gadolinium contrast agents to dendrimers, the relaxivity can be apparently
enhanced, because of the slow rotation movement of the big molecules.

Radical dendrimers as contrast agents for MRI can provide some advantages: i)
first, the stability of radicals can be improved by the protection offered by bulky segments
around them, ii) the relaxivity can be increased not only by multiplying by the number of
radicals in the macromolecule but also iii) decreasing the rotational correlation time.
Moreover, iv) the pharmacokinetic profiles can be improved by controlling the size of the
dendrimers (through different generations) which affects their circulation time and
biodistribution in the body. The v) versatility of dendrimers chemistry allows us to tune
the structural design of these agents to obtain the desired properties like water solubility
and their versatile functionalization allows to achieve various functions, such as targeting
ability, drug conjunction or multimodal imaging agents.

The first time the term "radical dendrimers” was used was in one of the first
publications on dendrimers of the group,® in which the synthesis and characterization of
a family of polyphosphorhydrazone(PPH)-based dendrimers fully functionalized with
organic radicals was described for the first time. Our group synthesized a 5-generation
family of PPH-based radical dendrimers with TEMPO as radical end groups (Scheme
1-2) and a comprehensive characterization by EPR, SQUID, *H NMR, 3P NMR, FT-IR

and UV-Vis spectroscopy was carried out.

19



HN— N—O

[/ \
\ N3P3 {0 \ ) —CHO| = 6, Gc'y Ge', Ge'y Ge'y
\ /,

GeyTempo

Gcy Tempo

<@<@<@¢7>> > @

Ge,Tempo

M

e e 8 e §
NPy o—@—c:N—N—P O—@—C:N—N—P O—@—C:N—N—P OOC:N N—O"
H H H H

Ge,Tempo

e Me S

e d i e d
N3P3 -0 C=N—N—P O‘@*C:N*N*P O‘@*C:N*N*P O@C
H H H H

Gc,Tempo 2

Scheme 1-2. Synthesis of five generations of PPH based radical dendrimers (labeled Gc0-Ge4Tempo), with
6, 12, 24, 48 and 96 TEMPO radical units, respectively, at the periphery. Published by Macromolecules,
2014 [68].

Although some few examples were reported in the past, it is in our group where a
systematic work of synthesis and characterization of radical dendrimers has been
developed for the first time.®®7® It is important to highlight that the chemical versatility
that dendrimers and radical dendrimers offer allows us to tune the system by playing with
the kind of dendrimer, its branches, the radical used, and the linker connecting the radical
to the dendrimer. In this way, we can modify the properties of the radical dendrimers at
will, opening the perspective of creating a system with optimized properties to fulfill the
requests of each application. For example, we can use water solubilizing linkers to obtain
water-soluble systems.”® Other example is the possibility to tune the intramolecular
interaction between radicals by using different linkers. For example, we synthesized two
generations of PPH-based radical dendrimers with two different linkers, imino and
acrylamido ones.”* With the imino linker the radicals presented a strong intramolecular
interaction among radicals while in the radical dendrimers with the acrylamido linkers,
they acted mainly as independent radicals, without showing signs of interaction. The

control over the interactions between radicals opens the perspective to tune them as
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needed in many applications, such as dynamic nuclear polarization (DNP), MRI, organic
electronics, or organic batteries.3? On the other hand, if we change the type of radical—for
instance, using perchlorotriphenylmethyl (PTM) radicals—we can take advantage of their
redox properties, for example in the design of different devices such as molecular
switches. In this regard, three generations of polyphosphorhydrazone dendrimers, fully
functionalized with 6, 12, and 24 PTM radicals in the periphery, were capable of
undergoing electrochemical reversible switching by multi-electron reduction and
oxidation. An electrical input was used to trigger the physical properties of these radical
dendrimers in a reversible way, modifying their optical, magnetic, and electronic
properties.”?

Only few reports based on dendrimers fully functionalized with organic radicals
have been reported previously.’®8 Some of them were based only on a
cyclotriphosphazene ring as scaffold for the radicals and others were based, mainly, on
PAMAM and PPl dendrimers, to study principally their magnetic, structural or
electrochemical properties. Only few of them studied their relaxivity properties.’8
Recently, radical dendrimers have also been used for their anti-oxidant or anti-tumor
properties in TEMPO-terminated polyurethane dendrimers.348°

In the first works described in the past regarding relaxivity studies,’®8 PAMAM and
poly(propylene imine) (PPI) dendrimers were functionalized with PROXY L radical units,
or nitronyl nitroxides radicals resulting in high paramagnetic systems. The dendrimers
were fully functionalized with up to 32 PROXYL radicals per macromolecule and the
relaxivities per molecule obtained significantly increased, uptorica. 5mM s 'at1.5T,
compared to those of the monomeric nitroxide with a single spin (0.18 mM™'s™).
However, in the highest generation, the relaxivity per nitroxide unit was lower than the
free radical®. When PAMAM dendrimers (GO-NH; to G4-NH>) were fully functionalized
with nitronyl nitroxide (NIT) radicals, the relaxivity per radical unit obtained in G2-NIT
and G3-NIT was about half of the value for the monomeric free radical in solution.®° The
authors pointed out aggregation problems in water phase of such nitroxide-based
dendrimers for their limited water solubility. Thus, in these two previous reported works,
the relaxivity per radical unit decreased in higher generations, which can be explained by
the aggregation problems promoted by the lower water solubility of larger generations,
which makes radical units inaccessible by water molecules.

In fact, the hydrophobicity of the surface of nitroxide-covered dendrimers may
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contribute to their limited applications in MRI. Water solubility of radical dendrimers is
an essential property for their in vivo applications but is usually an issue difficult to solve,
especially in large generation dendrimers. A common strategy used to overcome the lack
of water solubility in organic systems is by including water-solubilizing groups such as
poly(ethylene glycol) (PEG) chains, like Rajca®” and Katayama® and co-workers did,
respectively, on the surface of the dendrimer. However, in this way, the number of
nitroxides anchored on the surface is not the maximum possible one since not all the
branches are free to be spin labeled and hence the molecular relaxivity should be lower
than with fully nitroxide covered surface. In addition, the number of radical units
anchored is not well controlled but only statistically known. Rajca and co-workers
introduced PEG chains into spirocyclohexyl nitroxides-based PPI dendrimers resulting in
arelaxivity per molecule of r; ca. 5mMstat 7 T in G4-PPI-PEG system with an average
number of nitroxide units per macromolecule of ~13, which means a relaxivity per
nitroxide unit of ca. 0.42 mMs1.8® The dendrimers showed much shorter rotational
correlation time (zr) than the free nitroxide. However, although the dendrimer with the
longest zr possessed the highest r1, the relaxivity was only weakly dependent on zr. The
authors pointed out long residence/exchange time of water molecules hydrogen-bonded
to the nitroxide radicals as the most probable factor limiting the water r1.

The relaxation mechanism in nitroxides is considered to be by dipole-dipole
mechanism, between the radical and the molecules of water. In these cases, it is not taken
into account the two spheres (inner and outer spheres) of relaxation like with Gd-based
contrast agents but only one. However, the same parameters that influence the relaxivity
are usually used and taken into account, with some differences. The electronic relaxation
time Te, usually contributes very little to the global correlation time in nitroxides, like in
Gd-based CA; the mean residence/exchange time (zm) of water molecules hydrogen-
bonded to the nitroxide radical, and the rotational correlation time (zr) of the entire
molecule. This last contribution usually has great impact on relaxivity, like in the Gd-
based CA. However, in dendrimers it has to be taken into account not only the global
rotational motion but also the local rotational motion, i.e. for example nitroxides can
rotate through segmental motion faster than through rotation of the entire dendrimer,

limiting in this case the relaxivity.
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1.7 Objectives

The safety concerns of traditional metal-based MRI contrast agents used in clinical
diagnosis make crucial the development of new MRI contrast agents (CA) free of metals
to avoid the side effects of the metal ions.

The general objective of this Thesis is to develop metal-free contrast agents based
on organic radical dendrimers as alternative to Gd-based CA. One of the greatest
challenges in the synthesis of contrast agents based on organic macromolecules for
biomedical applications is to make them water-soluble. Thus, our goal is to obtain radical
dendrimers soluble in water. In addition to this, they should present high relaxivity and

low toxicity.

1. For this reason, the first objective of this Thesis is the preparation of water-

soluble radical dendrimers and we propose different strategies to achieve this goal:

1.1. Using amino acids as the linker between the dendrimers’ branches and
radicals. We propose two different amino acids, i.e. tyrosine and lysine derivatives
since both can react with chlorine ended Gn PPH dendrimers through phenolic
hydroxyl group or amine group, respectively. Then, they provide an available amino
group for radical coupling, for example, with a 3-carboxy-PROXYL radical, and the
remaining methyl ester group can be hydrolyzed to form the water-solubilizing salt.
Both amino acids present different structures that can influence on the relaxivity or
other properties of the final radical dendrimers.

1.2. Another possibility is to use water-soluble dendrimers by themselves such
as (diethylenetriaminepentaacetic acid) DTPA-core based dendrimers containing
oligoethylene glycol (OEG) branches. In this case, the dendrimers could present good
solubility both in water and organic solvents, something important when it comes to
synthesizing and characterizing them.

1.3. A third possibility is to obtain water-soluble dendrimers by joining
dendrons to water-solubilizing polyethylene glycol (PEG) chains.

1.4. Finally, related to solubility, it is also possible to form nanoparticles based
on radical dendrimers that, although not soluble in water, can generate stable

suspensions.
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2. As a second objective, we want to explore the possibility of obtaining
dendrimers not only with magnetic properties but also with fluoresce properties.
This would give us the possibility of having bimodal contrast agents that could be used
both for potential MRI and fluorescence imaging applications. To achieve this goal we

can take advantage of using fluorescent oligo(styryl)benzene dendrimers.

3. Finally, as a third objective: in order to determine the suitability as contrast
agents of the systems obtained, it is very important to carry out in vitro MRI (relaxivity)
and cytotoxicity studies as well as in vivo toxicity and MRI studies (biodistribution and

tumor enhancement) in healthy and tumor-bearing mice.
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Chapter 2 Polyphosphorhydrazone-based
radical dendrimers

2.1 Introduction

In 1997, the group of Anne-Marie Caminade and Jean-Pierre Majoral reported for
the first time the synthesis of polyphosphorhydrazone (PPH) dendrimers or the so-called
phosphorous dendrimers.! They started from hexachlorocyclotriphosphazene core and by
iterative substitution of chlorine atoms with p-hydroxybenzaldehyde and condensation
with dichlorophosphonomethylhydrazide (H2N-N(Me)P(S)Cl.), they obtained a family of
PPH dendrimers from generation GO to G8 ended in chlorine (Gn) and aldehyde (Gn’)
end groups. Since the first report about the synthesis of this family of dendrimers,
enormous attention has been paid to these PPH dendrimers being used in many

applications, such as catalysis, nanocarriers, bioimaging, etc.

2.1.1 Chemical reactivity and properties of PPH dendrimers

Thanks to the chemical versatility of these PPH dendrimers with chlorine (Gn) or
aldehyde (Gn’) functional groups as terminal groups, there exist numerous ways to obtain
these dendrimers with different structures depending on the different demands. The
chlorine atoms can be replaced by phenol or amine derivatives (Scheme 2-1). The phenol
can be functionalized with different species in order to achieve different functions. For
example, ferrocene functionalized phenols for studying electrochemical properties,?
fluorophores functionalized phenols for interchromophoric interactions,® phosphonate
functionalized phenols as precursors of anti-HIV derivatives.* Regarding the replacement
of chlorine atoms end groups by amine groups, it is worth mentioning that the two
chlorine atoms probably hold different reactivity depending on the amines.> For example,
bisallylamine led to a monosubstitution of the P(S)Cl> moieties, regardless of the number
of equivalents added.® Similarly, allylamine can also be used to obtain monosubstituted
dendrimer.® After one chlorine group is substituted by an amine, the remaining one can
still react with other compounds, such as amine or phenol derivatives. Based on this fact,
different replacements can occur resulting in multifunctional dendrimers. Besides, linear

amine as well as cyclic amines can replace the chlorine atoms such as
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tetraazacyclotetradecane or pentadecane and tetraazacyclotetradecanedione.’
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Scheme 2-1. Description of possible reactions on chlorine ended PPH dendrimers with phenol or amine

derivatives.

On the other hand, aldehyde end groups can react with amines like hydrazine to form
Schiff base (imine) (Scheme 2-2). Also, phosphonates can be added into the unsaturated
bonds (C=0) of the aldehydes to obtain olefinic compounds with cis or trans
configuration by the known Witting reaction, like,
(acetylmethylene)triphenylphosphorane and (cyanomethylene)triphenylphosphorane.®®
The aldehyde groups of the PPH dendrimers can also react with ester, phosphonate and
carboxylic acid derivatives of phosphonates forming o,B-unsaturated functional groups
which also possess different Z and E isomers, which is known as the Horner-Wadsworth-
Emmons reaction® (Scheme 2-2). Our group has made use of this Horner-Wadsworth-
Emmons reaction to prepare PTM radical functionalized dendrimers.!! The chemical
versatility of the PPH dendrimers makes them very attractive for different applications

such as drug delivery or imaging agents.
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Scheme 2-2. Description of possible reactions on aldehyde ended PPH dendrimers.
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PPH dendrimers (Gn and Gn’) from GO to G8 present good solubility in the common
organic solvents such as chloroform, tetrahydrofuran, dichloromethane, dioxane, etc.!
However, PPH dendrimers are not soluble in water. In order to make this kind of
dendrimers soluble in water, it is necessary to modify the end group, for example,
introducing water-soluble organic compounds,? cations,*? nions.!*

When PPH dendrimers are used as biomaterials, it is important to consider their
stabilities. PPH dendrimers with aldehyde end groups are stable up to 250 °C. A series of
dendrimers with different cores, generations and end groups were researched to
investigate the factors influencing their thermal stabilities. It indicated that the end group
plays an important role but the core and generation have less influence on the stability of
the dendrimer.™® There are also a few reports about the degradability of the dendrimer
core, G0.167

The toxicity of PPH dendrimers is another important property to take into account
when these dendrimers are used as biomaterials. Researchers have confirmed that ionic
charges have an apparent influence on the toxicity of the material. It was confirmed that
quaternary ammonium terminal groups possess higher cytotoxicity than tertiary
ammonium groups.'® An alternative way to decrease the cytotoxicity of the dendrimers
and ensure their water solubility is the introduction of negatively charged entities on the
surface of the dendrimer, such as azabisphosphonate and azabiscarboxylate terminal

groups.*®

2.1.2 Biomedical applications of PPH dendrimers

As mentioned above, PPH dendrimers have been widely studied in different fields,
especially in  biomedical applications. For instance, a series  of
hexachlorocyclotriphosphazene (G0) based dendrimers containing two chalcone moieties
were found to act as anti-tumor species in vitro (Scheme 2-3). They were active against
prostatic adenocarcinoma PC-3 and carcinoma LNCaP cell lines in classical MTT assays
with IC50 about 100 pM.?°

35



O y Q
R

O O/F,’,: :‘E—OR
SR

R:-H, 2-CH3, 3-CH3, 4-CH3, 2-F, 3-F, 4-F, 2-Cl

/

Scheme 2-3. Structure of PPH dendrimers containing chalcone moieties.

A novel multivalent Gn-N-(pyridin-2-ylmethylene) ethanamine (copper (1) chelator
moiety)-conjugated PPH dendrimers with chlorine as end groups and its corresponding
mononuclear copper(ll) complex was prepared (Scheme 2-4). The MTS assay against
HL60 cell line indicated a direct relationship between the growth inhibitory effect and the
number of dendrimer terminal moieties and/or the amount of copper complexed with the
dendrimer. The number of terminal moieties has an apparent influence on the
antiproliferative potency of the dendrimers and the complexation of dendrimers with
Cu(Il) boosts this effect. It is interesting that the dendrimer alone without Cu(ll) also

showed the growth inhibition effects for G3 on some cancer cells.?
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Scheme 2-4. Structure of dendrimers with N-(pyridin-2-yImethylene) ethanamine ligand.

Six tyrosine-derived [Mn(EDTA)(H20)]> moieties were coupled to a
cyclotriphosphazene core to prepare an MRI contrast agent. This dendrimer complex has
six-fold higher relaxivity than one Mn(11) containing ligand.?? Six EDTA chelators were
firstly grafted on the surface of the dendrimer and then complexed with Mn(l1) (Scheme
2-5). Compared to the clinically used [Gd(DTPA)(H20)]?%, the dendrimer has a higher ry
relaxivity, with the result that blood MR signal intensity was two times higher than that
of mice injected with [Gd(DTPA)(H20)]* at 4.7 T. Furthermore, blood clearance and
elimination were fast through the renal and hepatobiliary routes. The imaging and

pharmacokinetic properties indicate that these Mn(Il)/dendrimer chelating agents could
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be advantageous for patients with chronic kidney disease.
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Scheme 2-5. Hexameric dendrimer with Mn(l1l) chelate.

2.1.3 PPH radical dendrimers

As explained in the Introduction, the conception of radical dendrimers was formally
proposed in 2014 with a family of polyphosphorhydrazone dendrimers fully
functionalized with TEMPO radicals, from GO to G4 generations, having from 6 to 96
TEMPO units, respectively (Scheme 2-6).2® Different techniques were used to
characterize the PPH radical dendrimers such as EPR, *H NMR, 3P NMR, UV-Vis, FT-
IR and SQUID. By EPR, a strong spin-exchange interaction of the radicals at the
periphery of the PPH dendrimers could be observed, and these interactions depended on
the dendrimer generation as well as on the temperature. The spin-exchange interaction
was much stronger at high generation and temperature. We obtained monocrystals of the
zero generation radical dendrimer based on cyclotriphosphazene ring (G0) and by EPR it
was proved that the relative orientation of the dendrimer branches in solution was similar
as in the solid state determined by X-Ray diffraction: three branches above the

cyclotriphosphazene ring and the other three below it (Scheme 2-6).24
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Scheme 2-6. Left) Five generations of PPH-based radical dendrimers from GO to G4 with 6, 12, 24, 48, and
96 TEMPO radical units, respectively, at the periphery. Right) X-ray crystal structure of GO-TEMPO.

As mentioned in the Introduction, other PPH radical dendrimers have been
synthesized and studied in our group, in which we have determined the influence of the
linker on the spin-exchange interactions among the radicals or on tuning their solubility,
or we have played with different organic radicals to achieve different applications (see

the review on Molecules).?®

2.2 Synthesis of PPH dendrimers from G0 to G4

We synthesized PPH dendrimers from generation GO to G4 ended in chlorine atoms
(Gn) or aldehyde groups (Gn’) as previously reported™!! with some modifications. The
synthetic route is shown in Scheme 2-7. We started from commercial
hexachlorocyclotriphosphazene (G0). By nucleophilic substitution between the chlorine
of GO and phenol of p-hydroxybenzaldehyde under basic conditions with Cs,CO3 to
scavenge the hydrochloric acid, dendrimer GO’ was obtained (1). Subsequently, GO’ (1)
dendrimer reacted with dichlorophosphonomethylhydrazide (9) to obtain G1 (2). After
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the synthesis of GO’ (1) dendrimer and G1 (2) dendrimer with aldehyde and chlorine as
end groups respectively, we repeated the same synthetic process in order to prepare
dendrimers G1° (3), G2 (4), G2’ (5), G3 (6), G3’ (7) and G4 (8). Since these dendrimers
have phosphorus atoms, this allows us to characterize them and follow the reaction by 3'P
NMR. 3P NMR is a very powerful tool since it provides information about the
achievement or not of full substitution of the branches or their degree of functionalization.
Moreover, Gn’ dendrimers have the characteristic aldehyde groups which allow us to

follow easily the reaction by IR and *H NMR.
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Scheme 2-7. Synthesis of PPH dendrimers from GO to G4 generations.

First of all, dendrimer GO’ (1) was synthesized by substitution of chlorine atoms of
dendrimer core (G0) with p-hydroxybenzaldehyde in basic media (Cs2CQ3). The reaction
was carried out at 0 °C for 15 min, then at room temperature overnight. After that, the
solid part was filtrated, and the solution part was precipitated with n-pentane three times
to get dendrimer GO’.

Next, in order to synthesize dendrimer G1, it was necessary to prepare a
dichlorophosphonomethylhydrazide intermediate (9). This intermediate was prepared
with thiophosphorylchloride and methylhydrazine (Scheme 2-8). Methylhydrazine was
added into the solution of thiophosphorylchloride drop by drop and the reaction was
initially performed at -60 °C in an acetone bath during the addition to avoid subproducts.
Herein, two equivalents of methylhydrazine were needed, because one equivalent acted
as a reagent and the other one as a base to scavenge the hydrochloric acid. After the
addition of methylhydrazine, the reaction was kept in the acetone bath for 30 min, then,
the acetone bath was removed, and the reaction continued at room temperature overnight.
After removing the salt by filtration, the prepared dichlorophosphonomethylhydrazide

was stored in CHCIs and used directly.
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Scheme 2-8 Synthesis of dichlorophosphonomethylhydrazide (9).

Dendrimer Gl (2) was prepared with the obtained
dichlorophosphonomethylhydrazide (9) and GO’ (1). The reaction proceeded initially in
an ice bath for 30 min and then stirred at room temperature overnight. After purification
by precipitation with n-pentane, dendrimer G1 (2) was obtained. Dendrimer G1” (3) was
synthesized in a similar way to dendrimer GO’ (1) but starting with dendrimer G1 (2)
instead of dendrimer GO.

However, when we moved to the synthesis of dendrimer G2 (4), we found that the
reaction time played an important role. At first, we carried out the reaction at 0 °C for 30
min and then the reaction proceeded at room temperature overnight. However, we did not
get the pure product after purification by precipitation according to 3'P NMR, as shown
in Figure 2-1. Then, we decided to carefully follow the reaction by 3P NMR. As shown
in Figure 2-2, the peaks at 64.0 and 63.3 ppm were singlets after one hour of reaction, but
then each singlet split into two peaks after overnight reaction at room temperature, which
indicated the molecular structure changed during that time. Therefore, we performed this
reaction within a short time. Finally, we found that one hour was enough to finish this
reaction. In this way, we were able to synthesize dendrimer G2 (4) successfully, and it
was well characterized by NMR (*'P NMR, *H NMR, *C NMR) and IR.
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Figure 2-1. 3'P NMR of G2 (4) after overnight reaction (CDCls, 250 MHz).
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Figure 2-2. Follow-up of G2 (4) reaction by 3P NMR (CDCls, 250 MHz).

Next, G2’ (5) dendrimer was synthesized in a similar way to G1° (3) dendrimer.
Specifically, G2 (4) dendrimer reacted overnight with 4-hydroxylbenzaldehyde with
Cs2CO0s as a base. Dendrimer G2’ (5) was obtained after purification by precipitation with
n-pentane. After we obtained G2’ dendrimer (5), G3 (6) dendrimer was synthesized in a
similar way to G2 dendrimer (4). Specifically, the reaction between G2’ dendrimer (5)
and dichlorophosphonomethylhydrazide (9) proceeded within two hours and the reaction
was followed by 3P NMR to ensure the complete substitution. The product G3 (6)
dendrimer was obtained after purification by precipitation. G3° (7) dendrimer was
prepared in a similar way to G2’ (5), and G4 (8) dendrimer was prepared based on G3’
(7) in a similar way. The experimental conditions of the synthesis of Gn’ dendrimers and

Gn dendrimers are reflected in the Table 2-1 and Table 2-2, respectively.

Table 2-1. Experimental conditions for the synthesis of Gn’ dendrimers.

Compound Gn (eq)* Cs2CO3 aldehyde temperature time Yield (%)
(eq) (eq)? (°C)
GO' 1 16 8 0-r.t. overnight 84%
Gl 1 32 16 0-r.t. overnight 81%
G2' 1 64 32 0-r.t. overnight 73%
G3' 1 128 64 0-r.t. overnight 92%
1n=0,1,2,3

2 Aldehyde means 4-hydroxylbenzaldehyde
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Table 2-2. Experimental conditions for the synthesis of Gn dendrimers.

Compound Gn' (eq)* hydrazide  temperature time Yield (%)
(eq) (°C)
Gl 1 14 0-r.t. overnight 95%
G2 1 20 0 1 hour 94%
G3 1 30 0 2 hours 92%
G4 1 80 0 1 hour 85%
1n=0,1,2,3

2 Hydrazide means dichlorophosphonomethylhydrazide

In conclusion, we have synthesized Gn and Gn’ PPH dendrimers from GO to G4
generations. The synthetic conditions for higher generation are a bit different from lower
generation (G1). Higher generations require less reaction time than a low generation. All
the synthesized dendrimers were well characterized by NMR (*H, 3!P, 3C) and IR. 3P
NMR is a useful tool to characterize the PPH dendrimer: GO’ dendrimer showed one
singlet after condensation with 4-hydroxylbenzaldehyde and the chemical shift changed
from 21 ppm corresponding to the core (GO) to 7.2 ppm. For higher aldehyde ended
dendrimer generations (G1’° to G3), the chemical shift of phosphorus peaks of the most
exterior phosphorus can be found at around 61 ppm. After Gn’ dendrimers were
transformed to Gn dendrimers, one more phosphorus peak can be found at around 63 ppm
because the dichlorophosphonomethylhydrazide that contains one phosphorus reacted
with the aldehyde. According to *H NMR, we can clearly see the peak of aldehyde of Gn’
dendrimers at around 9.8 ppm and this characteristic peak disappeared after the reaction
with dichlorophosphonomethylhydrazide. The disappearance of the aldehyde groups can
also be observed in 3C NMR. The carbons of aldehydes were at around 190 ppm, which
disappeared after the aldehyde reacted with dichlorophosphonomethylhydrazide. In the
corresponding IR spectra, the aldehyde group of dendrimer Gn’ was at 1700 cm™?, but this
band disappeared once the aldehyde ended dendrimers Gn’ changed to chlorine ended
dendrimers Gn. Both the NMR (3*P NMR, *H NMR and *3C NMR) and the IR confirmed

the successful synthesis of the dendrimers from GO’ to G4.

2.3 PPH radical dendrimers with Tyrosine as linker (Gn-
Tyr(PROXYL)-COOLi, n=0-3)

In order to prepare water-soluble PPH dendrimers, one way is to anchor hydrophilic
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compounds, for example, D-oxylose?® or helicon.?” Another option is the introduction of
cations or anions in the structure, for example, ammonium?*® or carboxylate groups.*®
However, dendrimers with anions show less cytotoxicity compared with cations.?®

Amino acids could be ideal linkers for preparing water-soluble dendrimers because
they contain an amine and acid groups, which provide us with the opportunity of using
one amine group to couple with 3-carboxy-PROXYL and the acid group can be converted
to carboxylate salt to make our radical dendrimers water-soluble (Scheme 2-9). We chose
two different amino acids as linkers, tyrosine and lysine. To anchor them to the dendrimer,
tyrosine has a phenol group that is able to substitute the chlorines of the Gn dendrimers,
while lysine has an extra amine group that can also react with Gn dendrimers by
substitution of chlorine atoms.
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Scheme 2-9. Synthetic scheme to afford amino acid functionalized water-soluble PPH dendrimers.

In our group, we started with tyrosine amino acid to prepare water-soluble
dendrimers.?® The reaction between the tyrosine and Gn dendrimer was performed in a
similar way than the synthesis of Gn’ dendrimers since they are essentially between the
Gn dendrimers and p-hydroxyphenyl (phenol) group. After the coupling of the tyrosine
amino acid on the surface of the dendrimer, the BOC group was deprotected by TFA. The
deprotected amine group was coupled with 3-carboxy-PROXYL radical. Finally, the acid
group was converted to the salt. In this way, we prepared water-soluble radical dendrimers
from GO to G3 (Scheme 2-10).
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Scheme 2-10. Synthetic route of radical dendrimers Gn-Tyr(PROXYL)-COOMe (n=0, 1, 2, 3; m=6, 12,
24, 48) with tyrosine as linker.

The tyrosine radical dendrimers began to be characterized by EPR, MALDI-TOF
and SEC and | continued to improve the characterization with these and other techniques
such as TEM and DLS as well as performing stability and cytotoxicity studies.
Importantly, by EPR we can know the presence of radicals and the number of radical
units (Figure 2-3). The number of radical units in the radical dendrimer matched very

well with the theoretical value.

o
-
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Figure 2-3. (a) X-band EPR spectra (100 mM phosphate buffer pH 7.4, 300 K) of 0.21 mM solutions of
Gn-Tyr(PROXYL)-COOLi (n =0-3) dendrimers obtained under identical conditions. (b) Double integral of
the EPR spectra of Gn-Tyr(PROXYL)-COOLi dendrimers (0.21 mM, 100 mM PB pH 7.4, 180 K) vs
number of PROXYL units.

Furthermore, DLS was used to determine the average hydrodynamic diameter of Gn-
Tyr(PROXYL)-COOLIi dendrimers (Table 2-3 and Figure 2-4). It indicated that the
hydrodynamic diameter ranged from 2.8 nm for GO-, to 4.8 nm for G3-Tyr(PROXYL)-
COOLiI, being similar to other water-soluble dendrimers in the same range of molecular
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weight.3%3! It is worth remarking that none of the Gn-Tyr(PROXYL)-COOLi dendrimer

generations presented significant aggregation at physiological pH (<0.2% by volume).

This is also consistent with the Z-potential data obtained (Table 2-3), which reflects the
good stability in solution of such species. TEM image of G3-Tyr(PROXYL)-COOL.i was

obtained using the negative stain technique with uranyl acetate (see Figure 2-5), observing

a very homogeneous particle size distribution with an average diameter of d = 4.86 + 0.05

nm, which is in agreement with the data obtained by DLS.

Table 2-3. Hydrodynamic diameters of Gn-Tyr(PROXYL)-COOL.i dendrimers (100 mM phosphate
buffer (PB) pH 7.4 at 300 K) shown in the Z-average with standard deviation values (N = 5) and their

corresponding Z-potential in water.

Volume (Percent)

Volume (Percent)

Compound Hydrodynamic diameters (nm) Z-potential (mV)
GO-Tyr(PROXYL)-COOLi 2.81+0.58 -57.6
G1-Tyr(PROXYL)-COOLiI 3.44 +0.75 -68.1
G2-Tyr(PROXYL)-COOLi 4.23 +1.30 -84.1
G3-Tyr(PROXYL)-COOLi 4.78 +1.23 -59.2

Size Distbuton by Volumo Size Disibution by Voluma
a) b
)
e ) Size (@am)
Siz0 Distbuton by Voume Size Distbution by Volume
ol “Ta
i.

Size (d.nm)

Size (d.nm)

Figure 2-4. Average result created from the record of frequency curves (N = 5) obtained from the volume
particle size distribution, for a) GO-, b) G1-, ¢) G2- and d) G3-Tyr(PROXYL)-COOL.i dendrimers, provided

by Malvern Zetasizer Software.
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Figure 2-5. TEM image of G3-Tyr(PROXYL)-COOLi dendrimer using the negative stain technique with
uranyl acetate, d = 4.86 + 0.05 nm.

One of the most important properties of radical dendrimers, when they are used as
contrast agents, is relaxivity. We performed the MRI phantom experiments of the tyrosine
functionalized radical dendrimers to measure the relaxivities. The results indicated that
the relaxivities of radical dendrimers per molecule increased from 1.39 mM's™! to 12.96
mM~!s™! from GO to G3 generations. It is worth mentioning that the increase of relaxivity
was not only observed per molecule but also per radical unit (0.20 mM~!s™! for PROXYL,
0.23mM!s™! for GO and 0.27 mM's™! for G3), which could result from the big molecular
size (slow tumbling) of high generation radical dendrimers (Figure 2-6).

16.0
12.0
8.0

4.0

r,"" (sTmM?)

0.0

PROXYL gGo
G1

Figure 2-6. Longitudinal (r1) and transverse (rz) relaxivity per molecule of Gn-Tyr(PROXYL)-COOLI,
n=0-3 dendrimers determined at 7T in 100 mM phosphate buffer pH 7.4, 300 K.

In vitro viability assays were performed with the fetus normal lung tissue cell line
(MRC-5) to evaluate the toxicity of Gn-Tyr(PROXYL)-COOL.i dendrimers (n=0-3). The
cells were incubated with Gn-Tyr(PROXYL)-COOLi dendrimers (n=0-3) of various
concentrations ranging from 0.016 to 2mM per radical unit for 24 and 48 h. MTT assay
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was used to determine cell viability. As a result, Gn-Tyr(PROXYL)-COOL.i dendrimers
(n=0-3) did not display any cytotoxicity in vitro, in the tested concentration range (Figure
2-7). It is known that nitroxides themselves are not considered cytotoxic*?*3* and
negatively charged dendrimers do not interact with biological environment, since they are
repelled by the negatively charged cell membrane.?® The combination of these two
attributes is confirmed by our results, giving biocompatible dendrimers better suitable for
clinical applications.

100% T
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@24h

W48 h
40% T
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Control GO G1 G2 G3 DMSO 1% DMSO 5%

Figure 2-7. In vitro cell viability assays conducted with the fetus normal lung tissue cell line (MRC-5)
incubated with Gn-Tyr(PROXYL)-COOLi dendrimers (n =0—3) in a concentration of 2 mM per radical
unit for 24 and 48 h.

In conclusion, we have successfully prepared a series of radical dendrimers with
tyrosine as a linker between the radical and the dendrimers. These radical dendrimers
showed high water solubility thanks to the carboxylate salt in the tyrosine linker.
Remarkably, the phantom MRI experiments showed that the relaxivity ry of G3 radical
dendrimers G3-Tyr(PROXYL)-COOLi (ca. 13 mM~!s™!) is four times higher than the
most widely used CA in clinics, Gd-DPTA (3.2 mM~'s™") or Gd-DOTA (2.8 mM!s™).

In vitro cell viability assays showed no toxicity for these radical dendrimers.

2.4 Attempted synthesis of PPH radical dendrimers with
Lysine as linker (PROXYL-Lys(Gn)-COOLi, n=0-3). Route
1.

After we confirmed the successful preparation of radical dendrimers as MRI contrast
agents with tyrosine as a linker, we tried to use another amino acid as linker, lysine. The
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main difference between lysine and tyrosine is the rigidity. In lysine, there is an alkyl
chain, but in tyrosine, there is an aromatic ring. We believe the different structures could
induce a difference in the spin-spin interaction of radicals. Accordingly, we can check the
influence of the different linkers in the relaxivity values or other influences on our radical
dendrimers.

In order to synthesize lysine functionalized radical dendrimers, we used, in the
beginning, a different synthetic route from tyrosine functionalized Gn-Tyr(PROXY'L)-
COOL.i radical dendrimers. Instead of starting with the anchoring of the amino acid lysine
on the surface of PPH dendrimers, we synthesized the PROXYL-Lys(BOC)-COOMe
radical ligand firstly (Scheme 2-11). Next, the BOC group was removed by deprotection
with TFA, obtaining PROXY L-Lys-COOMe ligand. Then, this ligand was used to couple
to the Gn PPH dendrimers, by substitution of chlorine with the deprotected amine.
Finally, the acid group was hydrolyzed with LiOH to form the salt, to provide us water-

soluble radical dendrimers (Scheme 2-11).

)OL NH, - HCI
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N-O > 0" ON N ; g
- H H N-O0 § N N N-O
HATU, DIEA, DCM 2)TEA, DCM or THF ;/(\\ m
PROXYL-Lys(Gn)-COOMe
3-carboxy-PROXYL PROXYL-Lys(BOC)-COOMe ﬁ ye(Gn
;&\G) cl
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LiOH-H,0

H,0 /THF,1/2

PROXYL-Lys(Gn)-COOLi

Scheme 2-11. Synthetic route of PROXYL-Lys(Gn)-COOLi (n=0, 1, 2, 3; m=6, 12, 24, 48) radical
dendrimers with lysine as linker. ROUTE 1.

2.4.1 Synthesis of PROXY-Lys-COOMe ligand

First, we synthesized the PROXYL-Lys(BOC)-COOMe (10) radical ligand, by
amidation between the amine group of H-Lys(BOC)-OMe and the carboxylic acid group
of the 3-carboxy-PROXYL with HATU as the coupling agent and DIEA as the base
(Scheme 2-12). This reaction was performed at room temperature overnight. After that,
the crude was extracted with DCM/H20 three times. Then, the product PROXYL-
Lys(BOC)-COOMe (10) was purified by column chromatography on silica gel, and was
characterized by IR. In the IR spectrum, we can observe the band of amide at 1665 cm™
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and the band of the NH of carbamate at 3323 cm™. EPR was also used to characterize the
ligand PROXYL-Lys(BOC)-COOMe (10). The EPR spectrum showed that the intensity
of the third peak was lower than the first two peaks, which is indicative of slower
rotational time (tumbling) of the radical due to the radical was coupled to another (larger)

molecule, lysine, in our case (Figure 2-8).

o}
A K LOER LT Ak
O-N O+ meooc N“To O-N N NTTo

DCM, rt

3-carboxy-PROXYL H-Lys(BOC)-OMe-HCI PROXYL-Lys(BOC)-COOMe (10)

Scheme 2-12. Synthesis of PROXYL-Lys(BOC)-COOMe (10) radical ligand.
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Figure 2-8. EPR spectrum of PROXYL-Lys(BOC)-COOMe (10) ligand.

Then, the obtained PROXYL-Lys(BOC)-COOMe (10) was deprotected with TFA
(Scheme 2-13), which is the most commonly used deprotecting agent for BOC group to
obtain PROXYL-Lys-COOMe (11) ligand. The reaction was performed in an ice bath for
30 min at first and then proceeded at room temperature overnight. Then, the product was
purified by washing with DCM and MeOH three times, respectively. The obtained
product was characterized by IR and EPR, showing also a three-line pattern similar to
ligand 10 (Figure 2-9).

(0] COOMe

(0] COOMe (0]
)\/\/\ JJ\ )< TFA, DCM . N)\/\/\NH
rt, overnight
PROXYL-Lys(BOC)-COOMe (10) PROXYL-Lys-COOMe (11)

Scheme 2-13. Deprotection of PROXYL-Lys(BOC)-COOMe (10) with TFA to afford ligand PROXYL-
Lys-COOMe (11).
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Figure 2-9. EPR spectrum of PROXYL-Lys-COOMe (11) ligand.

2.4.2 Attempted synthesis of PROXY-Lys(G0)-COOMe and PROXY-
Lys(Gn)-COOLi n=0-3

Once we got the radical ligand PROXYL-Lys-COOMe (11), we were able to take
advantage of the primary amine group to replace the chorine of the Gn PPH dendrimer to
prepare the radical dendrimers PROXY L-Lys(Gn)-COOMe. First, we started with GO to
synthesize radical dendrimer PROXYL-Lys(G0)-COOMe (12), in basic conditions
(Cs2C03) (Scheme 2-14). After overnight reaction, the reaction solution was filtrated to
remove Cs,COs. Subsequently, the product was purified by column chromatography on
silica gel. The product was characterized by IR and EPR. In the EPR spectrum, we
observed spin-exchange interaction between radicals since we observed two broad bands
between the three principal lines, which indicated that the radicals were anchored on the

dendrimer GO and interacting among them intramolecularly (Figure 2-10).

Cl<,.Cl O  COOMe COOMe O
NN )\/\/\ Cs2C05 /\/\)\
- N NH > N3P3TN N -0
CI\IID'\ //'I:<CI 4+ O-N H 2 - ' 3 B N-O
c” N Cl THF, overnight 6

GO PROXYL-Lys-COOMe (11) PROXYL-Lys(G0)-COOMe (12)

Scheme 2-14. Synthesis of radical dendrimer PROXY L-Lys(G0)-COOMe (12).

50



r T T T T T T T T T d
3430 3440 3450 3460 3470 3480 3490 3500 3510 3520 3530
H/ Gauss

Figure 2-10. EPR of radical dendrimer PROXY L-Lys(G0)-COOMe (12).

Then, in order to make the radical dendrimer PROXYL-Lys(G0)-COOMe (12)
water-soluble, we transformed the methyl ester to carboxylate salt with an excess of LiOH
in THF/H2O (Scheme 2-15). The excess of LiOH was removed by ultrafiltration. After
drying by lyophilization, the product PROXY L-Lys(BOC)-COOL.i (13) was obtained as
a white powder. It was characterized by EPR and MRI together with the other generations

(see below).

COOMe O cooLi O
/\/\)\ LioHH,0 /\/\)\
N3P3——N N N—O" »  N3P3TN N N-O'
H H . THF/H,0, 2/1 H H .

PROXYL-Lys(G0)-COOMe (12)

PROXYL-Lys(G0)-COOLi (13)

Scheme 2-15. Last step of the synthesis to obtain water-soluble PROXY L-Lys(G0)-COOL.i (13) dendrimer.

Then, we moved to prepare PROXY L-Lys(Gn)-COOLi radical dendrimers from G1
to G3, in a similar way, but we changed the base from Cs>CO3 to trimethylamine (TEA).
First, the PROXYL-Lys-COOMe (11) radical ligand reacted with the Cl-ended dendrimer
with TEA as a base. After the reaction proceeded overnight or two days, the formed salt
between the TEA and hydrochloric acid was removed by filtration. The solution was dried
and then dissolved in THF/H20 (2/1, v/v). LIOH*H20 was added to hydrolyze the ester
of the radical dendrimers to get the corresponding lithium salt (Scheme 2-16). The excess

of LiOH was removed by ultrafiltration, and the products were dried by the lyophilization.
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Scheme 2-16. Synthetic scheme to obtain PROXY L-Lys(Gn)-COOMe radical dendrimers and subsequent
hydrolysis with LiOH to obtain PROXYL-Lys(Gn)-COOLi (n=1 (14), 2 (15), 3 (16); m= 12, 24, 48).

The obtained compounds as PROXY L-Lys(Gn)-COOL. radical dendrimers from GO
to G3, were characterized by EPR and MRI phantoms. From the shape of the EPR spectra
obtained, we could observe that only GO showed some interaction between radicals, but
from G1 to G3 the EPR spectra only showed a three-line pattern, which was surprising
and not expected if all branches were substituted, indicating that most probably there was
not fully radical substitution. We also used EPR to make a quantitative analysis to
determine the number of radical units anchored on the dendrimers. The quantitative EPR
study confirmed the previous assumption, showing that the number of radicals anchored
on the dendrimers was much lower than the expected theoretical ones. Also, the MRI
phantom experiments performed showed that the relaxivity values were much lower than
the expected ones (Figure 2-11). The relaxivities were very low indicating that the
dendrimers structures contain only few PROXYL radicals. Therefore, we did not get
radical dendrimers fully functionalized by PROXYL radicals but only with few radicals

in the structure as determined by EPR and MRI studies.
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Figure 2-11. Longitudinal (ry) relaxivities of PROXYL-Lys(Gn)-COOLi (Gn-COOLi) n=0-3 radical
dendrimers per molecule determined at 7T in 100 mM phosphate buffer pH 7.4, 300 K.
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In order to try to explain these results, we think there are three possible reasons to

explain why the radical dendrimers did not present full radical substitution:

1) The first explanation could be that the radical ligand PROXYL-Lys-COOMe
(11) did not anchor on the surface of Gn dendrimers in all positions. Interestingly,
as explained before, in the radical dendrimer PROXYL-Lys(G0)-COOMe (13),
there existed interaction between radicals resulting from radicals grafted on the
dendrimer, according to the EPR spectrum. In dendrimer GO, we have six
chlorine atoms connected to the ring. It is well known that the substitution of one
chlorine is easier than the substitution of two chlorines on the same phosphorus,
which is called “cis effect”, resulting in cis geminal products.’>>” Due to the
radicals are located at the same side of the dendrimer core ring it is possible to
produce some interaction between them (and see the interaction in the EPR
spectrum). Therefore, it is plausible to think that we got GO radical dendrimer
with only three chlorine atoms substituted and that the radicals are on the same
side of the dendrimer core (Scheme 2-17). For dendrimers from G1 to G3, the
reaction between radical ligand and dendrimers might be hindered by the bulky

hindrance of the ligand PROXYL-Lys-COOMe (11).
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Scheme 2-17. Possible structure obtained for the attempted synthesis of PROXY L-Lys(G0)-COOMe (12)

(and the COOL.i derivative 13) with tri-radical substitution instead of full radical substitution.

2) TFA can also affect the nitroxide radicals through Golubev disproportion**4?

(Scheme 2-18). Some acids can oxidize nitroxides into oxoammonium and
hydroxylammonium. However, then, under basic conditions, for example,
NaHCOs, these products can form nitroxide radicals again, in a reversible way.
In our case, when the PROXYL-Lys(BOC)-COOMe radical ligand was

deprotected with TFA, the radical character of PROXYL units could possibly be
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partially lost. And then, although we used a base in the next step, the radical

character could not be totally recovered.

>(j< strong acids__ >[\/I< >|\/j<
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Scheme 2-18. Golubev disproportion of the nitroxide radical with acid.%

3) Itis also possible that the obtained radical dendrimers were not stable during the
hydrolysis or purification processes, for instance, inducing some degradation of

the dendrimer structure.

We had to propose another route to prepare these radical dendrimers so that all the
end groups could be fully functionalized with radicals. In addition, the radicals have to
be prevented from TFA. Therefore, we can firstly anchor amino acid lysine on the surface
of Gn PPH dendrimers. After lysine deprotection, radical units can be anchored on these
lysine functionalized dendrimers. Also, in this way, we can take advantage of *H NMR

for the first steps which is not possible in the previous route.

2.5 Synthesis of PPH radical dendrimers with Lysine as
linker (Gn-Lys(PROXYL)-COOLI, n=0,1). Route 2.

Since the first route was not successful, we changed to another synthetic way similar
to the formation of radical dendrimers with tyrosine as linker (Scheme 2-19). First, the
lysine amino acid derivative is coupled through the free amine to the Gn PPH dendrimers
with chlorine atoms as the end group. Second, the BOC group of the dendrimer Gn-
Lys(BOC)-COOMe is removed with TFA, obtaining Gn-Lys-COOMe. Then, the lysine
functionalized PPH dendrimers with free amine group are coupled with 3-carboxy-
PROXYL. Finally, the radical dendrimers can be hydrolyzed to make radical dendrimers
soluble in water. The advantage of this reaction procedure is that the full functionalization
of dendrimers with amino acid can be verified by NMR. The main difference of structure
between the previous PROXYL-Lys(Gn)-COOL.I radical dendrimers (from route 1) and
the new Gn-Lys(PROXYL)-COOL.I radical dendrimers (from route 2) is the position of
the hydrophilic groups (COOLi). In the radical dendrimers of the first route, the
hydrophilic groups (COOLI) are closer to the radical end groups, i.e. to the dendrimer
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surface while in the radical dendrimers of the second route these are located more in the

interior, further from the radical end groups (Scheme 2-20) .
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Scheme 2-19. Synthesis of Gn-Lys(PROXYL)-COOMe radical dendrimers (n=0, 1, 2, 3; m=6, 12, 24, 48)
with lysine as linker. ROUTE 2.
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Scheme 2-20. Chemical structure of left) radical dendrimer PROXYL-Lys(G1)-COOLi from the Route 1
and right) G1-Lys(PROXYL)-COOL.i from the new Route 2.

2.5.1 Synthesis of dendrimers Gn-Lys(BOC)-COOMe n=0-3

At first, we synthesized the dendrimer GO-Lys(BOC)-COOMe (17) by coupling the

lysine amino acid derivative and the dendrimer GO in basic conditions (Scheme 2-21).
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Scheme 2-21. Synthesis of dendrimer GO-Lys(BOC)-COOMe (17).

The reaction between the GO and lysine was originally performed at room
temperature for 24 h, but we did not obtain the desired product according to the 3P NMR
spectrum (Figure 2-12). As shown in Figure 2-12, there is more than one peak, indicating
the incomplete substitution of chlorine atoms. If all the chlorine groups were completely
substituted there should appear only one peak. In order to make all the chlorine atoms be
substituted, we decided to increase the temperature to 105 °C, and follow the reaction by
3P NMR. The 3P NMR spectra at different times are shown in Figure 2-13. We can
clearly see that the intensities of the peaks at around 11 ppm and 22.5 ppm decreased with
time, which means the chlorine atoms have been gradually substituted. After 9 days at
105 °C only one peak at 15 ppm appeared, which indicated all the chlorine atoms were
substituted. The dendrimer GO-Lys(BOC)-COOMe (17) was obtained after precipitation
and was characterized by *H NMR, *!P NMR, **C NMR and MALDI-TOF confirming it
was successfully obtained. In the 3P NMR, the phosphorus peak at 15 ppm was shifted
from the phosphorus peak of GO dendrimer at 21 ppm. In the MALDI-TOF spectrum, the
molecular ion peak can be found at 1690 m/z.

As we mentioned before, the chlorine groups of the dendrimer core have different
reactivity when one of the two chlorine atoms is substituted by an amine because the first
substitution could induce an increase of the electronegativity of phosphorus, thus, making
the second chlorine less susceptible to be substituted. As a result, an incomplete
substitution product can be obtained, for this reason it is necessary to increase the

temperature to make all chlorine groups substituted.*!
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Figure 2-12. P NMR spectrum of the reaction to form GO-Lys(BOC)-COOMe (17) dendrimer at room
temperature, after 24 hours.
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Figure 2-13. Follow-up by 3P NMR of the synthesis of dendrimer GO-Lys(BOC)-COOMe (17) (LB=3).

The synthesis of G1-Lys(BOC)-COOMe (18) dendrimer was carried out in softer
conditions (Scheme 2-22). In this case, we found that this reaction was completed at room
temperature and overnight. The product was purified by extraction with 0.05 M HCI in
dichloromethane. 3P NMR, 'H NMR, ¥C NMR and MALDI-TOF confirmed the
structure of the G1-Lys(BOC)-COOMe (18). It is worth mentioning that 3!P NMR was
able to confirm the anchoring of lysine derivative through the chemical shift of the most
exterior phosphorous of G1 (2) dendrimer that changed from 63 ppm to 68 ppm, as well
as the complete substitution of chlorine atoms because of the appearance of only two
phosphorus peaks in the final spectrum (from the two different phosphorous from the
structure). By MALDI-TOF mass spectrometry we obtained the quasi-molecular ion peak
at 4537.9 m/z from the adduct [M+Na]*.

57



COOMe o}
QH % _Cl )\/\/\ )k J<
N3P3<O@ﬁiNfoP\C|> +  HCI-H,N N“ o

G1(2) H-Lys(BOC)-OMe- HCI
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CH3 COOMe i

G1-Lys(BOC)-COOMe (18)

Scheme 2-22. Synthesis of G1-Lys(BOC)-COOMe (18) dendrimer.

Thus, we have noticed that the functionalization of GO and G1 dendrimers required
very different reaction conditions. For GO dendrimer, it was needed a high temperature
and long reaction time, but for G1 derivative, the reaction was finished at room
temperature and with much less reaction time. This phenomenon could result from the
different reactivity of the chlorine end groups between GO (connected to the phosphorous
from the NsP3 core ring) and G1 (connected to the phosphorous from the branches)
dendrimers.

G2-Lys(BOC)-COOMe (19) dendrimer was synthesized in a similar way than G1-
Lys(BOC)-COOMe (Scheme 2-23) dendrimer, and characterized by 3'P NMR and H
NMR. Similarly, we can also observe in 'P NMR that the most exterior phosphorus peak
shifted from 63 ppm of G2 (4) dendrimer to 67 ppm, and that appeared only three peaks
from the three different phosphorous atoms, confirming the anchoring of lysine derivative

and the complete substitution of all chlorine atoms.

GHs S CHs$
NaPs{OOC:N*NfP<O@CH:N*N*P:C| >
H Cl /2 6

G2 (4)
COOMe )k J<
. Toluene, triethylamine
HCI-H, N 40 min, ice bath
H-Lys(BOC)-OMe-HCI overnight, rt
y

COOMe o)
CHsg ehsg L A K
N3P3{oOﬁzMN—P{OOCH:NfN—P%H N0 )2 >2 >6
G2-Lys(BOC)-COOMe (19)
Scheme 2-23 Synthesis of G2-Lys(BOC)-COOMe (19) dendrimer.
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We synthesized initially G3-Lys(BOC)-COOMe (20) dendrimer in the same
solvent than the others (toluene) but we found that the product precipitated during the
synthesis process, which was checked by 3P NMR. For this reason, we changed the
solvent to THF, in which the solubility of the product was better than in toluene. In
addition, the reaction needed more time than G1-Lys(BOC)-COOMe (18) and G2-
Lys(BOC)-COOMe (19) (Scheme 2-24). After purification by column chromatography
on silica gel, G3-Lys(BOC)-COOMe (20) was successfully characterized by 3P NMR
and *H NMR. Again, the shift of the most exterior phosphorus peak from 63 to 67 ppm
suggested that the lysine was anchored to G3 dendrimer and the appearance of only four

phosphorus peaks meant that all chlorine atoms were substituted.

Ho S oo G Ho S g
N3Ps+0 CZN*N*P{O C=N-N-P-{0 C=N-N-PL ")) )
I I I -Cl’2
S S S 2

6
G3 (6)

COOMe i J<
Hcl ,HZN)\/\/\” 0 THF, triethylamine

1 hour, ice bath
2 days, rt
H-Lys(BOC)-OMe-HCI

CHj3

COOMe 0
CHs CHs
H T H T H 1 )\/\/\ )k
NgP310 CZN*N*P‘{O C=N-N-P{O C=N-N-P{N N” 0 ).) >
I I n'H H 2%
s s s 2

6
G3-Lys(BOC)-COOMe (20)

Scheme 2-24. Synthesis of G3-Lys(BOC)-COOMe (20) dendrimer.

At this stage, we successfully synthesized Gn-Lys(BOC)-COOMe dendrimers by
functionalizing Gn PPH dendrimers with lysine amino acids from GO to G3. Different
reaction conditions were used to synthesize these dendrimers, for example, changing the
temperature, the solvents and the time. All the products were well characterized by *H
NMR, 3P NMR, *C NMR (G0, G1 and G2) and MALDI-TOF (GO and G1).

2.5.2 Synthesis of radical dendrimers Gn-Lys(PROXYL)-COOMe
n=0,1 and Gn-Lys(PROXYL)-COOLi n=0,1

After obtaining Gn-Lys(BOC)-COOMe dendrimers from GO to G3, we proceeded
to prepare Gn-Lys(PROXYL)-COOMe radical dendrimers. First, it was necessary to
deprotect the BOC group in order to get the amine group to couple with the 3-carboxy-
PROXYL radical.
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We started with dendrimer GO-Lys(BOC)-COOMe (17), using TFA as a
deprotecting agent to remove BOC (Scheme 2-25). The reaction was performed in DCM
overnight. Then, the solvent was removed under vacuum followed by washing with DCM
and MeOH to remove the residual TFA, obtaining GO-Lys-COOMe (21) dendrimer.
MALDI-TOF mass spectrometry clearly showed the molecular ion peak at 1090 m/z.
Before NMR characterization, DIEA was added to neutralize the possible residual amount
of TFA. 'H NMR confirmed that the BOC group was removed due to the disappearance
of the BOC peak at 1.4 ppm. 3'P NMR also showed only one phosphorus peak, at 16 ppm.

COOMe j\ J< COOMe
S~ TFA, DCM Ao~
N3P3~€H N" o > - N3P3<H NH, >
6

6 overnight
GO-Lys(BOC)-COOMe (17) GO-Lys-COOMe (21)
Scheme 2-25. Deprotection step of GO-Lys(BOC)-COOMe (17) dendrimer with TFA to obtain GO-Lys-
COOMe (21).

GO-Lys-COOMe (21) dendrimer was then coupled to 3-carboxy-PROXYL using
HATU as coupling agent (Scheme 2-26). The GO-Lys(PROXYL)-COOMe (22) product
was obtained after purification by column chromatography on silica gel. The MALDI-
TOF spectrum showed the molecular ion peak at 2100 m/z, which indicated that all the
six chlorine atoms were substituted. We also could obtain the *H NMR spectrum after
reduction of PROXYL radical units with phenylhydrazine, confirming the structure of
GO-Lys(PROXYL)-COOMe. By EPR (Figure 2-14), we observed broad lines between
the three main narrow lines resulting from some intramolecular spin-exchange
interactions between radicals, indicating that radicals were anchored on the dendrimer
surface and interacting between them. Also, quantitative EPR study showed that this
radical dendrimer has the same area (double integral) than GO-Tyr(PROXYL)-COOMe

and around 6 times more than PROXYL free radical.

COOMe o COOMe o}
P _QN)\/\/\NH + o HATU, DIEA, DCM P (_ )\/\/\ )
o N N o
PN 2)6 N—O N3P N N N—O .

G0-Lys-COOMe (21) 3-carboxy-PROXYL GO-Lys(PROXYL)-COOMe (22)

Scheme 2-26. Synthesis of GO-Lys(PROXYL)-COOMe (22) radical dendrimer.
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Figure 2-14. EPR spectrum of GO-Lys(PROXYL)-COOMe (22) dendrimer (300 K, in CH,Cly)

The last step was the hydrolysis of GO-Lys(PROXYL)-COOMe (22) to obtain GO-
Lys(PROXYL)-COOL. (23). It was dissolved in THF/H20 (2/1, v/v). LiOH*H20 was
added to hydrolyze the ester of the radical dendrimers to get the corresponding lithium
salt (Scheme 2-27). The excess of LiOH was removed by ultrafiltration, and the product
was dried by the lyophilization. Although we obtained low amount of product we could
characterize it by quantitative EPR study, showing the same area (double integral) than
the precursor GO-Tyr(PROXYL)-COOL. and also around 6 times that of PROXYL free

radical, confirming the integrity of the compound.

COOMe O cooLi O
/\/\)\ LIOHH,0 /\/\)\
N3P3—N N N—O" > NgPsTN N N-O’
H H . THF/H,0, 2/1 H H .

GO-Lys(PROXYL)-COOMe (22) GO-Lys(PROXYL)-COOLi (23)

Scheme 2-27. Hydrolysis of GO-Lys(PROXYL)-COOMe (22) to obtain GO-Lys(PROXYL)-COOL.i (23).

Then we moved to G1 dendrimer. We used the same methodology than for GO to
deprotect the BOC group of G1-Lys(BOC)-COOMe (18) (Scheme 2-28) and G2-
Lys(BOC)-COOMe (19) and then couple 3-carboxy-PROXYL in a one-pot synthesis.
During the reaction process, we observed the formation of some solid. After the reaction
finished, we removed the excess of 3-carboxy-PROXYL by extraction with water/DCM
and the solid produced was removed by filtration. We characterized the products obtained
from G1-Lys(BOC)-COOMe (18) and G2-Lys(BOC)-COOMe (19) by EPR. In the EPR
spectra, we could see two broad peaks between three main peaks indicating spin-exchange
interaction between radicals (Figure 2-15). However, quantitative EPR and MALDI-TOF
indicated that the two products were not obtained.

The MALDI-TOF spectrum of the possible G1-Lys(PROXYL)-COOMe product

showed a maximum ion peak was at 496 m/z (Figure 2-16), much lower than the
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corresponding molecular ion peak.

G1-Lys(BOC)-COOMe (18)

2) HATU,DIEA,DCM

o)
1) TFA, DCM Ho)‘\é-o‘

3-carboxy-PROXYL

Y

COOMe

o O s )

G1-Lys-COOMe (24)

Scheme 2-28. BOC deprotection of G1-Lys(BOC)-COOMe (18) dendrimer and coupling with 3-carboxy-
PROXYL in one-pot synthesis. The same procedure was followed for G2-Lys(BOC)-COOMe (19).

product from G1-Lys(BOC)-COOMe

product from G2-Lys(BOC)-COOMe
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Figure 2-15. EPR spectra of the products obtained from G1-Lys(BOC)-COOMe (18) and G2-Lys(BOC)-
COOMe (19) after deprotection with TFA and coupling with 3-carboxy-PROXYL (DCM, 300 K).
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Figure 2-16. MALDI-TOF of the product obtained from G1-Lys(BOC)-COOMe (18) after BOC
deprotection with TFA and coupling with 3-carboxy-PROXYL (positive matrix).
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Quantitative EPR was performed to measure the number of radicals per molecule
(Figure 2-17). The double integrals of the quantitative EPR spectra are listed in Table 2-4
and Table 2-5.

In Table 2-4, we have assumed that the products obtained were G1-Lys(PROXYL)-
COOMe and G2-Lys(PROXYL)-COOMe. However, when we compared the EPR
intensities taking into account the molecular weight of the GO-Lys(PROXYL)-COOMe,
G1-Lys(PROXYL)-COOMe and G2-Lys(PROXYL)-COOMe, they were not
proportional to the number of radical units. Considering there was precipitation during
the deprotection process, we deduced that some kind of degradation release occurred
probably due to the cleavage of P-N bond with acid, which resulted in the release of
lysine amino acid, being the rest of the dendrimer insoluble. Thus, after removal of the
precipitate, we presumably had in solution the lysine released. The lysine amino acid after
BOC deprotection with TFA possessed two free amine groups so that two equivalents of
3-carboxy-PROXYL could couple to it, forming a diradical, in both cases for G1 and G2
species, that has a molecular weight 496.65 g/mol (Scheme 2-29) like the mass obtained
by MALDI-TOF. This kind of diradical could also produce spin-exchange interaction
between the radicals. Therefore, if we take into account that the product we had in solution
was this kind of diradical, the concentration of radicals changed as well, as shown in
Table 2-5. And now, the intensity of the quantitative EPR study shows good linearity with
the concentration of radical (Figure 2-18) indicating that, most probably, we obtained this
diradical species in both cases.

Therefore, we can conclude that it was not possible to deprotect G1-Lys(BOC)-
COOMe (18) and G2-Lys(BOC)-COOMe (19) with TFA, since this acid produced some

branch release of the dendrimer.
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Figure 2-17. EPR spectra obtained from a quantitative EPR study in DCM at a) 300 K and b) 130 K of GO-
Lys(PROXYL)-COOMe (22) and the products from G1-Lys(BOC)-COOMe (18) and G2-Lys(BOC)-
COOMe (19) after BOC deprotection with TFA and coupling with 3-carboxy-PROXYL.

Table 2-4. Quantitative EPR data taking into account the molecular weight of G1-Lys(PROXYL)-
COOMe and G2-Lys(PROXYL)-COOMe radical dendrimers as products. There is no correlation.

Samplet Mw Mass Volume Concentration of Concentration of EPR double
(g/mol) (mg) (mL) compound (mM) radical (mM) integral (a.u.)
GO0-PROXYL 2099.46 1.228 2.785 0.21 1.26 2.9x10°
G1-PROXYL 5031.18 1.37 1.296 0.21 2.52 9.9x10°
G2-PROXYL 12773 4.38 1.632 0.21 5.04 21.6x10°

1 Gn-PROXYL means Gn-Lys(PRXOYL)-COOMe

Table 2-5 Quantitative EPR data taking into account the molecular weight of diradical as products.

Samplet Mw (g/mol) Mass Volume Concentration of Concentration EPR double
(mg) (mL) compound (mM) of radical (mM) integral (a.u.)
GO0-PROXYL 2099.46 1.228 2.785 0.21 1.26 2.9x10°
diradical 496.65 1.37 1.296 2.13 4.26 9.9x10°
diradical 496.65 4.38 1.632 5.40 10.80 21.6x10°

1 G0-PROXYL means GO-Lys(PRXOYL)-COOMe

O COOMe 0]

Diradical
Molecular Weight: 496.65 g/mol

Scheme 2-29. Chemical structure of the formed diradical from the lysine release of dendrimers G1-
Lys(BOC)-COOMe (18) and G2-Lys(BOC)-COOMe (19) after TFA addition.
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Figure 2-18. Double integral data of quantitative EPR spectra vs the concentration of radical taking into
account the mass of GO-Lys(PROXYL)-COOMe (22) and the mass of diradical 496.65 g/mol for G1 and
G2 derivatives (Table 2-5).

To achieve a better deprotection of the BOC group, we tried to find other
deprotecting agents. We made different trials using different conditions reported in the
literature such as H3PO4,*? TsOH,*4* HCI,* or HNO3* (Table 2-6). However, all these
agents also produced some dendrimer degradation, which was confirmed by *'P NMR
spectra.

Finally, we successfully deprotected BOC group of G1-Lys(BOC)-COOMe (18)
with SnCl14*"8 (Scheme 2-30). G1-Lys-COOMe (24) dendrimer was characterized by 3P
NMR and *H NMR. The 3P NMR spectrum clearly showed the two phosphorus peaks at
8.4 ppm and 67 ppm, which indicated the dendrimer kept intact during the process. In the
corresponding *H NMR spectrum, there was not the proton peak of BOC group at 1.4
ppm which meant the BOC was removed and the integrals of the proton peaks were in
agreement with the theoretical values.

Table 2-6. Different conditions for the deprotection of G1-Lys(BOC)-COOMe (18).

Deprotecting eq Temperature time Solvent results
reagents
TFA 120 r.t. overnight CHClI; degraded
85% H3PO4* 120 0°C 7h Toluene degraded
TsOH-H,0* 72 r.t. overnight MeOH degraded
TsOH-H,0* 12 40 °C (microwave 30s Toluene No change
oven)
2 M HCI® 5217 rt. 30 min Dioxane degraded
HNO;* 42 0°C 1h CHCl, degraded
SnCl*48 12 r.t. 30 min CH:Cl; deprotected

65



M
Nf304< >*OW*N*P%N N~ O )
H H H 2

G1-Lys(BOC)-COOMe (18)

CH,Cl,, SnCly

Y

COOMe
CHsS [
Nf304<:>FC:MN4P%N Nm)
H H 2 s

G1-Lys-COOMe (24)
Scheme 2-30. Deprotection of G1-Lys(BOC)-COOMe (18) dendrimer with SnCl, to achieve G1-Lys-
COOMe (24).

The deprotection reaction with SnCls had to be optimized since we found that
sometimes the dendrimer also degraded. Given that SnCls can easily react with water
from the solvent or air, producing hydrochloric acid, we performed the reaction with
molecular sieves, which could catch the water. However, the reaction did not afford the
good product. Finally, we performed the reaction under strict argon atmosphere with
argon flow to protect the SnCls from water, and the reaction afforded the product after 30
min as white solid in DCM. Therefore, even when SnCls is used as deprotecting agent, it
is also important to avoid the generation of acid.

After successful removal of the BOC group, we coupled the PROXYL radical on the
surface of dendrimer G1-Lys-COOMe (24) with HATU as coupling agent (Scheme 2-31)
to obtain G1-Lys(PROXYL)-COOMe (25) radical dendrimer. Since G1-Lys-COOMe
(24) dendrimer has free amine end group, it is soluble in polar solvents, such as DMSO
and MeOH. In this step, we performed the reaction in DMSO. After purification by
extraction with DCM/H-0 and then by GPC column (Bio-Beads™ S-X1), the product
was characterized by *'P NMR and EPR, confirming the successful formation of 25. The
3P NMR clearly showed the two phosphorus peaks at 8.4 ppm and 66.8 ppm. The EPR
spectrum showed a broad single line overlapping the three narrow lines (Figure 2-19),
like in G1-Tyr(PROXYL)-COOMe compound, which suggested the radicals were
anchored on the surface of the dendrimer interacting among them (intramolecular spin-
exchange interaction). In addition, the quantitative EPR study showed the same area
(double integral) for G1-Lys(PROXYL)-COOMe (25) than for G1-Tyr(PROXYL)-
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COOMe and around 12 times more than PROXYL free radical.

COOMe 9
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COOMe

G1-Lys(PROXYL)-COOMe (25)

Scheme 2-31. Synthesis of G1-Lys(PROXYL)-COOMe (25) radical dendrimer.
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Figure 2-19. EPR spectra of G1-Lys(PROXYL)-COOMe (25) (a) and G1-Tyr(PROXYL)-COOMe (b)
(CH2Cly, 300 K).

Thus, Gn-Lys(BOC)-COOMe dendrimers from GO to G3 have been prepared by
functionalization of Gn dendrimer with lysine amino acid. After that, GO-Lys(BOC)-
COOMe (17) dendrimer was deprotected with TFA and coupled with 3-carboxy-
PROXYL. The obtained GO-Lys(PROXYL)-COOMe (22) radical dendrimer was well
characterized by MALDI-TOF, 'H NMR and EPR. However, when the same procedure
was applied to G1- or G2-Lys(BOC)-COOMe dendrimers, the dendrimer degraded.
Finally, G1-Lys(BOC)-COOMe (18) dendrimer was successfully deprotected with Lewis
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acid SnCls, obtaining G1-Lys-COOMe (24) dendrimer and then G1-Lys(PROXYL)-
COOMe (25) radical dendrimer was also successfully obtained after the radical coupling.
Finally, GO-Lys(PROXYL)-COOMe (22) and G1-Lys(PROXYL)-COOMe (25) species
were hydrolyzed to obtain their respective water-soluble -COOL.I derivatives. In the case
of GO derivative, we could obtain GO-Lys(PROXYL)-COOLi (23) and for G1-
Lys(PROXYL)-COOLI (27) species see Section 2.6.3.

The stability of the dendrimer under acid conditions is essential for its use under
physiological conditions. Therefore, we decided to carefully study the stability of our

dendrimers in these conditions.

2.6 Study of the stability of Gn-Lys(BOC)-COOMe (n=0,1,3)
and G1-Tyr(BOC)-COOMe dendrimers under acid

conditions

The deprotection process indicated that while GO was not affected, the higher
generation dendrimers were degraded by protonic acids, most probably through lysine
release from P-N bond cleavage. In order to delve into this phenomenon, the stability of
these Gn-Lys(BOC)-COOMe dendrimers under acid conditions was carefully checked.
In particular, GO-Lys(BOC)-COOMe (17), G1-Lys(BOC)-COOMe (18) and G3-
Lys(BOC)-COOMe (20) dendrimers. Besides, G1-Tyr(BOC)-COOMe dendrimer with
tyrosine as linker was also studied for comparison purposes. Finally, the stability of G1-
Lys(BOC)-COOLi and G1-Lys(PROXYL)-COOLIi were investigated in aqueous solution

to know at which pH the release occurred.

2.6.1 Stability of Gn-Lys(BOC)-COOMe (n=0,1,3) and G1-

Tyr(BOC)-COOMe under acid conditions in organic solution

To study the stability of Gn-Lys(BOC)-COOMe dendrimers under acid conditions,
particularly their P-N bond stability, we subjected these compounds to acid conditions in
organic solvents, using trifluoroacetic acid (TFA). TFA was added to the different
dendrimers in different amounts, namely 1, 5 and 20 equivalents (eq) per branch, in
deuterated dichloromethane, and the process was followed by 3P NMR and *H NMR. In
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the case of GO- and G1-Lys(BOC)-COOMe dendrimers it could also be followed by
MALDI-TOF and ESI-MS mass spectrometries and in generation G1 derivative by UV-
Vis as well. In addition, some theoretical calculations have been started to illustrate the
difference between behavior of GO- and G1-Lys(BOC)-COOMe against acid conditions.

In the case of GO-Lys(BOC)-COOMe (17), after the addition of 1, 5 or 20 eq per
branch of TFA in CD.Cl, we obtained the same kind of 3P NMR spectra. In all cases,
the 3P NMR spectra showed a shift of the phosphorus peak of the NsP3 ring from 15 to
9.5 ppm, after 15 min (Figure 2-20). The maintenance of only one peak in the 3P NMR
spectra means that all branches continued fully substituted, with only one kind of
functional group, but with different environment. The shift observed could be probably
explained due to the protonation of the -NH- amine group connected to the N3Pz ring,
thus, highly affecting the P chemical shift. The corresponding *H NMR spectra obtained
(Figure 2-21) confirmed such an hypothesis, since the peak of the methyne proton (CH,
a), the one closest to the -NH- group, shifted from 3.50 to 4.20 ppm. Also, the peak of the
methyl ester group shifted from 3.68 to 3.79 ppm. Both spectral changes were well
reproduced by simulating the theoretical *H NMR spectrum after the -NH- group
protonation from GO-Lys(BOC)-COOMe (17), using the MestReNova software. Other
possibility is the protonation of the N of the N3Ps ring. On the other hand, the peak of the
g protons from the BOC group disappeared due to the BOC deprotection only when 5 or
20 equivalents of TFA were added to GO-Lys(BOC)-COOMe (17). In fact, with the

addition of 1 eq per branch of TFA, the g protons from BOC groups were maintained.
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Figure 2-20. 3P NMR of G0-Lys(BOC)-COOMe (17) with the different equivalents of TFA, measured
after 15 min (CDCl,, 250 MHz).
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Figure 2-21. 'H NMR of GO-Lys(BOC)-COOMe (17) with the different equivalents of TFA, measured
after 15 min (CD2Cl;, 250 MHz).
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We also characterized the GO-Lys(BOC)-COOMe (17) dendrimer by MALDI-TOF
after the addition of 1 eq of TFA. The result showed the existence of the corresponding
molecular ion at 1690 m/z in both mass spectra, before and after the addition of TFA
(Figure 2-22).
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Figure 2-22. MALDI-TOF spectra of GO-Lys(BOC)-COOMe (17) without TFA (a) and with 1 eq of TFA
(b).

The maintenance of the molecular ion of GO-Lys(BOC)-COOMe (17) was also
confirmed by ESI-MS spectrometry after the addition of 0.1 % of TFA (36 eq) (Figure
2-23). Furthermore, the ESI-MS spectra of the samples without and with TFA showed
practically the same spectral pattern, which means that the molecule analyzed in both
cases was the same, and hence presents similar fragments. Therefore, both MALDI-TOF
and ESI-MS spectra showed the existence of the molecular ion, after the addition of TFA.
Although we have observed that the chemical shift of the phosphorus and protons can be
affected under acid conditions for the N protonation, we can say that the GO-Lys(BOC)-
COOMe (17) dendrimer is not degraded. Also, we have to say that, as it has been
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explained in Section 2.5.2, the subsequent full functionalization of this dendrimer with
PROXYL radicals was successfully performed (GO-Lys(PROXYL)-COOMe, 22) which
is another proof of the non-degradability of this zero-generation dendrimer.
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Figure 2-23. ESI-MS spectra of GO-Lys(BOC)-COOMe (17) without (a) and with (b) TFA 0.1%.

We proceeded in the same way with G1-Lys(BOC)-COOMe (18) dendrimer. It was
dissolved in CD2Cl, with different equivalents of TFA. Under 1 eq of TFA per branch,
the G1-Lys(BOC)-COOMe (18) dendrimer was found to be stable for at least 5 h 45 min
because the chemical shift of the phosphorus did not change (Figure 2-24(a)). Under 5 eq
of TFA per branch, the exterior phosphorus peak from the P(S)NH part of the branches
(from the anchoring of the lysine to the dendrimer through P-N bond) at 68 ppm started
to disappear and split into two after 15 min, while two new peaks appeared at 59 and 72
ppm due to the cleavage of some P-N bonds ( Figure 2-24(b)). After 4.5 hours, the peak
at 68 ppm disappeared almost completely while new peaks close to 0 ppm, assigned to
inorganic phosphate, and at -9.9 ppm and -22.3 ppm, associated with the formation of
degradation products with —P-OH and —P=0 moieties, appeared (Figure 2-24 (b)).*°
Instead, the peak from the P of the N3Pz core at 8.5 ppm was almost no affected. At higher
TFA concentration, 20 eq of TFA, the degradation process was accelerated, as expected.
The peak at 68 ppm disappeared completely in 15 minutes instead of taking more than
4.5 hours, and, additionally, the phosphorus peak of the N3Pz dendrimer core was also
affected (Figure 2-24 (c)), indicating the inner layer of the dendrimer collapsed after the

cleavage of P-N bonds from the exterior layer, at this high TFA concentration.
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Figure 2-24. 3'P NMR spectra of G1-Lys(BOC)-COOMe (18) under 1 eq of TFA (a), 5 eq of TFA (b), and
20 eq of TFA (c) (CD:Clz, 250 MHz).

The degradation process was also followed by *H NMR. When 1 eq of TFA was
added, the *H NMR did not change apparently after 5 h 45 min (Figure 2-25(a)). However,
with 5 eq of TFA, the peak of protons of methyl ester shifted from 3.62 to 3.84 ppm
(Figure 2-25(b)). The *H NMR under 20 eq of TFA per branch also showed the chemical
shift change of the methyl ester protons (Figure 2-25(c)), but the change was faster (faster

degradation rate).
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Figure 2-25. *H NMR spectra of G1-Lys(BOC)-COOMe (18) with 1 eq of TFA (a), 5 eq of TFA (b), and
20 eq of TFA (c) (CDCly, 250 MHz).

The degradation process of G1-Lys(BOC)-COOMe (18) was also confirmed by
diffusion-ordered spectroscopy (DOSY) method (Figure 2-26). DOSY seeks to separate
the NMR signals of different species according to their diffusion coefficient. In DOSY
spectra, chemical shift is along the detected f2 axis and diffusion coefficient is along the
other f1 axis. The DOSY spectrum of G1-Lys(BOC)-COOMe (18) (Figure 2-26 (a))
presented only one diffusion coefficient, indicating the purity of only this species.
However, after the addition of TFA, the DOSY spectrum showed two different diffusion
coefficients (Figure 2-26 (b)), indicating the formation of different species from the

degradation process due to the action of TFA.
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Figure 2-26. DOSY of G1-Lys(BOC)-COOMe (18) without TFA (a) and with TFA (b) (CD.Cl,, 250
MH2z).

MALDI-TOF and ESI-MS mass spectrometries were also used to check the stability
of G1-Lys(BOC)COOMe (18) dendrimer under acid conditions and to check the possible
fragments produced. By MALDI-TOF, we observed the quasi-molecular ion at 4537.9
m/z (Figure 2-27 (a)) before the acid addition, that comes from the adduct of the
molecular ion of G1-Lys(BOC)-COOMe (18) plus a sodium ion [M+Na]* = 4537.0,
which disappeared after the TFA addition (Figure 2-27 (b)). More obvious, the quasi-
molecular ion at 2269.0 m/z, which comes from the adduct of molecular weight of G1-
Lys(BOC)-COOMe (18) plus a sodium ion and a proton [M+Na+H]?* = 2269.0 also

disappeared, confirming the degradation of the dendrimer under these conditions.
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Figure 2-27. MALDI-TOF spectra of G1-Lys(BOC)-COOMe (18) without TFA (a) and with 20 eq of TFA
(b).

The degradation of G1-Lys(BOC)-COOMe (18) is more clearly presented in the
ESI-MS spectra (Figure 2-28). Without acid, the quasi-molecular ion peak of G1-
Lys(BOC)-COOMe (18) dendrimer is reflected in the peak of m/z = 2280.0, that comes
from the adduct [M+Na+Na]?*. However, with the addition of 0.1% of TFA (50 eq) to
G1-Lys(BOC)-COOMe (18) dendrimer, the quasi-molecular ion peak disappeared and
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new peaks emerged, showing a different spectral pattern than the previous one without
acid. This suggests the degradation of G1-Lys(BOC)-COOMe (18) dendrimer with the
addition of TFA, and the new peaks that do not appear in the spectrum without TFA are

likely the degradation products/fragments.
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We tried to identify the possible degradation products, taking into account the mass
and charge of the new peaks, trying to draw a possible chemical structure related to that
m/z and finally checking or confirming the possible chemical structure by using a
simulation program (Bruker Compass Data Analysis Version 4.1). We successfully found
the chemical structures corresponding to the peaks of m/z = 1810.3 and m/z = 1372.6,
which are shown in Scheme 2-32 as structures A and B, respectively, since the simulation
matched perfectly with the experimental peaks, in all aspects: in terms of position (mass)
and relative intensities (isotopic distribution/pattern). The comparison of the experimental
and simulated peaks at m/z = 1810.3 and m/z = 1372.6 is shown in Figure 2-29 and Figure
2-30, respectively. The first one m/z = 1810.3 comes from the adduct of [Ma+H+Na]?*,
while the second one m/z = 1372.6 comes from the adduct of [Ms+H+Na]?*.

The good match verifies/confirms the structures of the degradation products drawn
(Scheme 2-32). According to the molecular structures found, we can say that with the
addition of TFA to G1-Lys(BOC)-COOMe (18) there is some P-N bond cleavage or
lysine release (red circles) that leads to phosphoric acid derivatives (from -P(S)-(NH-R)2
group to HO-P(O)-(NH-R)) and hence dendrimer degradation, along with some BOC
deprotection to the corresponding NH2 groups (blue circles). That is, in the chemical
structure of m/z = 1810.3 (structure A) there are 2 P-N bonds cleaved as well as 4 groups
of BOC deprotected, while in the chemical structure of m/z = 1372.6 (structure B) there
are 5 P-N bonds cleaved (5 lysine ligands released) as well as 5 groups of BOC

deprotected.
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Scheme 2-32. The possible molecular structures corresponding to the peaks of m/z = 1810.3 (structure A)
and 1372.6 (structure B) both with one Na* and one H* in their structure, i.e. [Mas+ Na + H]?*. [Mas] are
the neutral isotopic mass peak of 100% intensity of structure A and B, respectively. In red circles the P-N
cleavage of one lysine ligand from -P(S)-(NH-R), group to HO-P(O)-(NH-R) and in blue circles the BOC
groups deprotected to NH- groups.
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Figure 2-29. Comparison of the isotopic pattern obtained experimentally at m/z = 1810.3%" (up) and the

simulation (down) of the compound with chemical formula C14sH24sN35042P9S4HNa (structure A).
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Figure 2-30. Comparison of the peak pattern obtained experimentally at m/z = 1372.6%* (up) and the
simulation (down) of the peak pattern of the compound with chemical formula Cio7H174N29034PsSHNa

(structure B).

The degradation process of the G1-Lys(BOC)-COOMe (18) was also followed by
UV-Vis, under 20 eq of TFA (Figure 2-31 a). The absorbance of the main band of G1-
Lys(BOC)-COOMe (18) dendrimer decreased along time, accompanied by a blue shift.
In addition, an isosbestic point at around 270 nm was clearly observed in the UV-Vis
spectra, which means the existence of two species A—B, indicating the gradual release
of lysine amino acid. However, when we did the same study in dendrimer G1(2) (that
does not present any P-N bond) for comparison, it remained intact under the same 20 eq
of TFA (Figure 2-31 b), which meant that the G1(2) dendrimer was stable and not affected
by these conditions. The NMR results also confirmed that G1 (2) was stable under acid
conditions (Figure 2-32). According to the 3P NMR spectrum of G1 (2) dendrimer with
20 eq of TFA, the two phosphorus peaks remained after 27 h 45 min, accompanied by a
small shift of the peak corresponding to the dendrimer core from 8.6 to 5.9 ppm, that can

be explained by the protonation of the nitrogen of the core (N3P3).
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Figure 2-31. UV-Vis spectra of G1-Lys(BOC)-COOMe (18) dendrimer with P-N bonds (a) and G1 (2)
dendrimer without P-N bonds (b) under 20 eq of TFA, along time.
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Figure 2-32. 3'P NMR of G1 (2) dendrimer with 20 eq of TFA, along time (CD,Cl,, 250 MHz).

Next, the highest dendrimer generation, G3-Lys(BOC)-COOMe (20) was also
researched under acid conditions, with 5 and 20 eq of TFA in CD2Cl». As showed in the
3P NMR spectra of Figure 2-33a, after the addition of 5 eq of TFA per branch, the
phosphorus peak at 67 ppm from the most exterior P (from the anchoring of the lysine to
the dendrimer through P-N bond) gradually decreased together with the appearance of
only a new peak at 73 ppm associated with very few P-N bond fractures, while the rest of
the peaks (the inner P from P-O bonds) were not affected. With the same number of TFA
equivalents added (5 eq), G1 dendrimer showed faster change than G3 since it showed
almost the complete disappearance of the 68 ppm P peak and more additional peaks from
cleavage. This difference could result from the higher density of branches in G3 that could
protect the P-N bonds from cleavage. This interesting result provides us another
possibility to control the degradation of the PPH dendrimers. The changes observed by
'H NMR (Figure 2-33b) were also small.

80



a) b) |
0 min p\ “|‘
0 min M
- o e el ‘\ |
‘I
| M 15 min - . 15min o
WM-'W ‘ — M~ PR D “ = L
| Il
[ A 2h 45 min i 2 h 45 min . "‘l“‘l‘
S/ oy o~ N s ,_/” .
|
| 4 h 30 min 4 h 30 mi \‘\J
JMW'N (- R a0 MY 4\JN”L-J[|‘ L
6 h 30 min ju.
A o ewshsomin s S |
35 8 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 1.5 1.0 0.5 0.C
1 (ppm) fi (ppm)

Figure 2-33. a) 3P NMR spectra (LB=3) and b) *H NMR spectra along time of G3-Lys(BOC)-COOMe
(20) dendrimer with 5 eq of TFA (CDCl,, 250 MHz).

Under 20 eq of TFA per branch (Figure 2-34), the dendrimer degraded faster
compared with 5 eq of TFA. The peak of phosphorus of the most exterior layer (from P-
N bonds) disappeared quickly, after 15 min, while new peaks between 5 and -25 ppm
appeared from degradation products with —P-OH and —P=0 moieties (Figure 2-34a), like
in G1 dendrimer. These results indicate that both G1-Lys(BOC)-COOMe (18) and G3-
Lys(BOC)-COOMe (20) dendrimers have similar degradation mechanisms and produced
similar fragments. The corresponding *H NMR (Figure 2-34b) showed the same tendency
than in G1 dendrimer, the methyl ester peak at 3.7 ppm shifted to 3.9 ppm after 15 min.
The peak at 10.1 ppm gradually shifted to 9.8 ppm after 5 h 30 min, which can be
explained by the complex formed from free amine and trifluoroacetic acid. When the
content of amine increased, the formed complex shifted more to higher field. A similar
phenomenon was observed in the *H NMR spectrum of G3-Lys(BOC)-COOMe (20) with
5 eq of TFA (Figure 2-33b), and G1-Lys(BOC)-COOMe (18) with 20 eq of TFA (Figure
2-25h).
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Figure 2-34.%P NMR (a) and 'H NMR (b) along time of G3-Lys(BOC)-COOMe (20) with 20 eq of TFA
(CD.Cly, 250 MHz).
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From these studies, we can observe that during the degradation process of G3-Lys-
(BOC)-COOMe (20) dendrimer, the P-N bonds are more easily cleaved than the other
phosphorous bonds (the P-O bonds), i.e. the P-O bonds are more stable than the P-N
bonds, since the peak of the P-O bond at around 65 ppm could still be observed after the
most exterior P-N bond cleaved with the TFA addition of as high as 20 eq per branch
(Figure 2-34a). To further check the different stability between the P-N and P-O bonds,
the same experiment was performed with G1-Tyr(BOC)-COOMe dendrimer with only P-
O bonds in its structure, since the anchoring of tyrosine amino acid is through a P-O bond.

Therefore, we proceeded to add 20 eq of TFA per branch to G1-Tyr(BOC)-COOMe
dendrimer, in CD2Cl; and followed up by 3P NMR along time (Figure 2-35a). We could
see that the two phosphorus peaks (at 65 ppm and 8 ppm) were maintained after 4.5 hours
although the 3P NMR spectrum was not as clean as the starting one, because the solubility
of the compound changed after BOC group deprotection by TFA, appearing two phases.
We used DMSO-ds to dissolve the bottom layer to obtain the *H NMR and 3P NMR
spectra and we observed a clean 3P NMR spectrum, with the two phosphorus peaks and
the same chemical shift than at beginning (Figure 2-35b). The *H NMR also confirmed
the integrity of the dendrimer, just showing the loss of the BOC group (Figure 2-36). This
result showed that the G1-Tyr(BOC)-COOMe dendrimer (with tyrosine coupled through
P-O bond) can remain stable even at 20 eq of TFA, on the contrary to G1- or G3-
Lys(BOC)-COOMe dendrimers (with lysine coupled through P-N bond), which showed

a complete disappearance of the P-N phosphorous peak in only 15 minutes.
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Figure 2-35. 3P NMR spectra of G1-Tyr(BOC)-COOMe with 20 eq of TFA per branch a) along time, in
CDCl; at 250 MHz and b) in DMSO-d; after 4.5 h from the TFA addition.
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Figure 2-36. *H NMR of G1-Tyr-COOMe in DMSO-d; after addition of 20 eq of TFA.

GO-Lys(BOC)-COOMe (17) and G1-Tyr(BOC)-COOMe dendrimers are found to
be stable in organic solvent with TFA. However, G1-Lys(BOC)-COOMe (18) and G3-
Lys(BOC)-COOMe (20) dendrimers are not stable with 5 eq and 20 eq of TFA per branch.
The different stability comes from the different bond with phosphorous atoms: P-O bonds

are more resistant to hydrolysis than P-N bonds.>°
2.6.2 Stability of G1-Lys(BOC)-COOLi in aqueous solution

After the previous study of dendrimers degradation under acid conditions in organic
solutions we would like to know the stability in aqueous solution and at which pH the
degradation (P-N bond cleavage) occurred. For this reason, methyl ester groups of G1-
Lys(BOC)-COOMe (18) dendrimer were hydrolyzed with excess of LiOH (Scheme
2-33). The resulting water-soluble G1-Lys(BOC)-COOL.i dendrimer solution was under
very basic conditions (pH 14 with the pH indicator test paper, and pH > 12 by the pH-
meter). In these conditions, it is important to highlight that G1-Lys(BOC)-COOLi
dendrimer was stable according to its 3P NMR spectrum showing its corresponding two
characteristic phosphorous peaks (Figure 2-37a). Then, we decreased the pH in two
different ways, giving both methods the same result. We used citric acid buffer and citric
acid directly to the basic solution to gradually decrease the pH, by one hand, and, also,
we carried out a dialysis process to gradually eliminate the excess of LiOH base. When

the pH was decreased, the dendrimers presented degradation according to its 3P NMR
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(Figure 2-37 b) when the pH value reached 7.7. Also, at this pH there appeared a white
solid (see image of Figure 2-37).

G1-Lys(BOC)-COOMe (18)

LiOH-H,0O THF/H,0, 2/1

G1-Lys(BOC)-COOLi (26)
Scheme 2-33. Hydrolysis of G1-Lys(BOC)-COOMe (18) dendrimer with LiOH to obtain G1-Lys(BOC)-
COOL. (26) dendrimer.
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Figure 2-37. 3'P NMR spectra of G1-Lys(BOC)-COOL.i (26) in basic conditions (a) and at pH 7.7 (b), and
the image of G1-Lys(BOC)-COOL.i (26) at different aqueous solutions (c) (left, at pH 7.7; right, in basic

conditions).

On the contrary to G1-Tyr(BOC)-COOLI, which was stable in aqueous solutions
showing intact 3P NMR spectra, G1-Lys(BOC)-COOLi (26) was stable only until pH
ca. 7.7 and then degraded.
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2.6.3 Stability of G1-Lys(PROXYL)-COOLi in aqueous solution
checked by EPR.

We also followed the stability of G1-Lys(PROXYL)-COOMe (25) radical
dendrimer in aqueous solution by hydrolysis with LIOH to obtain the corresponding
water-soluble dendrimer G1-Lys(PROXYL)-COOLi (27).

As we have radicals anchored, they can be used as labels to check the integrity of
the dendrimer structure by EPR. We can follow the intramolecular spin-exchange
interaction among the radicals. This parameter can help us to determine the cleavage of
the P-N bonds since if we have the radicals anchored we observed interaction but if they
are released from the dendrimer (through lysine-PROXYL release) they are free in
solution without the possibility to interact intramolecularly among them.

First, G1-Lys(PROXYL)-COOMe (25) radical dendrimer was hydrolyzed with
LiOH aqueous solution (0.4 M) and the solution was checked by EPR without further
purification. In these conditions, when the aqueous solution was alkaline, we observed
broad peaks in the EPR spectrum because of the intramolecular interaction between the
radicals (Figure 2-38). Then, the pH of the solution was adjusted to 6 with citrate acid
solution (2 M) and citrate buffer (pH 5.0). The EPR spectrum under those conditions did
not present spin-exchange interaction between the radicals but only the three-line
spectrum, indicating that the lysine-PROXYL radicals were released and were free in
solution. In fact, the shape of the EPR spectrum is similar to the spectrum of PROXYL-
Lys-COOMe (11) ligand (Figure 2-9). The loss of the characteristic broad interaction
peaks in the EPR spectrum confirmed that the release occurred above pH = 6.

The stability study of G1-Lys(PROXYL)-COOL.i (27) confirmed that this lysine
functionalized PPH dendrimer was stable in alkaline solution, but it can degrade (P-N
bond cleavage and lysine release) when the acidity of the solution increases.
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Figure 2-38. EPR spectra of G1-Lys(PROXYL)-COOLI (27) in alkaline solution and solution at pH=6.

Therefore, due to the problem of stability in water, these lysine-functionalized PPH
dendrimers are not suitable for using as MRI contrast agents. They suffer P-N bond
cleavage (lysine release), in particular generation G1 at pH = 7.7. However, this new
property can be used to prepare pH controlled degradable dendrimers (or pH controlled
release). In fact, if we anchor instead of an organic radical, a different analyte (like a drug)
to these lysine-functionalized PPH dendrimers, we may control their release by
controlling the pH, opening a new field of research.

We have seen that different amino acid-functionalized PPH dendrimers have
different stabilities. Related phenomenon has been researched in polyphosphazene
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polymers and cyclotriphosphazene ring. For cyclotriphosphazene ring, the hydrolysis
behavior of different aminocyclotriphosphazenes ((NPR2)3) were researched, where R
was = NHz, NHCH3, NHCH.COOC;Hs, NHCH.CONHCHj3, N2C3Hs (imidazolyl),
NHCH2CFs, NHCH2CesHs, NHCeHs, NCsHs (pyrrolyl), NCsHs (pyrrolidino), NCsHio
(piperidino) and NC4HgO (morpholino). The ease of hydrolysis in aqueous dioxane varied
depending on the amino group. A possible mechanism was that one amino group was
removed remaining N3P3RsOH.’

Amino acid substituted polyphosphazenes were also investigated with different
poly(amino acid ester)phosphazenes. The hydrolysis experiment showed that the
hydrolysis rate was related to the volume of the ester end group and the type of group
linked to the a-carbon atom of the amino acid. Three different hydrolysis pathways were
proposed for poly(amino acid ester)phosphazenes.®* Overall, some polyphosphazenes
with different side groups have been prepared. However, only few of the side groups
promote the sensitivity to hydrolysis of polyphosphazane.®® Generally, the side groups
linked to the phosphorus through oxygen (P-O bonds) are more resistant to hydrolysis
than those linked through nitrogen (P-N bonds).*

It is important to say that there are some examples of PPH dendrimers substituted
with amine derivatives that have showed good stability under acid conditions. For
example, amine (ethylenediamine) substituted PPH dendrimers can successfully form
ammonium derivatives with acid to promote the water solubility,'®°35 without showing
degradability. This indicates that the P-N bond degradability also depends on the type of
amine anchored. This is the first time that this P-N bond related degradability is
researched in PPH dendrimers, opening a possibility to control such release by pH.

2.6.4 Preliminary theoretical calculations

In order to analyze the different behavior between GO- and G1-Lys(BOC)-COOMe
in acidic conditions, theoretical calculations on related model systems for these two
dendrimers are performed, in collaboration with Prof. Gregori Ujaque from the
Department of Chemistry of the Autonomous University of Barcelona. The reaction
implies the activation (decomposition) of the phosphine group. Therefore, the phosphine
moieties were modelled according to their nature in the dendrimer for GO and G1,
respectively. The model for GO was selected considering the central aromatic ring NsPs

with two out of three P atoms bearing two methylamines and the third P bearing two
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aminoesters. Regarding G1, it was modelled by considering the R2P(S)(R1)2 system,
where R1 = -NH(CH(CH3)(COOMe)) and R2> = -N(CHz)(NCH>); see Figure 2-39.
Theoretical calculations are based on the DFT framework including solvent effects by
means of a continuum model. Acidic conditions are modelled by adding an explicit H3O*
molecule; in some cases, one, two or three additional explicit water molecules are also

included in the model.
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Figure 2-39. Schematic representation of the models employed for DFT calculations for GO (a) and G1(b)
dendrimers, respectively.

A conformational analysis of the system was initially carried out. The best
conformer for each of the modelled dendrimers was selected to perform the subsequent
mechanistic analysis. Both model dendrimers can be protonated in several places. The
first analysis was done to locate the basic site with larger proton affinity (since this must
be the first protonated group). For model of GO, it was an aminoester group, whereas for
model G1 it was the amine group bonded to the P atom.

The preliminary results for the activation of GO by water addition to the phosphine
under acidic conditions show that the reaction takes place in two steps: water addition
and amine release. The Gibbs energy barrier is found to be higher than 40 kcal/mol.
Therefore, this is an unfeasible process even at the harsh conditions that the reaction takes
place (over 100 °C). The mechanistic analysis of the model system for G1 shows that
there are at least three reactions step involved. Nevertheless, the highest barrier found for
this reaction is around 30 kcal/mol; this is a better agreement with the experimental
reaction conditions. Additional calculations are needed to have a complete description of
the overall processes, but these preliminary results suggest that the activation of the
phosphine group of model G1 is much more feasible than that of model GO.
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2.7 Conclusions

- The synthesis of five generations of PPH dendrimers (GO to G4) has been carried
out, improving the methodology previously used in the group. All the synthesized
dendrimers have been well characterized by NMR ('H, *'P, *C) and IR.

- Previously, in our group, tyrosine linker had been anchored to four generations of
PPH dendrimers through P-O bonds, then they were fully functionalized with
PROXYL radicals and finally made them water-soluble (Gn-Tyr(PROXYL)-
COOLi, n=0-3) radical dendrimers. We have characterized these compounds by
EPR, DLS and TEM and their cytotoxicity and MRI relaxivity have been studied.
They are fully soluble in water, do not show cytotoxicity, and their relaxivity per
molecule is high, increasing from 1.39 mM's™! in GO to 12.96 mM's! in G3.
Remarkably, the relaxivity of G3-Tyr(PROXYL)-COOLi is four times higher than
the most widely used Gd-DPTA in clinics (3.2 mMs™!).

- Lysine has been also chosen as a linker to prepare water-soluble radical
dendrimers. Lysine has been properly anchored to four generations of PPH
dendrimers through P-N bonds (Gn-Lys(BOC)-COOMe, n=0-3). However, only
water-soluble GO-Lys(PROXYL)-COOLi radical dendrimer has been achieved
since generations higher than GO show lysine release through P-N bond cleavage
under acid conditions preventing the obtaining of radical dendrimers with this
linker in them. We have been also able to prepare G1-Lys(PROXYL)-COOMe
radical dendrimer avoiding protonic acids in the deprotection step, however it
suffers P-N bond cleavage during the last hydrolysis step, at pH 7.7. Although
PPH-Lys based generations higher than GO cannot be used to prepare water-
soluble contrast agents, interestingly, they might be used to prepare pH-controlled
degradable dendrimers or dendrimers with pH-controlled release properties,

opening a new field of research.

- Through stability studies under acid conditions of lysine and tyrosine
functionalized dendrimers: 1) GO-Lys generation (P-N bond from P of the N3P
core), ii) G1-/G3-Lys generations (P-N bond from P of the branches) and iii) G1-
Tyr generation (with only P-O bonds), we have demonstrated that P-O bonds are
more stable and more resistant to hydrolysis than P-N bonds, and that P-N bonds
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from P of the core are more stable than P-N bonds from P of the branches.
Preliminar theoretical calculations have been performed comparing the different
P-N bond stability between GO and G1-Lys dendrimers, suggesting that the
activation of the phosphine group of model G1 is much more feasible than that of

model GO.
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Chapter 3 Radical dendrimers based on
oligoethylene glycol dendrimers

3.1 Introduction

In the previous Chapter we have used a strategy to increase the water solubility of
radical dendrimers that consists in using an amino acid as a linker between the dendrimer
branches and the organic radicals, which provided an available amino group for radical
coupling, and a methyl ester group to afford negative charges via hydrolysis. This strategy
can produce high water-soluble systems due to the hydrophilic carboxylic salt. However,
this way normally needs multiple synthetic steps.

A strategy commonly used to overcome such a lack of water solubility in organic
systems is including water-solubilizing groups such as poly(ethylene glycol) (PEG)
chains. Particularly in dendritic systems, for example Rajca! and Katayama? groups
anchored PEG chains on the surface of the dendrimer in some of the end groups positions
while the other anchoring positions were used to anchor the organic radicals. However,
in that way, the total number of organic radical units anchored on the dendrimer’s surface,
by one hand, does not correspond to the maximum anchoring positions of the dendrimer,
so that the number of anchored radicals decrease and hence the molecular relaxivity
should be lower than with a fully radicals covered surface. On the other hand, the number
of radical units anchored is not well controlled but only statistically known.

In this chapter, we propose another way to obtain fully water-soluble radical
dendrimers, allowing at the same time the full functionalization of their branches with
radicals. It consists of the use of dendrimers containing water-soluble branches
themselves. Two generations of DTPA (diethylenetriaminepentaacetic acid)-core based
dendrimers containing five and twenty equivalent oligoethylene glycol (OEG) branches
(particularly triethylene glycol like ones) synthesized in collaboration with Miriam
Royo’s group have been used. The chemical structures of the two generations of
dendrimers are shown in (Scheme 3-1). The amine functional groups at the end of the
branches allowed the complete functionalization of both generations with PROXYL
radical units.

GO dendrimer (GO-OEG-NH>) was prepared as previously described® by acylation
of commercially available DTPA dianhydride with amine protected BOC-OEG
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derivative, and by subsequent BOC removal.

The preparation of G1 dendrimer (G1-OEG-NH2) was more complex and involved
more steps, and it was prepared as new compound for this work.* The DTPA dianhydride
was acylated using another DTPA core previously functionalized by one NH>-OEG and
four BOC-OEG branches. Then, the total 20 BOC groups were deprotected by HCI,
giving rise to G1 dendrimer with 20 amine end groups.

In fact, the versatile synthetic strategy can be used to synthesize dendrimers with
different end groups, from mono- to pentamodal functionalization patterns.® It is
important to highlight that such OEG dendrimers used as scaffolds are biocompatible.®
The fact that OEG dendrimers are biocompatible and that their small size minimizes their
unwanted accumulation in the body gives the possibility to obtain contrast agents which
improve the properties of Gd-based CA. Moreover, the control over the size of the
dendrimers opens the opportunity to modulate their distribution profile in the body, which

is impossible in the case of Gd(l11) chelates.
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Scheme 3-1. Structures of Gn-OEG-NH; dendrimers, n=0,1.
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3.2 Synthesis of radical dendrimers based on oligoethylene

glycol dendrimers

3.2.1 Synthesis and characterization of G0- and G1-OEG-
PROXYL radical dendrimers

The synthesis of GO- and G1-OEG-PROXYL radical dendrimers were conducted in
a similar way (Scheme 3-2).

'o\
N HATU, TEA o]
O i, + . O/\/O\/\o/\/\NH)‘\E(@_O-
OH
m o CH,Cl,, rt, overnight m

Dendrimer Gn-OEG-NHz HC| 3-carboxy-PROXYL Radical dendrimer Gn-OEG-PROXYL

Scheme 3-2. Synthesis of radical dendrimers Gn-OEG-PROXYL, n=0,1 (m=5 and m=20, respectively).

The amine groups of GO-/G1-OEG-NH: dendrimers were coupled with the
carboxylic acid functional groups of 3-carboxy-PROXYL radicals using HATU as
coupling reagent and triethylamine as base, in anhydrous CH.Cl, to obtain the
corresponding radical dendrimers Gn-OEG-PROXYL, n=0,1 with amide linkers.
Triethylamine was used in excess both, for the correct activation of carboxylic acid group
by HATU, and to neutralize the hydrochloric acid terminated -NH2*HCI end groups of
Gn-OEG dendrimers. The purification of both radical dendrimers was performed by

ultrafiltration .
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Scheme 3-3. Structures of Gn-OEG-PROXYL radical dendrimers, n=0,1.

The purity of the radical dendrimers was verified by SEC-GPC, using water (with
0.25 mM LiCl) as eluent (Figure 3-1). G1-OEG-PROXYL (29) with bigger

hydrodynamic volume eluted at lower retention time (11.91 min.) than GO-OEG-

PROXYL (28) (12.39 min.).
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Figure 3-1. SEC-GPC of GO-OEG-PROXYL (28) and G1-OEG-PROXYL (29).

DLS particle size distribution of Gn-OEG-PROXYL, n=0,1 dendrimers determined
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in the same conditions revealed a single distribution in each sample, with a mean
hydrodynamic diameter of 0.84 and 3.62 nm, respectively (Figure 3-2).
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Figure 3-2. Mean diameters of GO-OEG-PROXYL (28) (up) and G1-OEG-PROXYL (29) (down)

determined by DLS, from the volume particle size distribution, at 25°C in PBS.

By FT-IR (Figure 3-3) we observed the carbonyl stretching vibrational band from
the amide group at 1650 cm™ as well as the corresponding N-H stretching band at 3303
cm™. The bands from PROXYL radical can be found at 1364 cm™ and 1290 cm™,

assigned to the N-O" stretching® and -CH- bending, respectively. The band of the ether
from the dendrimer branches can be found at 1100 cm™.
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Figure 3-3. FT-IR (ATR) spectra of GO-OEG-PROXYL (28) and G1-OEG-PROXYL (29) radical

dendrimers.

By MALDI-TOF it was possible to analyze radical dendrimer of zero generation GO-
OEG-PROXYL (28) using dithranol as matrix, obtaining the corresponding molecular
ion peak (Figure 3-4). The quasi-molecular ion peaks [M+Na]" and [M+K]" can also be
observed (Figure 3-4a), as well as [M+2Na]?* adduct that is present at 1145.46 m/z
(Figure 3-4b). However, it was not possible to analyze with this technique the dendrimer
of the first generation G1-OEG-PROXYL (29) with 20 radicals in its periphery, as it is
common for these types of compounds.”®
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Figure 3-4. MALDI-TOF of GO-OEG-PROXYL (28) using dithranol matrix. a) the range between 2230
and 2350 m/z, b) the range between 1000 and 2400 m/z.

In addition, GO-OEG-PROXYL (28) radical dendrimer was treated with ascorbic
acid to reduce the PROXYL radical units to their corresponding hydroxylamines, to

eliminate their radical character and characterize it by *H NMR (Scheme 3-4). The H
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NMR spectrum lines of GO-OEG-PROXYL-H in CDClz appeared quite broad, indicating
that the radical character was not completely eliminated. However, even in this situation,
we could differentiate the different groups of protons of the structure (Figure 3-5). A new
group of protons signal that did not exist in the initial dendrimer spectrum clearly
appeared in the GO-OEG-PROXYL-H spectrum between 0.8 and 1.5 ppm, which
corresponded to the protons of PROXY L units. Moreover, the relative integrals of the *H
resonances of PROXYL protons and the other groups of protons were consistent with the

corresponding theoretical number of protons of the structure (Figure 3-6).

s
»_tiz\,%

Z
I

¢ IRy

O~y SO o W o JOH
o) %i)P HO~y $ ow\

NH ¢ NH NH q

3 \\\o 4 Ol,f LAy 0 IJ—NH
0
~ § o O\\ Ve
by NH ~ oH Y >N o

Z/;fo
\ 2
: 032}
2854
)
_l_
I
(@]
Or’
7
3
o
SeLe
o,
Y

GO0-OEG-PROXYL G0-OEG-PROXYL-H

Scheme 3-4. Reaction of GO-OEG-PROXYL (28) with ascorbic acid.
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Figure 3-5. a) Structure of GO-OEG-PROXYL (28) with the protons labelling. b) *H NMR spectra of GO-
OEG-NH3(-8 HCI) dendrimer (up) and GO-OEG-PROXY L-H dendrimer (down) with their corresponding

peaks assignment.
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Figure 3-6. 'H NMR spectrum of GO0-OEG-PROXYL-H dendrimer with their corresponding peaks
assignment and relative integral values. The relative integral value for the group of protons (A,B,C + a,b)

was found to be 18 and for the group of protons (c-m) 21.1, the same than the theoretical one 18: 22.

3.2.2 EPR study of G0-OEG-PROXYL and G1-OEG-PROXYL

The EPR spectrum of PROXYL free radical presents the typical nitroxide three-line
spectrum pattern from the coupling of the unpaired electron with the N atom of the N-
O" unit, with hyperfine coupling constant an ca. 14.5 G in organic solvent.

However, the EPR spectrum of GO-OEG-PROXYL (28) at 300 K showed 11 lines
separated by ca. 3.0 G with alternating linewidth effect: three narrow lines (1%, 6" and
11" and in between them two groups of 4 broad lines (marked with asterisks in Figure
3-7). This spectral pattern fits with a spectrum generated by strong spin exchange
interaction (|J| >> |an|) between five nitroxide units (because in the case of two, three or
four interacting nitroxide units it would give rise to 5-, 7- and 9-line hyperfine pattern,
respectively). In fact, in the case of a flexible polyradical containing five nitroxide
radicals with only a through-space spin exchange mechanism between them, we may have
two limit cases. When radicals are too far and therefore not interacting among them (|J|
<< |an|), the spectrum would be similar to that of five independent monoradicals
exhibiting three lines separated by an; whereas when radicals are closer and thereby |J|
>> |an|, it would give rise to an eleven-line hyperfine pattern with a separation of 1/5 an,
as it is our case. Therefore, the fact of observing 11 lines in the EPR spectrum is an

evidence of the full functionalization of GO dendrimer with 5 nitroxide units. However,
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the relative EPR lines intensities observed do not correspond to the theoretical ones
expected for 5 equivalent nitroxyl radicals, since there exists spin exchange dynamics
modulated by the temperature. In fact, J may be not constant in solution because the
radical units could be in movement and consequently, the EPR spectra should be
dependent on the conformation and mobility of the dendrimer branches (i.e. on the
frequency of collisions of the spin-bearing groups) that depends on the temperature
(Figure 3-8) and solvent nature. At high temperature, the frequency of collisions is higher
but as the temperature is gradually lowered (Figure 3-8), the alternate lines broaden® and
disappear (leading to three main lines) since the frequency of collisions decreases and the

spectra are less affected by spin exchange interaction.

3440 3460 3480 3500 3520
H / Gauss

Figure 3-7. EPR spectrum of GO-OEG-PROXYL (28) at 300 K in CH2Cl, with the eight broad alternate
lines marked with asterisks.
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240 K

220 K

i
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Figure 3-8. Variable temperature EPR spectra of GO-OEG-PROXYL (28) from 300 to 220 K in CHCl,.
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On the other hand, the EPR spectral pattern of G1-OEG-PROXYL (29) at 300 K
(Figure 3-9) is dominated by a non-resolved, single, intense broad line overlapping three
narrow lines. This broad line results from spin exchange and dipole-dipole interactions
between several nitroxide units anchored on the dendrimer surface, averaged over
different interaction distances. In fact, only for compound G0-OEG-PROXYL (28) the
spectral resolution allows us to determine the number of interacting PROXYL radicals.
However, with 20 radical units the spectral resolution does not allow the observation of
the ever decreasing spacing between the various hyperfine transitions (decrease of the
splitting value an/n and increase of the number of lines 2n + 1). We also observed
alternating linewidth effect upon cooling from 300 to 220 K (Figure 3-10) because of the
modulation of the spin exchange interaction with the temperature. As the temperature
goes down the single broad line intensity starts to decrease meanwhile the three main
lines are maintained, as in the zero generation. In addition, the EPR intensity of G1-OEG-
PROXYL (29) (measured in terms of area, i.e. double integral of the EPR signal) was
exactly 4 times higher than that of GO-OEG-PROXYL (28) in quantitative conditions,
confirming the ratio of 20 to 5 PROXYL radical units between both radical dendrimers,
respectively (

Table 3-1, Figure 3-9).

G OEG-PROXYL

GrOEG-PROXYL

3270 3290 3310 3330 3330 3370 3390 3410
H/ Gauss

Figure 3-9. EPR spectra of GO-OEG-PROXYL (28) and G1-OEG-PROXYL (29) at 300 K in CH.Cl,, at

the same concentration 10~ M and in quantitative conditions.
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Figure 3-10. Variable temperature EPR spectra of G1-OEG-PROXYL (29) from 300 to 220 K in CH2Cl,.

Table 3-1. Ratio between the relative double integral values of G1 and GO from their corresponding

spectra obtained at 300 and 120 K in quantitative conditions.

_ Area (double integral) Ratio Area (double integral) Ratio
Dendrimer
Spectra at 300 K2 G1/GO Spectra at 120 K* G1/c0
GO-OEG(;;;QOXYL 1.83X105 1.23)(106
3.96 4.08
Gl-OEG(;;;QOXYL 725X105 503)(106

a) The acquisition EPR parameters are the same at each temperature but not between the different
temperatures.

In frozen solution (120 K), the shape of the spectra changes completely as we are
under anisotropic conditions (Figure 3-11). In such conditions, the EPR spectrum is
sensitive to the intramolecular dipole-dipole interaction between neighboring nitroxides
which substantially alters the shape of the spectrum. This effect could be estimated by the
empirical ratio of peak heights di/d.%*® This parameter is shown to be sensitive to the
distance between adjacent nitroxides and hence a convenient measure of the strength of
the dipole-dipole interactions (e. g., the higher the ratio, the shorter the distance between
the radical centers and hence the higher the radical interactions). The di/d parameter for
GO0 and G1-OEG-PROXYL was 0.71 and 0.87, respectively, whereas for free nitroxide is
only 0.53. Thus, both radical dendrimers showed significant contribution of
intramolecular dipole-dipole interactions among adjacent spin labels, but, as expected,
G1 shows much higher di/d ratio than GO, since the presence of four times more radicals
should make them be closer. Also in frozen solution we observed that the intensity of G1
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(double integral) was 4 times higher than that in GO, measured in quantitative conditions

(
Table 3-1 and Figure 3-11).

3300 3350 3400
H ! Gauss

G -0EGP ROXYL

G OEGPROXYL

3180 3200 3230 3300 3350 3400 3450 3300 3530
H/ Gauss

Figure 3-11. EPR spectra of GO-OEG-PROXYL (28) and G1-OEG-PROXYL (29) at 120 K in CH,Cl,, at
the same concentration 10 M and in quantitative conditions. Inset: free PROXYL at 120 K with d and d;

representation.

In addition, under frozen conditions we also observed an [Ams| = 2 transition at half-
field in both generations, in dilution conditions to ensure the study of the intramolecular
interactions present in the dendrimers (Figure 3-12). This forbidden transition is

characteristic of dipolar coupled spins and gives direct evidence of the presence of a high-

"

spin state.

1600 1700
H / Gauss

Figure 3-12. EPR spectra of |JAm| = 2 transition at half-field for the same concentration 10* M of GO-OEG-
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PROXYL (28) and G1-OEG-PROXYL (29) at 120 K in CHoCl..

The EPR spectra of Gn-OEG-PROXYL (n=0,1) radical dendrimers in water showed
similar spectral pattern than in organic solvents, but with a higher alternating linewidth
effect due to the increase of the solvent polarity.?

3.3 Relaxivity measurements and cytotoxicity

Imaging experiments of 3-carboxy-PROXYL and Gn-OEG-PROXYL n=0,1 radical
dendrimers were performed at 7 T and room temperature in 30 mM phosphate buffer pH
7.4. In Table 3-2 ry and r2 relaxivity constants per molecule and per unit of nitroxyl
radical, calculated from relaxation times measurements from the imaging experiments,
are presented. The plots of proton relaxation rates *H Ri2 (Riz2 = 1/ Ti2) of water
molecules versus the nitroxyl units concentration were linear for all agents, over the

concentration range studied (see Table 3-2 and Figure 3-13).

PROXYL
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Conc.(mM)
GO-OEG-PROXYL G1-OEG-PROXYL
b) 1.20 C) 160 -
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Figure 3-13. Plots of Ry (1/T1) of water molecules versus the molecular concentration of a) PROXYL, b)

GO-OEG-PROXYL (28) and ¢) G1-OEG-PROXYL (29).

The presence of a high number of paramagnetic nitroxides in the dendrimers
periphery, resulted in high molecular relaxivities. The relaxivity per unit of nitroxyl

radical was maintained constant from the free PROXYL. The molecular r1 relaxivity
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obtained for GO-OEG-PROXYL (28) (Table 3-2) was 0.91 mMs™ while for G1-OEG-
PROXYL (29) was 3.4 mM1s?,

Table 3-2. Longitudinal r; relaxivity constants per molecule and per unit of nitroxyl radical of GO- and
G1-OEG-PROXYL radical dendrimers compared with 3-carboxy-PROXYL, determined at 7T in 30 mM
phosphate buffer pH 7.4, 300 K.

7T (mM-s?) 7T (mM-s?) .77 (mM-s) .77 (mM-s)
Compound
per molecule per unit of radical per molecule per unit of radical
3-carboxy PROXYL 0.18 0.18 0.20 0.20
Go-OEG-PROXYL (28) 0.91 0.8 0.95 0.19
G1-OEG-PROXYL (29) 3.39 0.7 4.02 0.19

It is worth highlighting that G1-OEG-PROXYL (29) presents practically the same
relaxivity (3.4 mM™s?) than the most widely used Gd contrast agent in clinics (Gd-
DTPA, 3.2 mM1st or Gd-DOTA, 2.8 mMIs?) in the same conditions (r.t., 7T).
Moreover, we have achieved this optimal relaxivity with an entirely organic metal-free
molecule. The absence of Gd in the radical dendrimer avoids the risks associated with its
unwanted accumulation in the body and the derived health problems. Furthermore, the
control over the size of the dendrimers, opens the opportunity to modulate their
distribution profile in the body, which is impossible in the case of Gd chelates.

Another important thing to highlight is the biocompatible essence of OEG
dendrimers, in contrast to Gd(lll) based contrast agents, which make them very
interesting for many applications. In addition, nitroxides have been shown minimal in
vivo toxicity. 4 To really assess the toxicity of GO- and G1-OEG-PROXYL dendrimers,
in vitro cell viability assays were conducted with African green monkey kidney (Vero)
cell line. In these assays, the cells were incubated with GO- (28) and G1-OEG-PROXYL
(29) radical dendrimer at different concentrations ranging from 0.0625 to 2 mM per
radical unit, for 24 and 48 h, by XTT assay. The XTT assay is used to measure cellular
metabolic activity as an indicator of cell viability, proliferation and cytotoxicity. This
colorimetric assay is based on the reduction of a yellow tetrazolium salt (XTT) to an
orange formazan dye by metabolically active cells. As a result, neither the GO- (28) nor
the G1-OEG-PROXYL (29) dendrimers showed any cytotoxicity in vitro, in the tested

concentration range, as can be observed in Figure 3-14.
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Figure 3-14. In vitro XTT cell viability assays conducted with African green monkey kidney (Vero) cells
incubated with GO-OEG-PROXYL (28) (a, ¢) and G1-OEG-PROXYL (29) (b,d) dendrimers in a
concentration of A) and B) 2mM per radical unit, C) 1mM, D) 0.5 mM, E) 0.25 mM, F) 0.125 mM, G)
0.0625 mM, for 24 and 48 h.

As previously mentioned, there are very few reported works based on dendrimers
fully functionalized with nitroxides for MRI applications. However, authors have
described water-phase aggregation problems in such nitroxide-based dendrimers,
especially in large generation dendrimers. By our strategy of using dendrimers with
water-soluble branches themselves we have overcome such water solubility issues and at
the same time we have been able to fully functionalize all dendrimer branches with
nitroxides.

In general, the optimal characteristics in a contrast agent are to be highly soluble in
physiological pH, to present high *H water relaxivities, to not be toxic and to not
accumulate in the body. Our radical dendrimers would fulfill such conditions as they are
fully water soluble, present the same relaxivity than the golden standard used in clinics
and they are entirely organic and biocompatible non-cytotoxic molecules. All this makes
these radical dendrimers excellent candidates to be used as contrast agents for MRI. They
are shown as potential candidates to be studied as alternatives to Gd-based contrast agents
widely used in many current MRI applications such as diagnosis and follow-up of
infectious diseases.
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3.4 Conclusions

- Two generations of water-soluble oligoethylele glycol (OEG) dendrimers fully
functionalized with 5 and 20 PROXYL organic radicals, respectively, have been
synthesized and characterized (GO-OEG-PROXYL (28) and G1-OEG-PROXYL (29)).
The resulting radical dendrimers are soluble in water, non-cytotoxic and present a good
relaxivity.

- G1-OEG-PROXYL (29) radical dendrimer presents a r1 relaxivity value (3.4
mM~'s™!) similar than the most widely used Gd contrast agent in clinics (Gd-DTPA, 3.2
mM-1stor Gd-DOTA, 2.8 mMs1), without concerns over long-term tissue accumulation

of metals.

These radical dendrimers are shown as potential candidates to be studied as

alternatives to Gd-based contrast agents.
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Chapter 4 Nanoparticles based on bis-MPA
radical dendritic structures

4.1 Introduction

We have used different strategies to prepare water-soluble radical dendrimers,
including the incorporation of anions in the radical dendrimers structure or the use of
water-soluble dendrimers themselves. However, sometimes it is not easy to find water-
soluble dendrimers or anchor ionic groups in the dendrimers structure. One possible
strategy is the incorporation of polyethylene glycol (PEG) chains in the macromolecular
structure to obtain amphiphilic polymers. These systems have been widely used to
prepare self-assembling supramolecular structures such as micelles, liposomes,
nanofibers, or nanoparticles.

These amphiphilic polymers contain a hydrophobic and hydrophilic part. Due to the
attractive hydrophobic interaction of the segments with the participation sometimes of
hydrogen bonding, n-r stacking, etc., they can form aggregates in an aqueous solution
with the hydrophobic segments as the core, and the hydrophilic segments as coronas or
shell. The morphologies of the aggregates can be spherical micelles, lamellae, vesicles,
tubules, etc., which depend on the composition of these polymers, the temperature or the
concentration, among others.! These hierarchical aggregates have an intrinsic advantage
as nanocarriers. The hydrophilic periphery surface can be used to anchor antibodies to
achieve target function to specific cells.? The interior cavity can be used for the
encapsulation of hydrophobic drugs.® Furthermore, the nanometric size of the aggregates
is helpful to increase the accumulation in the damage tissues due to the enhanced
permeability and retention (EPR) effect.* These kinds of self-assembly structures can be
designed to be controlled release systems. Once the nanoparticles are sent to the target
position, the drug in the interior cave can be released under specific stimuli such as pH,’
temperature,® etc., leading to improve treatment efficacy.

Compared with linear copolymers, linear—dendritic polymers architectures, which
combine dendrimers with linear polymers, have more end functionalities, which makes
the formed supramolecular structures more likely to tune their functions by anchoring
different small molecules such as drugs or imaging agents.”® These kinds of linear-

dendritic hybrids were first proposed by the Fréchet group.® According to the different
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topological structures of linear-dendritic hybrids, the linear-dendritic polymers are
divided into linear-dendritic (L-D) copolymers, dendritic-linear-dendritic (L-D-L)
copolymers, statistical, alternating structure, etc'® (Figure 4-1). The self-assembly
structures based on these linear-dendritic copolymers combine the advantages of
dendrimers and linear polymers. The traditional perfect dendrimers have well-defined end
groups distribution and relatively rigid structures, while linear polymers are one-
dimensional linear structures and have relatively high flexibilities. Moreover, the
hydrophilic—lipophilic balance can be adjusted by the composition of the linear—dendritic
polymers. Based on this fact, the assembly of these polymers has attracted plenty of

attention in drug conjugates®! or drug delivery.!?
W b) %/\/\/\ﬂ/%
A A iy

d)

\N\/\%’\/\MN\%

Figure 4-1. Schematic illustrations of linear-dendritic (L-D) copolymers with a) LD-type, b) DLD-type, ¢)
statistical, and d) alternating structures.®

When it comes to MRI contrast agents, there have been some reports about self-
assembled nanostructures prepared with radical-containing polymers as contrast agents.
However, most of them are based on linear polymers,*-2° or hyperbranched polymers.?!-
28 The disadvantage of the self-assembly with linear polymers or high hyperbranched
polymers is the limited or uncertain quantity of organic radical anchored in each
compound, which might result in low relaxivities or difficulty in the calculation of
relaxivities for the MRI contrast agents. The linear—dendritic polymers can provide exact
number of radicals on their periphery according to the end groups of the dendrons. In
addition, the self-assembled nanostructures formed by linear-dendritic polymers might be
helpful to improve their relaxivities, due to the less rotational correlation time of radicals
in the relatively big and rigid self-assembled structures.

In this chapter, we have used dendritic-linear-dendritic polymers to prepare, first,
radical dendritic systems and then nanoparticles based on them. These kinds of polymers

have 2,2-bis(hydroxymethyl)propionic acid (bis-MPA) based dendrons at the end of a
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poly(ethylene glycol) chain. These linear-dendritic polymers have been widely used due
to their biocompatibility, non-immunogenicity and degradability.?>=? The PEG linear
chain acts as a hydrophilic part, and the dendrons based on bis-MPA as the hydrophobic
part. It is well known that the poly(ethylene glycol) segment can prevent the nanoparticles
to be cleared by the reticuloendothelial system,®® which leads to an increase in the
circulation time of nanoparticles in the body. Another advantage of this compound is that
the hydrophobic parts are at the end of the linear part, therefore, once the nanoparticles
are formed, the radical should be in the interior cavities of the nanoparticles (Figure 4-2),

which can protect the radicals from being reduced in the body.

G2-MPA-PEG20k-TEMPO

Self-assembly

G2 NPs

YV

TEMPO MPA radical dendrons  PEG20k

Figure 4-2. Schematic representation of the formation of nanoparticles from bis-MPA dendrons structures.
The orange balls represent the organic radicals and the green chain represents the PEG linear chain of the

system.

The chemical structures of the dendritic-linear-dendritic polymers we have chosen
for this work are shown in Scheme 4-1. They are commercial polymers and are named
Gn-MPA-PEG20k-alkyne in this chapter. We chose PEG 20k and not PEG 5k or 10k
since it might be more helpful to give our compound water solubility. The alkyne end

groups can easily react with commercial azide-TEMPO by copper(l)-catalyzed Huisgen
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1,3-dipolar cycloaddition, termed ‘“click chemistry”, producing fully TEMPO
functionalized radical polymers. In this way, we can get a series of amphiphilic dendritic-
linear-dendritic polymers containing 4, 8 or 16 TEMPO radical units. Furthermore, these
amphiphilic polymers can be used to form nanoparticles and study their relaxivities as

MRI contrast agents.
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G2-MPA-PEG20k-alkyne G3-MPA-PEG20k-alkyne

Scheme 4-1. Chemical structure of Gn-MPA-PEG20k-alkyne dendritic-linear-dendritic polymer (n=1, 2,
3).

4.2 Synthesis and characterization of Gn-MPA-PEG20k-
TEMPO radical dendritic structures

4.2.1 Synthesis of Gn-MPA-PEG20k-TEMPO (n=1,2,3)

First of all, we synthesized a family of radical dendritic systems anchoring TEMPO-
N3 radicals on such bis-MPA-based polymers with alkyne as end groups by click
chemistry (Scheme 4-2). The synthesis of these three-generation dendrimers was
conducted in similar conditions, with Cul as catalyst and DIEA as base. After overnight
reaction at room temperature in a mixture of solvents of THF and MeCN, the Cul was
removed by filtration, and the products were purified by dialysis. Finally, we obtained
three “radical dendrimers” G1-MPA-PEG20k-TEMPO (30), G2-MPA-PEG20k-TEMPO
(31) and G3-MPA-PEG20k-TEMPO (32) with very high yields, with molecular weight
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21359, 22933 and 26081 g/mol, respectively.

We have to say that the solubility in water of these radical dendritic structures
decreased with increasing generation, since more precipitation was observed during the
dialysis process of G3-MPA-PEG20k-TEMPO (32) than G2-MPA-PEG20k-TEMPO
(31), while G1-MPA-PEG20k-TEMPO (30) was soluble during this process at a roughly
similar concentration. We have checked the solubility of them in water being G1 > 10
mg/mL, G2 > 3 mg/mL and G3 < 0.1 mg/mL. This phenomenon probably stems from the
big hydrophobic dendron part in high generation radical structures. Due to the

amphiphilic segments in this structure, it was possible to prepare nanoparticles in water.
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Scheme 4-2. Synthesis of Gn-MPA-PEG20k-TEMPO radical dendritic structures (n=1, 2, 3).

4.2.2 Characterization of Gn-MPA-PEG20k-TEMPO (n=1,2,3)

The characterization of Gn-MPA-PEG20k-TEMPO (n=1,2,3) species by IR was not
possible, since we only observed the intense band of the PEG chain. Fortunately, we can

use *H NMR to characterize the products, after the reduction of TEMPO radicals to the
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corresponding diamagnetic hydroxylamine derivative by phenylhydrazine.3* According
to the *H NMR spectra (Figure 4-3 to Figure 4-5), we can see the peaks of TEMPO units
between 1.1 and 2.1 ppm, as well as the peaks of the dendrons and the PEG chain, labelled
in the corresponding *H NMR spectra.

Specifically, in the *H NMR spectrum of G1-MPA-PEG20k-TEMPO (30) (Figure
4-3), the peaks of the TEMPO-OH are located at 1.1 ppm (a), 1.9 ppm (b) and 4.79 ppm
(c). And the protons from the dendrons can also be recognized at ca. 2.7 ppm (e,f) and 4.1
ppm (g). The protons from the PEG chain are at 3.51 ppm. Since the *H NMR spectrum
of G1-MPA-PEG20k-TEMPO (30) was made in DMSO-des as deuterated solvent, the
proton from the triazole (d) can also be found at 8.0 ppm. The number of TEMPO units
anchored to the dendrons can be obtained according to the relationship between the
relative integrals of peaks a and h, which was in agreement with the theoretical number
of 4.

The 'H NMR spectra of G2-MPA-PEG20k-TEMPO (31) and G3-MPA-PEG20k-
TEMPO (32) are given in Figure 4-4 and Figure 4-5, and the *H NMR spectrum of G2-
MPA-PEG20k-alkyne is also shown in Figure 4-4 for comparison. The *H NMR spectra
of G2-MPA-PEG20k-TEMPO (31) and G3-MPA-PEG20k-TEMPO (32) presented
similar chemical shifts of the corresponding protons. Importantly, the chemical shift of
peaks from the alkyne groups at 1.99 ppm disappeared in both spectra. The peaks of the
protons from the methyl groups of TEMPO-OH are overlapped with the peaks of the
methyl groups from the dendrons part, and they are located between 1.20 and 1.40 ppm
(a, h, j/1). The protons of methylene (CH.) of TEMPO-OH (b) are located between 2.0
and 2.1 ppm, and those from the methine group (CH) of TEMPO-OH (c) can be found
between 5.0 and 5.2 ppm. The protons of PEG are at ca. 3.6 ppm, and the protons of the
dendrons can be found at 2.76, 3.0 ppm (e,f) and 4.2 ppm (g, i / k). It is important to
remark that the shift of the e,f protons of the dendrons chains between G2-MPA-PEG20k-
alkyne and G2-MPA-PEG20k-TEMPO (31) species (Figure 4-4) is an evidence of the
successful anchoring of the TEMPO radicals to the dendrons part. In these two
compounds we have used CDCl3 as deuterated solvent, for this reason, the protons from
the triazole (d) can only be barely observed. Regarding the number of radical units in G2-
MPA-PEG20k-TEMPO (31) can be obtained from the relationship between the relative
integrals of the peaks (a, h, j) and the peak (g, i) while in G3-MPA-PEG20k-TEMPO (32)
can be obtained from the relationship between the relative integral values of the peak (c)

and the peak (g, i, k), in agreement with the theoretical numbers of 8 and 16.
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Figure 4-3. 'H NMR spectrum of G1-MPA-PEG20k-TEMPO (30) after being reduced with

phenylhydrazine (DMSO-dg, 250 MHZz).
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Figure 4-5. M NMR spectrum of G3-MPA-PEG20k-TEMPO (32) after being reduced with
phenylhydrazine (CDCls, 250 MHz).

The UV-Vis was also used to characterize G1, G2 and G3-MPA-PEG20k-TEMPO.
The radical TEMPO has two characteristic absorbance bands at around 240 nm and 450
nm, which are ascribed to n- 7* and n-z* transitions, respectively. The absorption band
at ca. 450 nm shows additive properties and is normally isolated, but in this series of
compounds these bands were not properly observed (Figure 4-6a). However, the band at
240 nm also showed good additive properties * and the corresponding absorbances (and
molar absorptivities &) were proportional to the number of TEMPO units (in 0.05 mM
solutions of these compounds in CH>Cly) (Figure 4-6b). The data of the UV-Vis are

summarized in Table 4-1.
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Figure 4-6. a) UV-Vis spectra of G1, G2 and G3-MPA-PEG20k-TEMPO at 0.05 mM in CH,Cly, with the
concentration per TEMPO unit ranging from 0.2 mM to 0.8 mM. b) Plot of absorbance versus concentration

per radical unit for the different compounds solutions.

Table 4-1. UV-Vis data of G1, G2 and G3-MPA-PEG20k-TEMPQO compounds.

Compound Amax Abs. Con. (mM) per molecule  Con. (mM) per radical
G3-MPA-PEG20k-TEMPO 238 4.32 0.05 0.8
(32)
G2-MPA-PEG20k-TEMPO 2285  2.33 0.05 0.4
(1)
G1-MPA-PEG20k-TEMPO 227 141 0.05 0.2
(30)

4.3 EPR study of Gn-MPA-PEG20k-TEMPO

EPR was also used to study the obtained G1-, G2- and G3-MPA-PEG20k-TEMPO
“radical dendrimers” (Figure 4-7). Due to the different solubility, the EPR spectra of G1-
and G2-MPA-PEG20k-TEMPO were obtained in H20, while the spectrum of G3-MPA.-
PEG20k-TEMPO (32) was obtained in DMSO. All of these EPR spectra showed spin-
exchange interaction between TEMPO radicals. This interaction in the highest generation
G3-MPA-PEG20k-TEMPO (32) is stronger than in G2 and G1, which results from the
higher number of radicals in higher generations. These results also confirmed that the
radicals were anchored onto the surface of the dendrons.
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Figure 4-7. EPR spectra of Gn-MPA-PEG20k-TEMPO compounds (G1 and G2 measured in H,O, G3
measured in DMSO).

Also, the EPR characterization as well as a quantitative study of G1, G2 and G3-
MPA-PEG20k-TEMPO dendritic systems was made in CH.Cl,. The quantitative EPR
study showed a good linear regression between the area of the EPR signal (double
integral) and the corresponding number of nitroxides in the structure (Figure 4-8).
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Figure 4-8. Regression line between the EPR signal area (double integral) and the number of TEMPO
radicals of G1, G2 and G3-MPA-PEG20k-TEMPO dendrimers, at 0.05 mM and 300 K.

In Figure 4-9, we can observe the spectra of the three compounds in CHClI> at 300
K. As explained in Chapter 3, the EPR spectrum of a free nitroxyl radical presents a three-
line spectral pattern from the coupling of the unpaired electron with the N atom of the
N-O" unit, with hyperfine coupling constant an ca. 15.6 G in organic solvents. The

number of lines in the EPR spectra of radical species in which the unpaired electron is
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coupled with n number of equivalent N atoms (nuclear spin 1 =1) is 2n + 1. The spectrum
of G1-MPA-PEG20k-TEMPO (30) dendrimer shows 5 lines separated by ca. 7.8 G (an/2)
while the spectrum of G2-MPA-PEG20k-TEMPO (31) shows 9 lines separated by ca. 3.9
G (an/4), both with alternating linewidth effect: three narrow lines and in between them
two groups of 1 or 3 broad lines, respectively (marked with asterisks in Figure 4-9). The
alternating linewidth effect is due to a dynamic process of the radicals (see below). In the
case of G3-MPA-PEG20k-TEMPO (32), we observed a single broad line pattern between
the three principal lines instead of resolved lines. The G1 spectral pattern indicates strong
spin exchange interaction (|J| >> |an|) between 2 nitroxide units (2 N) which leads to 5
lines separated by an/2 while the G2 spectral pattern indicates strong spin exchange
interaction between 4 nitroxide units (4 N) which leads to 9 lines separated by an/4. The
spectral pattern of G3 indicates spin exchange interactions between several nitroxide
units. In fact, in this case, the spectral resolution does not allow to determine the number
of interacting TEMPO radicals.

With the decrease of temperature from 300 to 260 K, we observed a decrease of the
broad lines/bands of the spectra (Figure 4-10 a,b,c) which means the spin exchange is
weaker and slower at lower temperature. This is a typical behaviour of flexible
polyradical species that show spin exchange dynamics modulated by temperature. The
EPR spectrum shape is dependent on the conformation and mobility of the dendritic
branches (i.e. on the frequency of collisions of the spin-bearing groups) that depends on
the temperature and solvent nature; at lower temperature lower frequency of collisions
among the radicals and weaker spin exchange interaction among them.

Therefore, from the EPR analysis, we can say that the three radical dendritic species
are flexible and present spin exchange interaction among some of the radical units. In G1-
MPA-PEG20k-TEMPO (30) dendrimer (with 4 TEMPO radicals) there are two groups
of 2 interacting nitroxides, that are independent from each other, since we only observe 5
lines (in the case of interaction among the 4 radicals the spectrum would present 9 lines).
This means that the two groups of 2 nitroxides are well separated by the 20k PEG chain
and that the PEG chain is not bent or not bent enough to bring the two groups close
together. Similarly, in G2-MPA-PEG20k-TEMPO (31) (with 8 TEMPO radicals) there
are two groups of 4 nitroxide units at the ends of the PEG chain, which are not interacting
between them, since we observe 9 lines (in the case of interaction between the 8 radicals
the spectrum would present 17 lines). By extrapolation, the same should happen with G3

compound, having two groups of 8 interacting TEMPO radicals at the end of the PEG
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Figure 4-9. EPR spectra of G1, G2 and G3-MPA-PEG20k-TEMPO species in CH,Cl; at 300 K, with
normalized intensities.
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Figure 4-10. EPR spectra of a) G1-MPA-PEG20k-TEMPO (30), b) G2-MPA-PEG20k-TEMPO (31) and
¢) G3-MPA-PEG20k-TEMPO (32) species at 0.05 mM in CH,Cl; at 300 K-260 K temperature range.
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The corresponding EPR spectra in frozen solution (125 K) is shown in Figure 4-11.
As explained in Chapter 3, in frozen solution the EPR spectrum is sensitive to the
intramolecular dipole-dipole interaction between neighboring nitroxides which
substantially alters the shape of the spectrum. This effect could be estimated by the
empirical ratio of peak heights di/d (Chapter 3, Figure 4-11) which is shown to be
sensitive to the distance between adjacent nitroxides (the shorter the distance among
nitroxides, the higher the dipolar interactions and hence the higher the di/d parameter).
As expected, the di/d parameter for G2 dendrimer (0.79) was higher than for G1 (0.69),
and higher than that for the free nitroxide (0.53),% while in G3 the strongest dipolar
interactions are translated into broader bands leading to low resolution, not allowing us
to calculate properly the di/d parameter. Thus, by increasing generation, there are more
nitroxides close together, making increase the intramolecular dipolar interactions among

them.
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Figure 4-11. EPR spectra of G1, G2 and G3-MPA-PEG20k-TEMPO radical dendritic species in CH.Cl, at
125 K, with normalized intensities.

Under these frozen conditions, we also observed an |Ams| = 2 transition at half-field
in the three generations (Figure 4-12), characteristic of dipolar coupled spins and
indicating the presence of a high-spin state. The intensity of such a forbidden transition

increases with increasing generation.
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Figure 4-12. EPR spectra of |Ams| = 2 transition at half-field of G1, G2 and G3-MPA-PEG20k-TEMPO

dendrimers at the same concentration (0.05 mM), in CH,Cl, at 125 K.
4.4 Preparation and characterization of nanoparticles

After the obtaining and proper characterization of these radical dendritic systems,
we tried to prepare nanoparticles with these kinds of compounds. Since G3-MPA-
PEG20k-TEMPO (32) has more radicals (16) than G1 and G2-MPA-PEG20k-TEMPO,
we started with G3-MPA-PEG20k-TEMPO (32) compounds. In general, the method of
preparation of organic nanoparticles consists in adding the polymer solution into an
aqueous solution, followed by dialysis to remove the organic solvent, as shown in Figure
4-13. We prepared organic nanoparticles under different conditions by controlling
different parameters, such as the injection speed, the stirring speed, the amount of the
compounds, and the sequence of injection (polymer organic solution into water or water
into polymer organic solution) as shown in Table 4-2 (entries 1-7) since all of these

parameters likely influence the formation of nanoparticles.®’
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Figure 4-13. The steps to prepare organic nanoparticles with radical dendritic structures.

The injection speed was carefully controlled by an injection pump. We used 5 mg of
G3-MPA-PEG20k-TEMPO (32) compound dissolved in different organic solvents like
DMSO, acetone, methanol or THF, injection speed from 0.5 to 6 mL/h, 3 or 5 mL of
water and stirring speed ranging from 180 to 700 rpm (entries 1-7, Table 4-2). However,
although some nanoparticles were obtained (see below), in all trials we always saw a
white precipitate during these processes. We also tried to form the nanoparticles directly
in water using ultrasonication (entry 8, Table 4-2): 0.3 mg of G3-MPA-PEG20k-TEMPO
(32) were directly dissolved in 3 mL of water with ultrasonication. However, even after
5 hours, the compound was still observed in water. Thus, unfortunately, we did not obtain
homogeneous system after some trials. Nevertheless, we characterized the sample from
entry 1, Table 4-2, by TEM and DLS, after the precipitate part was removed by
centrifugation. Interestingly, we observed that NPs were formed (G3 NPs). TEM images
showed that the formed G3 NPs presented homogeneous size distribution and spherical

shape, with a mean size of 34+6.4 nm (Figure 4-14b and c).
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Figure 4-14. DLS and TEM characterization of G3 NPs prepared prepared under the condition from entry
1 of Table 4-2. a) Size distribution by intensity obtained by DLS measurements, b) TEM image using

negative stain method with uranyl acetate and c) size distribution histogram.

By DLS, we obtained a monodisperse size distribution of G3 NPs with a z-average
size of 131 nm and a quite high polydispersity index PDI = 0.471. Between DLS and
TEM characterization there is a big difference in size: 131 nm by DLS (intensity) and 34
nm by TEM. This difference in size comes from the different nature of the size which
differs as measured by DLS and TEM. DLS transforms the measured diffusion coefficient
to an equivalent hydrodynamic size, which is the size of the nanoparticle plus the liquid
layer around the particle and it takes into account any protecting (surfactant, steric layer)
or stabilizing layer that may surround the particle (Figure 4-15a). Moreover, in NPs with
PEG chains, the higher PEG chain coverage the NPs have, the more hydrodynamic
diameter they present (Figure 4-15b). On the other hand, size measured by TEM electron
microscopy responds to the electron-dense part of the particle and gives a more real size
of the nanoparticle. The size measured by DLS is an estimate but provides complementary
information to the TEM.

Taking this into account, this difference in size in our G3 NPs might be due to the
high density of PEG chains surrounding the NPs core which leads to obtaining a much
larger hydrodynamic diameter than the size obtained by TEM, supporting the schematic
drawing that we have made to represent them in Figure 4-2.
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Figure 4-15. Schematic representation of a) the different sizes of a nanoparticle measured by DLS and TEM

techniques, and b) the influence of the higher PEG coverage of the NPs in their hydrodynamic diameter
size.

The EPR spectrum of G3 NPs presented two types of spectral components: an
immobile/slow component represented by a broad anisotropic spectral pattern (indicated
by arrows in Figure 4-16) and a mobile/fast component represented by the narrow three-
line spectral pattern. The immobile/slow component represents the TEMPO radicals that
have restricted movement in the structure (probably those located more in the interior of
the NPS, in the dense core) while the mobile/fast component represents the TEMPO
radicals anchored on the structure that have much faster mobility (i.e. faster tumbling),

probably located farther from the core, a bit closer to the exterior part of the NP structure.

3380 3420 3460 3500 3540 3580
H / Gauss

Figure 4-16. EPR spectrum of G3 NPs in H,0.
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However, although we successfully obtained nanoparticles with G3-MPA-PEG20k-
TEMPO (32), precipitation avoids calculating their relaxivity properly, because we need
to know the concentration of the active paramagnetic species precisely when they are to
be used as contrast agents.

For this reason, we moved to prepare nanoparticles with G2-MPA-PEG20k-TEMPO
(31) species. At first, we dissolved the compound in a solvent mixture of MeOH and
EtOH and injected it into water, but there was some precipitation and it did not disappear
overnight (entry 1, Table 4-3). Next, we changed the organic solvent to acetone. The
compound solution in acetone was injected into water at 1 mL/h injection speed and the
stirring speed was 200 rpm (entry 2, Table 4-3). Then, the colloidal system was allowed
to evaporate overnight in the fume hood. Finally, the colloid was dialyzed to remove the
small amount of residual acetone. In this case, we got nanoparticles in a stable colloidal
suspension (labeled as G2 NPs), without any precipitation.

The colloid was stored at 4 °C and it was characterized by DLS, TEM, and EPR
techniques. Moreover, the stability with time was also studied by DLS for 28 days,
following the hydrodynamic size, PDI and zeta potential evolution of the obtained
nanoparticles (Figure 4-17). These nanoparticles showed unimodal or monodisperse size
distribution both at the beginning and after 28 days, with a low polydispersity index
(PDI). It was 0.233 at day 0, decreased to 0.111 after 1 day and then it was maintained
until the last day. The corresponding hydrodynamic diameter decreased slightly from
210.9 nm to 180 nm after 1 day, but then it also stabilized at this value until the last day.
On the other hand, zeta potential also decreased from +11.7 mV to around +4 mV the first
day, and then maintained at around this value, in a similar trend to size and PDI values.
Thus, it seems that G2 NPs nanoparticles need 24 h to stabilize but then, they are really
stable for at least up to about a month. NPs having zeta potential values ranging from —10
to +10 mV are considered to be neutral.*® The zeta potential with values from —10 to +10
mV are normally considered as a parameter indicating low stability. However, the zeta
potential is not the only parameter to indicate the stability of the nanoparticles, and it is
not uncommon to encounter stable colloids systems with low zeta potential. For example,
it is well known that PEGylation can facilitate the stability of nanoparticles while
decreasing the zeta potential >**° The reason for that can be that PEG chains decrease the
attraction between nanoparticles by increasing the steric distance and increasing the
hydrophilicity via forming hydrogen bonds with solvent.*! After 28 days at 4 °C, the

colloidal suspension was characterized by TEM. The G2 NPs were spherical in shape and
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homogeneous, as shown in the TEM image (Figure 4-18a) with a mean diameter of
35+10.1 nm. This difference in size between both techniques, similarly to G3 NPs, seems
to support that the NPs have a denser core with mainly the dendritic radical part, and this
is highly covered by a PEG shell, leading, hence, to obtain a much larger hydrodynamic

diameter (Figure 4-15b). This fact also supports the nanoparticles structure schematized

in Figure 4-2.
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Figure 4-17. a) DLS results of G2 NPs at day 0 and after 28 days. Study of the colloidal stability of G2 NPs
along 28 days characterized by b) size (hydrodynamic diameter) ¢) PDI and d) zeta potential.
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Figure 4-18. a) TEM image and b) size distribution histogram of G2 nanoparticles prepared under the

conditions from entry 2 of Table 4-3, measured using negative stain method with uranyl acetate.

To further characterize such a system, we studied the behavior of G2 NPs against
dilution by DLS and TEM and compared it with the same study but using G2-MPA.-
PEG20k-TEMPO (31) species directly in water, this is, without preparing NPs. By one
hand, we wanted to check the size and morphology of G2 NPs with dilution, and hence,
their stability, and, on the other hand, to know and compare the size and shape of the
dendritic system as-synthesized without being forced to make nanoparticles, at the same
concentrations than the nanoparticles system.

We dissolved the G2-MPA-PEG20k-TEMPO (31) polymer directly in water at the
same concentration than for G2 NPs. Due to the high molecular weight of this polymer,
it took few hours to swell. Finally, it was completely dissolved at the same concentration
than the G2 NPs (1 mM per TEMPO radical unit) and we got the solution of this
compound (labeled as G2 from now on).

The two systems (G2 and G2 NPs) were characterized by DLS at 1 mM per TEMPO
radical unit concentration and after different dilutions. As shown in Figure 4-19, at 1 mM
concentration the G2 NPs colloid presented a unimodal distribution size with very low
PDI (0.070) while the G2 solution presented some polydispersity (PDI 0.4). Then, these
two solutions were diluted to different concentrations, 0.1 mM, 0.01 mM and 0.001 mM
(in the case of G2 NPs). As can be observed in Figure 4-19 and Table 4-4, the G2 NPs
systems kept the unimodal size distribution (even after dilution to 0.001 mM), similar
size and low PDI (only at 1000 times dilution, the PDI slightly increases). However, the
G2 solutions presented multimodal size distribution in all the concentrations studied and

an increase of size and PDI during dilution. This result points out that, under dilution
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conditions, G2 NPs are quite stable since they are maintained with similar size,

monodisperse size distribution and low PDI, in contrast to G2 compound behavior.
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Figure 4-19. DLS results of G2 NPs (a) and G2 solution (b) at different concentrations. The concentration

is measured per radical unit.

Table 4-4. Size and PDI data of G2 NPs and G2 solutions after dilution to different concentrations.

Sample Concentration Size PDI
1 mM 218.0+1.970 0.399+0.014
G2 0.1 mM 224.2+3.487 0.417+0.046
0.01 mM 530.1+198.8 0.488+0.124
1mMm 214.7+2.055 0.070+0.023
0.1 mM 177.9+0.4583  0.108+0.025

G2 NPs

0.01 mM 175.7+5.859 0.182+0.073
0.001 mM 225.7+18.23 0.292+0.041

G2 NPs colloids and G2 solution were also characterized by TEM at concentrations
1 and 0.1 mM (Figure 4-20). G2 NPs showed spherical nanoparticles both at 1 mM and
0.1 mM, thus, maintaining the spherical shape after dilution. On the other hand, the
behavior of G2 solution was interesting. At 0.1 mM, the G2-MPA-PEG20k-TEMPO (31)
species are structured forming mainly fibers, that is, unidirectional structures, while at a
higher concentration, 1 mM, some spherical nanoparticles of very different sizes are
formed, coexisting with still some fibers. Thus, in G2 species there is a morphological
transition from fibers to spheres with the increase in concentration, while G2 NPs are
maintained spherical, indicating better stability of G2 NPs than G2 species, which is

consistent with the DLS results.
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Figure 4-20. TEM images and size distribution histograms of G2 NPs and G2 solution in water, at 1 and

0.1 mM per radical unit, measured using negative stain method with uranyl acetate.

The EPR spectrum of G2 NPs (Figure 4-21) also presented the two types of spectral

components mentioned in the EPR of G3 NPs. However, G2 NPs presented a smaller

portion of the immobile/slow component (mainly seen in its lower magnetic field band

marked by a black arrow in Figure 4-21) compared with G3 NPs, probably due to the

lower number of radicals present onto the G2 dendritic structure. In this case, most

TEMPO radicals present fast mobility, as shown by the three main narrow lines.
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Figure 4-21. EPR spectrum of G2 NPs in H,0.

3480
H / Gauss

3500 3520

3540

3560 3580

On the other hand, if we compare the EPR spectrum of G2 NPs with that obtained
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for G2, we can observe that the differences between them are very small (Figure 4-22a).
In fact, as we have observed by TEM, G2 macromolecules can also form some
nanoparticles themselves only by dissolving them in H20, although to a lesser extent and
with higher polydispersity than if we force to prepare them with optimal procedure.
Nevertheless, although the differences are subtle, they can help us to explain or
understand the small differences between these two systems.

In the case of G2 NPs, the portion of immobile/slow component is slightly higher
than in G2 (mainly observed in the higher intensity of the spectral pattern between the
three lines indicated by grey arrows in Figure 4-22a). This means a slightly higher amount
of radicals immobilized in G2 NPs than in G2, which agrees with the fact that in linear
fibers like in linear polymers the rigidity is lower than in NPs.

The small difference between their coupling constants an (Figure 4-22b and Table
4-5), being lower in G2 NPs, is explained in terms that radicals are slightly less exposed
to the polarity of the solvent, i.e. more embedded in the interior part of the NP than in G2,
since the isotropic hyperfine constant an of nitroxides is sensitive to the polarity of the
local nitroxide environment, being lower in solvents with low polarity and higher in polar
solvents.*2

The linewidth of G2 NPs spectrum is also a little bit higher than in G2 (Figure 4-22c
and Table 4-5), which means higher intramolecular spin exchange interaction among
radicals as well as that radicals are anchored to bigger size structures. Therefore, although
the differences between the two systems (G2 and G2 NPs) are subtle, they have helped
us to explain the small differences between them.
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Figure 4-22. Normalized EPR spectra of G2 dendritic structure (blue) and G2 NPs (orange) in H20. a) in

the normal range b) enlarged spectra and c) enlarge of the higher magnetic field line.

Table 4-5. g, an and AHpp of G2 and G2 NPs measured under the same conditions by EPR.

Compound g an (G) AHpp (G)
G2 2.0048 16.91 1.73
G2 NPs 2.0053 16.79 1.81
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4.5 MRI measurement of G2 nanoparticles

Since the nanoparticles obtained with G2-MPA-PEG20k-TEMPO (31) compound
were homogeneous and showed good stability, we performed the phantom experiments
to measure their relaxivity. An important question of this strategy that we would like to
answer is whether the radicals that are contained inside the nanoparticles core can
effectively relax the water protons nearby. In addition, we considered interesting to
compare the G2 NPs relaxivity result with the one obtained from the as-synthesized G2-
MPA-PEG20k-TEMPO (G2) compound in the same concentration range to check the
possible influence of the different morphology (only spheres in G2 NPs, and mainly fibers
in G2 species). TEMPO free radical was also measured as a reference.

In both cases, the concentration of G2 compound ranged from 0.012 to 0.13 mM and
the concentration per TEMPO unit ranged from 0.1 to 1 mM. The relaxivities were
obtained from the plots of the Ry (1/T1) versus the concentration of each compound
(Figure 4-23) and the data are shown in Table 4-6. First of all, it is worth mentioning that
the regression line obtained in both cases presented a very good correlation coefficient
(as well as for free TEMPO). The relaxivities obtained for G2 and G2 NPs were 1.88 and
2.06 mM1s per molecule, respectively, while the relaxivities per radical unit were 0.236
and 0.258 mM-1s?, respectively, since this compound has 8 radicals in its structure. First
of all, it is worth mentioning that it has been demonstrated that the radicals that are
contained inside the nanoparticles can effectively relax the water protons nearby since G2
NPs present high relaxivity. Then, analyzing the results obtained we can say that in both
cases (G2 and G2 NPs) the relaxivities per radical unit are significantly higher than in the
free TEMPO radical which presents a relaxivity of 0.181 mMs® under the same
conditions, due to the high molecular weight of G2 compound, i.e. big size, which induces
a slow rotational correlation time of the anchored radicals. More interesting is the fact
that colloidal dispersions of G2 NPs present higher relaxivities than G2 solutions.
Considering the different morphology of nanoparticles, it can be concluded that the
formation of stable homogeneous spherical nanoparticles is helpful to improve the
relaxivities compared with linear structures probably because the movement of radicals
in the sphere could be more restricted than in the more flexible fibers, making increase
the rotational correlation time. This result points out the importance not only of the size
but also the rigidity of the structures that support the radicals to improve the relaxivity
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values. Finally, if we think in the relaxivity per unit of nanoparticle, we can consider that
a nanoparticle should be composed of more than one G2 compound, which therefore leads

to a relaxivity value per nanoparticle > 2.0603 mMs,
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Figure 4-23.T1 weighted images in a phantom experiment for G2 and G2 NPs and the plots of Ry (1/ T1)
versus concentration for TEMPO, G2 and G2 NPs. The slope corresponds to ..

Table 4-6. Relaxivity values of TEMPO, G2 and G2 NPs in water.

sample  r; (mMs?) per molecule  r; (mM-s?) per radical

TEMPO 0.1806 0.1806
G2 1.884 0.2355
G2 NPs 2.0603 0.2575

G2 NPs per NP unit > 2.0603"

* We consider that a nanoparticle should be composed with more than one G2 compound.

4.6 Cytotoxicity

In vitro cell viability was carried out to assess the cytoxicity of G2-MPA-PEG20k-
TEMPO with African green monkey kidney (Vero) cell line. As described in Chapter 3,
the cells were incubated with G2-MPA-PEG20K-TEMPO (31) at different concentrations
ranging from 0.13 mM to 1 mM per radical unit, and the cell viability was checked by

XTT assay at 24 h and 48 h. As a result, this species did not show cytotoxicity in vitro in
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the tested concentration range, as indicated by the high cell viability after 24 and 48 h
(Figure 4-24).

a) G2-MPA-PEG20k-TEMPO 24 h b) G2-MPA-PEG20k-TEMPO 48 h
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Figure 4-24. In vitro XTT cell viability assays conducted with African green monkey kidney (Vero) cells
incubated with G2-MPA-PEG20K-TEMPO (31) in a concentration per radical unit of A) 1 mM, B) 0.5
mM, C) 0.25 mM, E) 0.13 mM, for 24 (a) and 48 h (b).

4.7 Conclusions

In this chapter, we have proposed the preparation of nanoparticles using radical
functionalized dendritic-linear-dendritic polymers based on bis-MPA dendrons at the

ends of a PEG chain, as MRI contrast agents.

- Three different generations of radical dendritic systems have been synthesized by
click chemistry (G1-, G2- and G3-MPA-PEG20k-TEMPO species) and well-
characterized by *H NMR, EPR and UV-Vis spectroscopies.

- The obtained compounds have been used to prepare nanoparticles. While with G3-
MPA-PEG20k-TEMPO (32) species we have obtained some nanoparticles in a non-
homogeneous system, with G2-MPA-PEG20k-TEMPO (G2) species we have obtained
homogeneous nanoparticles dispersion (G2 NPs).

- The size and stability along time and under dilution conditions of G2 NPs have
been studied by DLS and TEM and compared with G2 species. The results showed that
the same compound likely presents different supramolecular structure morphologies and
stabilities due to the different preparation processes. The nanoparticles prepared with
organic solvents were more stable and homogeneous than directly the G2 compound
dissolved in water, showing the former spherical nanoparticles shape and the latter

organized forming mostly fibers.
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- The ry relaxivities in water of G2 and G2 NPs have been obtained, showing both
systems higher relaxivities than the free radical. Interestingly, the different nanostructures
formed seem to affect the relaxivity. It seems that the formation of stable homogeneous
spherical nanoparticles is beneficial for the improvement of relaxivity compared with the
more flexible linear structures organizations, probably due to the higher rigidity of

nanoparticles.

- G2-MPA-PEG20k-TEMPO species have not been shown to be cytotoxic.
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Chapter 5 Bimodal fluorescent magnetic
radical dendrimers

5.1 Introduction

Dual- or multimodal imaging probes have emerged as powerful tools that improve
detection sensitivity and accuracy, important in disease diagnosis and treatment.
Multimodal imaging probes are designed to overcome inherent drawbacks of each
imaging modality and take advantage of the complementary information they provide. A
single probe, which integrates dual or multiple imaging properties is preferred over
employing a cocktail approach by using a mixture of various contrast agents.

As explained in the Introduction, there exists some imaging modalities apart from
magnetic resonance imaging (MRI) such as X-ray computed tomography (CT), positron
emission tomography (PET), single-photon emission computed tomography (SPECT) or
optical fluorescence imaging (OFI), with different characteristics and complementary
information. In this chapter, we have tried to prepare compounds with two potential
imaging modalities that present complementary information and that do not use ionizing
radiation: MRI and OFI. Thus, trying to join in the same compound two different
properties, magnetic and fluorescence properties, for potential MRI and OFI applications.

Fluorescence imaging, is widely used in histologic examination of cells, and has
gained clinical interest and potential application in intraoperative use like in imaging-
guided surgery.r OFI has the main advantage of high sensitivity compared with MRI,
however, due to photon scattering and light attenuation of biological tissue, fluorescence
imaging is limited by depth penetration, and present lower spatial resolution in vivo.2 MRI
has the advantage of high spatial resolution and unlimited depth penetration, but the
drawback of its low sensitivity. By combining these two imaging techniques the imaging
result can be substantially improved. In addition, fluorescence can be useful to monitor
biodistribution in animal models.

Fluorescence imaging are used with fluorophores emitting in the visible region (400-
650 nm) as well as in the near-infrared fluorescence region (NIRF) of 650-900 nm, being
the latter more used for in vivo imaging applications due to lower background tissue
absorption and deeper penetration depth.® In addition, NIRF imaging in the range of 1000-

1400 nm, called as the second biological window and also named over-thousand near-
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infrared (OTN) imaging, has attracted significant attention in in vivo imaging applications
due to its even deeper tissue penetration, higher image contrast, and reduced phototoxicity
and photobleaching.*

There are several reports on dual modality MRI/OFI imaging probes in the literature,
using different fluorophores and mostly Gd-based contrast agents as MRI contrast agents,
although the use of FesO4 or 1°F, among others, has also been reported.>>~" Recently, a
bimodal fluorescence-magnetic resonance probe was synthesized based on DOTA-
Gd(111) chelate as MRI contrast agent and tetraphenylethylene as the aggregation-induced
emission luminogen (AlEgen), for apoptosis imaging. These two functional agents are
connected to a DEVD peptide, which is a substrate for caspase-3/7. Caspases (cysteine-
aspartic proteases) are a family of protease enzymes that play an essential role in cell
death. The caspases are inactive in normal cells but they can be activated when apoptosis
happens in cancer cells. In response to caspase-3/7, the DEVD peptide is cleaved and then
the remaining Gd(lI11)-AlEgen conjugate aggregates leading to increased FL-MR signals.®

When bimodal MRI/OFI contrast agents are prepared on the basis of organic
radicals, the interaction between the radical and the fluorophore can give the contrast
agent special properties. For example, nitroxides can quench fluorescence but
fluorescence can be recovered after the radical deactivation. Different mechanisms of
fluorescence quenching by nitroxides have been proposed such as exchange-induced
relaxation processes,® intersystem crossing'®, energy transfer interactions! or electron
transfer.> When the nitroxide is close to the fluorophore, the fluorescence is quenched,
but once the nitroxide is trapped by another radical or participates in a redox process, the
fluorescence can be recovered. The term profluorescent nitroxides has been proposed for
these fluorophore-nitroxide couples®® and this special property has been exploited to
monitor polymer degradation,**® and some other radical-based chemical processes.

Very few examples have been reported on bimodal MRI/OFI imaging probes using
organic radicals as MRI contrast agents, and they have used polymers as scaffolds.6-18
Rajca and Johnson group prepared bimodal MRI and fluorescence contrast agents based
on organic radicals (nitroxides) and Cy5.5 fluorophores. On branched-bottlebrush
polymers, the fluorescence was quenched but once the nitroxide was reduced by
ascorbate, the fluorescence intensity increased by 2 to 3.5 times.” The same group
prepared polymeric nanoparticles with the same active agents. In that case, it can be
achieved simultaneously MRI and NIRF imaging in vivo, due to the large distance

between the fluorophore and the nitroxides.*®
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In this chapter, we have tried to combine magnetic and fluorescent properties in the
same dendrimer scaffold. Organic radicals have been anchored to the dendrimers
branches. On the other hand, to give fluorescent properties to the dendrimers, there are
mainly two different strategies, the incorporation/anchoring of fluorescent dyes to the
dendrimers, or using dendrimers that are themselves fluorescent. This last option avoids
additional synthetic steps and is therefore not time-consuming while at the same time
leaves all the anchoring positions at the end of the dendrimer branches free (for full
functionalization with organic radicals), resulting in a more optimal strategy. For this
reason, we have used oligo(styryl)benzene (OSB) dendrimers that present fluorescent
properties by their own, synthesized by the group of Joaquin C. Garcia from the “Quimica
Inorganica, Organica y Bioquimica” department of the Castilla-La Mancha University.
In this chapter, we have synthesized new radical dendrimers based on
oligo(styryl)benzene and explored the possibility of preparing MRI/OFI bimodal imaging
contrast agents with them.

The chemical structures of the oligo(styryl)benzene derivatives used in this work are
shown in Scheme 5-1. They form rigid structures, and present three or four branches with
acid or aldehyde end groups, named in this chapter as tri- and tetra-acid, and tri- and tetra-
aldehyde. In the dendrimers with three branches, these are slightly inclined like the
propellers of a fan and the three double bonds rotate in the same direction (Figure 5-1, a),
while in the dendrimers with four branches, the double bonds go in the same direction

two by two, and one pair slopes up and the other pair down (Figure 5-1, b).1°
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tetra-acid

tri-aldehyde tetra-aldehyde

Scheme 5-1. Chemical structures of oligo(styryl)benzene dendrimers (tri-acid, tetra-acid, tri-aldehyde and
tetra-aldehyde) derivatives.
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Figure 5-1. Selected view of (styryl)benzenes with three (a) and four (b) branches showing the changes in
the dihedral angles, calculated at the M06-2X/6-31G=* level of theory in the gas phase by the group of

Joaquin C. Garcfa.*®
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5.2 Synthesis and characterization of radical dendrimers

based on oligo(styryl)benzenes

We have synthesized a series of radical dendrimers by coupling the amine of 4-
amino-TEMPO to the carboxyl or aldehyde groups of the oligo(styryl)benzenes
dendrimers tri-, tetra-acid and tri-, tetra-aldehyde. Thus, we have obtained two different
linking bonds, amido and imino ones, respectively. The radical dendrimers obtained are
named (tri- or tetra-)-amido-TEMPO radical dendrimers and (tri- or tetra-)-imino-
TEMPO radical dendrimers. In addition, the imine group formed between aldehyde and
primary amine of the free radical can be reduced to a secondary amine which is a more
stable linker. For this reason, we also prepared amino radical dendrimers derivatives from

the imino ones to gain stability.

5.2.1 Synthesis and characterization of amido radical dendrimers

derivatives

The synthesis of tri- and tetra-amido-TEMPO derivatives was carried out coupling
the amine group of 4-amino-TEMPO to the carboxyl acid group of tri- and tetra-acid
OSB, using HATU/DIEA as coupling agent, as shown in Scheme 5-2. The synthesis of
tri-amido-TEMPO was performed in THF, while to obtain tetra-amido-TEMPO, a small
amount of DMSO was added to make tetra-acid soluble in the reaction system. After
overnight reaction at room temperature, the products were firstly extracted in DCM/water
and then purified by column chromatography on silica gel in DCM/EtOH. The obtained
yields were 88 and 53%, for tri-amido-TEMPO (33) and tetra-amido-TEMPO (34),

respectively.
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tetra-acid

tetra-amido-TEMPO (34)

Scheme 5-2. Synthesis of tri-amido-TEMPO (33) and tetra-amido-TEMPO (34).

The obtained products tri-amido-TEMPO (33) and tetra-amido-TEMPO (34) were
characterized by IR, 'H NMR, UV-Vis, MALDI-TOF, SEC and EPR. Also, fluorescence
and MRI studies have been performed.

The IR spectra of tri-acid, tri-amido-TEMPO (33) and tetra-amido-TEMPO (34) are
shown in Figure 5-2. In the case of the formation of these two compounds we have
followed-up the reaction by IR, by the shift of the C=0 stretching band of -COOH from
1674 cm™ to 1632 cm™* from the new -CONH amide group for both compounds, as well
as by the disappearance of the very broad OH stretching band at 3250-2500 cm™ from the
-COOH groups, and the appearance of the corresponding NH stretching band from the
amide group at 3299 and 3297 cm™ (for 33 and 34, respectively). In addition, we can
observe the -CH stretching bands of -CHs and -CHa- groups of TEMPO radicals at the
range ca. 2854-2971 cm™. Moreover, at 1364 and 1362 cm™ there appeared a band
assigned to the N-O" stretching of the TEMPO radical in tri-amido-TEMPO (33) and tetra-
amido-TEMPO (34), respectively.?02!
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Figure 5-2. IR spectra of a) tri-acid and tri-amido-TEMPO (33) and b) tetra-amido-TEMPO (34).

Phenylhydrazine was used to reduce the nitroxyl radicals (TEMPO) to the

corresponding diamagnetic hydroxylamine (Scheme 5-3), in order to characterize by H

NMR such structures (see Materials and methods section). With this method, the
synthesized tri-amido-TEMPO (33) and tetra-amido-TEMPO (34) were well

characterized by 'H NMR, as shown in Figure 5-3 and Figure 5-4, respectively, with the

corresponding peak labeling. The peaks of the TEMPO protons can be found in the range

1-1.73 ppm (a and b) and at 4.22 ppm (c). The protons of the dendrimer structure

(d,e,f,g,h) can be found between 7.47 and 8.17 ppm. Moreover, the relative integral values

of the 'H resonances were in agreement with the theoretical ones, confirming the number

of TEMPO radicals anchored on their structures (3 and 4, respectively).

0 or
N Phenylhydrazine N

-
’

DMSO-dg, 30 min
R R
Scheme 5-3. Reduction of TEMPO radical to hydroxylamine with phenylhydrazine.
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Figure 5-3. *H NMR spectrum of tri-amido-TEMPO (33) after being reduced with phenylhydrazine
(DMSO-dg, 250 MHz).
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Figure 5-4. 'H NMR spectrum of tetra-amido-TEMPO (34) after being reduced with phenylhydrazine

(DMSO-ds, 250 MHz).
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Tri-amido-TEMPO (33) and tetra-amido-TEMPO (34) were also characterized by
UV-Vis spectroscopy. The UV-Vis spectrum of TEMPO radical shows two typical
absorption bands: an intense band at 240 nm (Figure 5-5a) and a very low intense band at
ca. 450 nm (Figure 5-5b). By UV-Vis spectroscopy, we can characterize the radical
dendrimer compounds by one hand, and on the other hand, we can also quantify the
number of TEMPO radical units anchored to the dendrimers, as the low intense n-m=
transition absorption band at ca. 450 nm is known to be additive. For this reason, the
number of TEMPO units anchored to the dendrimers can be calculated, comparing the
molar extinction coefficient of the ca. 450 nm absorption band of the radical dendrimers
with the TEMPO free radical one, through the Lambert-Beer law A = € = [ x ¢, where A
is the absorbance (no units), ¢ is the molar extinction coefficient (in M-tcm™), I is the
optical path length (in cm) and c is the concentration (in M). The molar extinction
coefficient of the ca. 450 nm band of TEMPO radical is around 10 M~cm™ with small
variations depending on the solvent used.?? For this reason, we calculated first the ¢ of
TEMPO free radical in CH2Cl», in which the radical dendrimers are soluble. We prepared
five different concentrations, from 1 to 0.1 mM, and measured the maximum absorbance
of the corresponding 452 nm band. The regression line obtained from the plot of A vs ¢
gave a good regression coefficient R (Figure 5-5¢). From the slope of the regression line,
we took the & value for TEMPO in CHCls, being 11.1 M*cm™,
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Figure 5-5. UV-Vis spectra of TEMPO free radical at different concentrations in DCM (1, 0.75, 0.5, 0.25,
and 0.1 mM) a) the complete spectra, b) enlargement to see the 450 nm absorption band and c¢) absorbance

versus concentration plot for the different concentrations.

The UV-Vis spectra of tri-amido-TEMPO (33) are shown in Figure 5-6. The ¢ value
of the band at 450 nm was 30.6 M-cm™ indicating 3 times higher coefficient than the free
TEMPO, confirming that 3 radicals were coupled to the dendrimer. It was not possible to
observe this band in tetra-amido-TEMPO (34) since the band of the dendrimer overlapped
the radical band (Figure 5-7).
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Figure 5-6. UV-Vis spectra of tri-amido-TEMPO (33) in DCM, a) the complete spectra at 0.041 mM, b)
enlargement to see the 450 nm TEMPO radical absorption band at different concentration (0.500, 0.125
and 0.041 mM).
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Figure 5-7. UV-Vis spectra of tetra-amido-TEMPO (34) in DCM at 0.050 mM, a) the complete spectra, b)

enlargement to see the 450 nm TEMPO radical absorption band.

MALDI-TOF mass spectrometry was also used to characterize the radical
dendrimers tri-amido-TEMPO (33) and tetra-amido-TEMPO (34). The molecular ion
peaks [M+H]" of tri- and tetra-amido-TEMPO can be found at m/z = 977.2 and 1277.2,
respectively, which are in agreement with the theoretical molecular weight (976.30 and

1275.69 g/mol, respectively), as well as a [M+Na]" cluster in both cases.
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Figure 5-8. MALDI-TOF mass spectra of a) tri-amido-TEMPO (33) and b) tetra-amido-TEMPO (34)
(matrix, positive mode).

Size exclusive chromatography (SEC) was used to check the purity of both tri-
amido-TEMPO (33) and tetra-amido-TEMPO (34). These two compounds showed only
one peak with narrow signal distribution, which confirmed their purities. The slightly
lower retention time obtained for tetra-amido-TEMPO (34) is in agreement with the
slightly larger size than tri-amido-TEMPO (33).
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Figure 5-9. SEC chromatograms of a) tri-amido-TEMPO (33) and b) tetra-amido-TEMPO (34) radical
dendrimers.

5.2.2 Synthesis and characterization of imino radical dendrimers

derivatives

In the case of the coupling of 4-amino-TEMPO radical to the aldehyde terminal
groups of the dendrimers (tri- and tetra-aldehyde), we followed the conditions already
reported for the condensation of 4-amino-TEMPO to other derivatives with aldehyde
terminal groups, using AlOs, in THF (Scheme 5-4).22% The reaction completion was

also followed-up by IR. Briefly, aldehyde derivatives were subjected to sonification in
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the presence of alumina gel with excess of 4-amino-TEMPO in THF. The reactions were
stopped when the IR showed that the band of aldehyde disappeared. The alumina gel was
removed by filtration, and the resulting product precipitated from the reaction mixture by
the addition of n-pentane. We obtained radical dendrimers tri-imino-TEMPO (35) and
tetra-imino-TEMPO (36) in 63 % and 85% vyields, respectively.

O—N NH,

tetra-aldehyde

tetra-imino-TEMPO (36)

Scheme 5-4. Synthesis of tri-imino-TEMPO (35) and tetra-imino-TEMPO (36) radical dendrimers.

The IR spectra of the imino radical dendrimer derivatives (tri-imino-TEMPO (35)
and tetra-imino-TEMPO (36)) are shown in Figure 5-10 together with the tri-aldehyde

one, for comparison. We have followed the disappearance of the C=0 stretching bands
from the —CHO group at 1690 cm™* of tri- and tetra-aldehyde, and the appearance of the

CH=N band of the new imine group at 1637 cm for both tri-imino-TEMPO (35) and

tetra-imino-TEMPO (36) compounds. In addition, we can also observe the -CH stretching

bands of —CH, and —CH.- groups of TEMPO radicals at the range ca. 2857-2972 cm™.

Besides, we can also observe the bands at 1360 cm™ in both cases assigned to the N-O*
stretching of the TEMPO radicals.
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Figure 5-10. IR spectra of a) tri-aldehyde and tri-imino-TEMPO (35), and b) tetra-imino-TEMPO (36).

The H NMR spectra of tri-imino-TEMPO (35) and tetra-imino-TEMPO (36) were
also obtained by using phenylhydrazine as a reducing agent, shown in Figure 5-11 and
Figure 5-12 with the corresponding peak labeling. The characteristic peaks of TEMPO
protons can be found between 1.13-1.64 ppm (a, b) and 3.64 or 3.65 ppm (c) for TEMPO
radicals, while the proton peaks of the dendrimer structure (d, e, f, g, h, i) can be found
between 7.42 and 8.47 ppm. Importantly, the peak of aldehyde groups at 9.8 ppm
disappeared in the *H NMR spectra of tri-imino-TEMPO (35) and tetra-imino-TEMPO
(36), which confirmed all the aldehyde groups reacted with 4-amino-TEMPO. The peaks
of the new imine groups can be found at around 8.5 ppm. Besides, the relative integral
values of the *H resonances were in agreement with the theoretical ones, confirming the

number of TEMPO radicals anchored on their structures (3 and 4, respectively).
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Figure 5-11. *H NMR spectrum of tri-imino-TEMPO (35) after being reduced with phenylhydrazine

(DMSO-ds, 250 MHz2).
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Figure 5-12. 'H NMR spectrum of tetra-imino-TEMPO (36) after being reduced with phenylhydrazine

(DMSO-ds, 250 MHz).

The obtained tri-imino-TEMPO (35) and tetra-imino-TEMPO (36) were also
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characterized by UV-Vis spectroscopy. However, the absorption band of the radical at
around 450 nm was overlapped by the band of the OSB dendrimer in both cases. The UV-
Vis spectrum of tri-imino-TEMPO (35) is shown in Figure 5-13.
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Figure 5-13. UV-Vis spectra of tri-imino-TEMPO (35) in DCM, a) the complete spectrum at 0.02 mM, b)
enlargement to see the 450 nm TEMPO radical absorption band at 0.5 mM.

The MALDI-TOF mass spectra of tri-imino-TEMPO (35) and tetra-imino-TEMPO
(36) presented the corresponding molecular ion peak [M+H]" at m/z = 929.2 and 1213.2
respectively, in agreement with the theoretical molecular weight (928.30 g/mol and
1211.69 g/mol, respectively), confirming the formation of the two radical dendrimers
(Figure 5-14).
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Figure 5-14. MALDI-TOF mass spectra of a) tri-imino-TEMPO (35) and b) tetra-imino-TEMPO (36)

(matrix, positive mode).

Tri-imino-TEMPO (35) and tetra-imino-TEMPO (36) radical dendrimers were also
characterized by SEC (Figure 5-15). As expected, the retention time of tri-imino-TEMPO
(35) was slightly larger than tetra-imino-TEMPO (36). The single signal distribution

confirmed the purity of these two compounds.
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Figure 5-15. SEC chromatograms of a) tri-imino-TEMPO (35) and b) tetra-imino-TEMPO (36) radical

dendrimers.

5.2.3 Synthesis and characterization of amino radical dendrimers

derivatives

The synthesis of tri-amino-TEMPO (37) and tetra-amino-TEMPO (38) was
performed by reduction of tri-imino-TEMPO (35) and tetra-imino-TEMPO (36) with
NaBHjs, as shown in Scheme 5-5. These two compounds were synthesized in a similar
way. After the reaction of tri-imino-TEMPO (35) and tetra-imino-TEMPO (36) with
NaBHs overnight in methanol and chloroform, the reaction mixture was extracted with
DCM/water three times, and, the products tri-amino-TEMPO (37) and tetra-amino-
TEMPO (38) were obtained in 97% and 95% vyield, respectively.
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Scheme 5-5. Synthesis of tri-amino-TEMPO (37) and tetra-amino-TEMPO (38) radical dendrimers.

The IR spectra of tri-amino-TEMPO (37) and tetra-amino-TEMPO (38) are shown
in Figure 5-16. In the IR spectra of both compounds, it is clear that the bands at 1637 cm
of the imine (C=N) bond disappeared completely, and the new bands at 3300 cm™
corresponding to the formed amine group appeared. The bands of -CH, and -CHs of
TEMPO can be found between 2854 and 2970 cm™, and the N-O" stretching bands at 1360
cmtin both compounds. These results confirm that the imino-TEMPO radical dendrimers

were reduced to the corresponding amino derivatives.
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Figure 5-16. IR spectra of a) tri-amino-TEMPO (37) and b) tetra-amino-TEMPO (38) radical dendrimers.
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With phenylhydrazine as a reducing agent, we also characterized the amino-radical
dendrimers by *H NMR. As shown in Figure 5-17 and Figure 5-18, the peaks of the imine
groups at 8.5 ppm of the imino radical dendrimers 37 and 38 disappeared, while the new
peaks at 3.7 ppm corresponding to the new formed methylene groups (-CH2-) appeared.
Meanwhile, the chemical shift of the methine (-CH-) groups of TEMPO changed from
3.6 ppm to 2.8 ppm, due to the close imine group changed to an amine group. In both
cases, the number of radical units obtained by the relative integral values of *H resonances

was well consistent with the theoretical values, confirming the number of anchored

TEMPO radical units was 3 and 4, respectively.
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Figure 5-17. 'H NMR spectrum of tri-amino-TEMPO (37) after being reduced with phenylhydrazine

(DMSO-ds, 250 MHz).
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Figure 5-18. 'H NMR spectrum of tetra-amino-TEMPO (38) after being reduced with phenylhydrazine
(DMSO-dg, 250 MHz).

The UV-Vis spectrum of tri-amino-TEMPO (37) is shown in Figure 5-19. The
characteristic absorption band of the nitroxide radical can be observed at 470 nm and the
number of radicals can be obtained according to the extinction coefficient of such a band.
The extinction coefficient obtained for tri-amino-TEMPO was 30.98 M~tcm™, which is 3
times that of the free radical TEMPO. Since the UV-Vis of tri-amino-TEMPO (37) shows
that it contains three radicals, this also confirms in turn that tri-imino-TEMPO (35)
presented three radicals, as it was obtained by reduction of the latter. In tetra-amino-
TEMPO (38), the characteristic band of the nitroxide was overlapped by the OSB

dendrimers band, so it was not possible to observe it.

b) 0.010

5 0.008 4

313

[— tri-amino-TEMPO 0.05 mM] tri-amino-TEMPO 0.05 mM

0.006

Abs.

Abs.

0.004 -

0.002 - 470, 0.001549

T T T T T 1 0000 -
300 400 500 600 700 800 200 330 460 EBD GE"D

Wavelength (nm) Wavelength (nm)

Figure 5-19. UV-Vis spectra of tri-amino-TEMPO (37) in DCM at 0.05 mM a) the complete spectrum, b)
enlargement to see the TEMPO radical absorption band.
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The MALDI-TOF mass spectrometry of tri-amino-TEMPO (37) and tetra-amino-
TEMPO (38) are shown in Figure 5-20. The molecular ion peak [M+H]" of tri- and tetra-
amino-TEMPO can be found at 935.1 and 1220.3 m/z, respectively, which are in
agreement with the theoretical molecular weight (934.35 g/mol and 1219.76 g/mol,

respectively).
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Figure 5-20. MALDI-TOF mass spectra of a) tri-amino-TEMPO (37), and b) tetra-amino-TEMPO (38),

(matrix, positive mode).

We also did the SEC analysis of these two compounds but we obtained low intensity
of the peaks. However, even we had more error the retention time was: 17.04 and 16.96
min for tri-amino-TEMPO (37) and tetra-amino-TEMPO (38), respectively.

5.3 EPR study of the radical dendrimers

We have done the EPR spectra of TEMPO free radical and the six radical dendrimers
synthesized (33-38) at 300 K (isotropic conditions) and at 120 K (frozen solution,
anisotropic conditions).

At 300 K, we first obtained the EPR spectrum of TEMPO free radical for
comparison. It showed the typical 3 lines with the same relative intensities 1:1:1, with a
coupling constant with the N atom of ay = 15.7 G, at g = 2.0061 and AHpp=1.20 G
(Figure 5-21). The EPR obtained for the radical dendrimers 33-38 at 300 K also showed
three lines, thus, they showed negligible spin exchange interaction between their radical
units, probably because of the rigidity of the structures that do not allow radicals to
approach each other. They presented similar an and g factor than TEMPO free radical,
the typical ones of nitroxyl radicals in organic solvents (an ~ 15.4/15.5 G and g between
2.0053 and 2.0064, Figure 5-21,Table 5-2). However, the line width of their spectral lines
was slightly broader (~1.60 G) than for TEMPO free radical (1.20 G) and they presented
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a selective decrease of the high-field line. These two things are due to the hindered motion
of the radicals when they are attached to a big molecule, confirming, thus, the anchoring
of the radicals to the dendrimer.

On the other hand, the EPR signal intensity (measured in terms of area obtained from
the double integral) of the tri- compounds were three times higher than the TEMPO free

radical, while the tetra- derivatives showed four times more EPR area (see Table 5-1).

TEMPO

tri-amido-TEMPO 33 tetra-amido-TEMPO 34

tri-imino-TEMPO 35 tetra-imino-TEMPO 36

tri-amino-TEMPO 37 tetra-amino-TEMPO 38

T T T T T T T T
3250 3300 3350 3400 3250 3300 3350 3400
H / Gauss H / Gauss

Figure 5-21. EPR spectra of TEMPO, tri-amido-TEMPO (33), tetra-amido-TEMPO (34), tri-imino-
TEMPO (35), tetra-imino-TEMPO (36), tri-amino-TEMPO (37) and tetra-amino-TEMPO (38) radical
dendrimers in THF at 300 K.

Table 5-2. EPR data of TEMPO and 33-38 species at 300 K and at 120 K, in THF.

Compound 300 K 120K
g ax (G) AH,, (G) d/d Area (a.u.)
TEMPO 2.0061 15.7 1.20 0.53 2.47 x10°
tri-amido-TEMPO (33) 2.0059 15.5 1.61 0.66 7.22x10°
tri-imino-TEMPO (35) 2.0060 15.4 1.59 0.63 7.12x10°
tri-amino-TEMPO (37) 2.0057 15.4 1.62 0.60 7.31x10°
tetra-amido-TEMPO (34) 2.0064 15.5 1.64 0.80 9.49x10°
tetra-imino-TEMPO (36) 2.0053 15.4 1.56 0.79 9.61x10°
tetra-amino-TEMPO (38) 2.0057 15.4 1.40 0.75 9.52x10°

In frozen solution, 120 K (Figure 5-22), the EPR spectra shape of radical dendrimers
33, 35 and 37 with three radical units was similar to the obtained with the TEMPO free

radical, i.e. showing weak dipole-dipole interactions among the TEMPO radicals. In fact,
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the di/d parameter values (see EPR Appendix C) obtained for them were only slightly
higher than for TEMPO free radical (see Table 5-2). However, in tetra- compounds
derivatives (34, 36 and 38) these interactions were a bit higher than in the compounds
with three radical units, which means radicals are closer in those structures (see Table
5-2).

In addition, under these conditions, all compounds showed a |Ams| = 2 transition at
half-field (Figure 5-23), characteristic of dipolar coupled spins that gives direct evidence
of the presence of a high-spin state. This signal was more intense in compounds 34, 36

and 38 with four radical units than in the tri- derivative ones 33, 35 and 37.

TEMPO

tri-amido-TEMPO 33
tetra-amido-TEMPO 34
tri-amino-TEMPO 35
tetra-imino-TEMPO 36
tri-imino-TEMPO 37
tetra-amino-TEMPO 38
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H / Gauss H / Gauss

Figure 5-22. EPR spectra of TEMPO, tri-amido-TEMPO (33), tetra-amido-TEMPO (34), tri-imino-
TEMPO (35), tetra-imino-TEMPO (36), tri-amino-TEMPO (37) and tetra-amino-TEMPO (38) radical
dendrimers in THF at 120 K.
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Figure 5-23. EPR spectra of |Amg| = 2 transition at half-field of tri-amido-TEMPO (33), tetra-amido-
TEMPO (34), tri-imino-TEMPO (35), tetra-imino-TEMPO (36), tri-amino-TEMPO (37) and tetra-amino-
TEMPO (38) radical dendrimers in THF at 120 K.
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5.4 Fluorimetry study of the radical dendrimers

As explained in the Introduction, the oligo(styryl)benzenes dendrimers used in this
work present fluorescent properties. When the nitroxide radicals are anchored to a
fluorophore, they can quench the fluorescence intensity. For this work, it was very
important to study the fluorescence of the resulting radical dendrimers to check if the
dendrimer fluorescence was maintained, quenched, or disappeared after their coupling
with 4-amino-TEMPO radical, as one of the properties we are looking for in this chapter
is to obtain not only dendrimers with paramagnetic properties but also with fluorescent
ones, i.e. bimodal magnetic-fluorescent molecules.

The fluorescence process can be depicted by Jablonski diagram (Figure 5-24). The
singlet ground, first, and second electronic states was labeled by So, S1, and S». First, the
fluorophore is excited to higher vibrational level S1 or S,. In liquid or solid, the molecules
in Sy state quickly relax to the lowest vibrational state of Si, and this process is called
internal conversion (IC). When the molecule returns to So state, the emission spectrum is
obtained. Molecules in the S; state can also experience intersystem crossing (ISC), by
undergoing a spin conversion from the first excited state S; to the first triplet sate T1. The
return from T1 to So give the phosphorescence spectrum. Since the existence of the
internal conversion and the intersystem crossing (ISC), the fluorescence quantum yield
QY can be defined by the ratio of the number of photons emitted to the number absorbed.
ie.

QY — Nemitted photos (5_1)

Nabsorbed photos
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Figure 5-24. One form of a Jablonski diagram.?®

To measure the quantum vyield, first, we have to prepare a diluted solution of the
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compound and do the corresponding UV-Vis spectrum to get the wavelength of the
maximum absorption band (that will be the wavelength of excitation to obtain the
emission spectra, Aexc.), and then make some dilutions until obtaining a concentration in
which the value of the absorbance of such a band is slightly below 0.1 (typically it
corresponds to solutions at 10 or 10”7 M). With this sample, we can do the fluorescence
emission spectrum selecting the Lexc from the UV-Vis and a range of emission wavelength
after the Lexc. We also have to measure a blank of only the solvent of the sample. Finally,
to calculate the fluorescence quantum yield, we have to measure a reference with a similar
excitation wavelength, in the same way as the samples. The most commonly used
fluorescence standards are quinine sulfate and rhodamine derivatives, for lower and
higher Aexc., respectively. The best standard for us was quinine sulfate as it has similar
Aexc. than our radical dendrimers. The equation to calculate the quantum yield is

QY =

FsXAyrXRZXQYy
F,xAgXR?

(5-2)
where:

Fs: Fluorescence peak area of the sample

Ar: Absorbance of the reference

Rs: Refraction index of the solvent used to dissolve the sample

QYr: QY of the reference

Fr: Fluorescence peak area of the reference

As: Absorbance of the sample

Rr: Refraction index of the solvent used to dissolve the reference

We prepared diluted solutions of 1) quinine sulfate in H2SO4 (0.1 M), 2) tri-acid

dendrimer, 3) tri-amido-TEMPO (33) radical dendrimer, 4) tetra-acid dendrimer, 5) tetra-
amido-TEMPO (34) radical dendrimer, 6) tri-aldehyde dendrimer, 7) tri-imino-TEMPO
(35) radical dendrimer, 8) tri-amino-TEMPO (37) radical dendrimer, 9) tetra-aldehyde
dendrimer, 10) tetra-imino-TEMPO (36) radical dendrimer and 11) tetra-amino-TEMPO
(38) radical dendrimer, all of them in THF as some dendrimers were not soluble in
dichloromethane. Hence, all the measurements could be done in the same solvent for
proper comparison. We also measured Mili-Q water as the blank for quinine sulfate and
THF as the blank for the other samples. We proceeded following the procedure explained
above, doing first the UV-Vis of very diluted samples and then the corresponding

fluorescence spectra.
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The UV-Vis spectrum and the fluorescence emission spectrum of the standard
quinine sulfate are shown in Figure 5-25. The UV-Vis spectra of the other compounds
are shown in Figure 5-26 and the corresponding fluorescence emission spectra are shown
in Figure 5-27. The quantum yield was calculated by using the equation 5-2. The results
of the quantum yield are shown in Table 5-3. The Aexc. and Xem. values are shown in Table
5-4.
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Figure 5-25. a) UV-Vis spectrum and b) fluorescence emission spectrum of the standard quinine sulfate.
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Figure 5-26. UV-Vis spectra of amido-, imino- and amino- radical dendrimers derivatives 33-38 in THF.
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Figure 5-27. Fluorescence emission spectra of amido-, imino- and amino- radical dendrimers derivatives
33-38 in THF.

Table 5-3. dexc. and Aem, values for quinine sulfate, dendrimers and radical dendrimers 33-38.

Compound Aexc. (NM) Aem. (NM)
quinine sulfate 348 452
tri-acid 326.5 396
tri-amido-TEMPO (33) 327 396
tetra-acid 350 460
tetra-amido-TEMPO (34) 338 458
tri-aldehyde 340 422
tri-imino-TEMPO (35) 338 405
tri-amino-TEMPO (37) 319 393
tetra-aldehyde 364 471
tetra-imino-TEMPO (36) 361 472
tetra-amino-TEMPO (38) 344 468
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Table 5-4. Calculated quantum yield of quinine sulfate, dendrimers and radical dendrimers 33-38.

Compound Abs. FLarea (F)  Refraction Index (R) Quantum Yield
(A)

quinine sulfate 0.074 65192.32 1.33 0.540
tri-acid 0.0899  52371.05 1.4072 0.400
tri-amido-TEMPO (33) 0.0967 28274.02 1.4072 0.201
tetra-acid 0.0833  30086.73 1.4072 0.248
tetra-amido-TEMPO (34)  0.0954 16902.84 1.4072 0.122
tri-aldehyde 0.0985 5922.78 1.4072 0.041
tri-imino-TEMPO (35) 0.0891 5171.24 1.4072 0.040
tri-amino-TEMPO (37) 0.0971 12236.02 1.4072 0.086
tetra-aldehyde 0.0961  59755.09 1.4072 0.427
tetra-imino-TEMPO (36) 0.0801 21039.81 1.4072 0.180
tetra-amino-TEMPO (38)  0.0859 9150.83 1.4072 0.073

According to the spectroscopic results obtained and shown in Figure 5-26 and Table
5-3, it is observed that the absorption occurs mainly on the part of the
oligo(styryl)benzene units since both the absorbance maximum and the shape of the bands
between the precursor dendrimers and the radical dendrimers are coincident. The optical
properties of OSBs are highly dependent on their peripheral substituents?®-28,
Specifically, for the tri-acid and tri-aldehyde compounds, a previous study indicates that
these absorptions correspond mainly to various contributions from So—S; and So—S>
transitions and the attached functional groups participate in these transitions by stabilizing
or destabilizing the HOMO or LUMO?. The tetra-substituted derivatives show more red-
shifted absorbances. When comparing the tri-amido-TEMPO (33) and tetra-amido-
TEMPO (34) derivatives with the starting precursors, tri-acid and tetra-acid respectively,
it is observed that there is no substantial variation in the absorbance maximum for each
of them. This is because the electronic characteristics of the OSB do not change
substantially since the differences between the electronic properties of the acid group and
the amido group are not large enough to modify the OSB, since both are
electrowithdrawing groups. However, when comparing the imino- and amino- radical
dendrimers with the tri-aldehyde and tetra-aldehyde precursors, it is observed that the
formation of the imine does not produce a change in the electronics of the OSB but its
reduction to form the amino. The reduction transforms a sp? carbon of the imine into a
sp? carbon which interrupts the communication between the amino group and the OSB.
This results in a hypsochromic shift (or blue shift) of the absorption band. The

178



electroattracting groups such as aldehyde or imine remove electron density from the
HOMO, destabilizing it, increasing its energy and reducing the gap between HOMO and
LUMO, leading to absorption bands at 340 nm for tri-substituted and at 360 nm for tetra-
substituted. However, when this interaction between the functional group and the OSB is
broken (due to the amine group formation), the HOMO stabilizes (i.e. the HOMO-LUMO
gap increases), and the observed absorption is slowed blue shifted (319 nm for the tri-
amino-TEMPO 37 and 344 nm for the tetra-amino-TEMPO 38).

This effect is less important at the emission wavelength, where the fluorescence of
each radical dendrimer is very similar to that of the precursor OSB. This indicates that
the excited state from which the emission starts is very similar in both the radical
dendrimer and the precursor and is mainly centered on the OSB backbone. It is important
to remark that all the radical dendrimers synthesized (33, 34, 35, 36, 37 and 38) show
fluorescence, and they emit at Aem. between 393 and 472 nm with a quantum yield between
4.0 and 20.1 % (see Figure 5-27 and Table 5-4). Previous work on OSB indicates that tri-
substituted acidic compounds exhibit better quantum yields than their four-branched
analogues. This is because increasing the number of stilbene units increases the
vibrational and rotational motions in a so-called restriction of intramolecular motions
(RIM) mechanism,* all responsible for the non-radiative relaxations of the absorbed light
from the molecule. In the case of aldehyde derivatives, the 3-branched compound presents
worse quantum yields because it undergoes a cis/trans photoisomerization process that is
not possible in the 4-branched compound due to steric hindrance. The incorporation of
radicals into OSB scaffolds leads, in most cases, to a decrease in fluorescence, although
they are still acceptable quantum yields in general. Tri-amido-TEMPO (33) and tetra-
amido-TEMPO (34) the quantum yield decreases to the half, approximately, with respect
to tri-acid and tetra-acid, respectively. In the case of tetra-imino-TEMPO (36) and tetra-
amino-TEMPO (38), their fluorescence quantum yield is quenched with respect to tetra-
aldehyde dendrimer until also approximately the half in the former and 1/5, in the latter.
On the other hand, the quantum yield of tri-imino-TEMPO (35), around 4 % (0.04), is
similar to its corresponding tri-aldehyde dendrimer (0.041), i.e. in this case the anchoring
of radicals does not quench the fluorescence. However, the quantum yield of tri-amino-
TEMPO (37) is double (0.073) from that of the tri-aldehyde dendrimer (0.041). In this
case, the fluorescence values are very low, both in the precursor molecule and in the

radical dendrimer, so that any changes may appear to greatly affect the quantum yields.
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Itis true that it has been described how amines not directly bound to chromophore systems
can give rise to special fluorescence phenomena called photoinduced electron transfer
(PET) effect and that cannot be ruled out in this system. In any case, the radical
dendrimers studied show good fluorescent properties that allow them to be used as

fluorescent probes.®!

5.5 MRI experiments

As explained in the introduction, contrast agents are paramagnetic compounds that
allow improving the contrast of the images obtained in MRI by modifying the relaxation
time of the solvent protons (typically water protons). The relaxivity (r) is the degree to
which the contrast agent can affect the longitudinal T or transversal T» solvent protons
relaxation rate constant (R1 = 1/ T or R2 = T2) normalized to the concentration of the
contrast agent (mM-1s units).

The capacity of decreasing the relaxation time Ty of the protons of the solvent, and
hence their capacity to act as a contrast agent, has been evaluated in vitro in organic
solvents, as a probe of concept, for tri-amido-TEMPO (33), tetra-amido-TEMPO (34),
tri-imino-TEMPO (35) and tri-amino-TEMPO (37) derivatives, as well as for TEMPO
radical, used as a reference. The requirement for the solvent to perform this MRI
evaluation is that it presents only one NMR signal for the protons of its structure, that is,
one type of equivalent protons, and the samples must be soluble in it. DMSO and
dichloromethane were the solvents of choice.

For tri-amido-TEMPO (33), tri-imino-TEMPO (35) and tri-amino-TEMPO (37)
derivatives, we chose dichloromethane as both requirements were accomplished. For each
compound, we prepared six solutions covering a big range of concentrations, from 10 to
0.625 mM per TEMPO radical unit concentration, and placed them in 1.5 mL Eppendorfs.
The values of T1 were obtained for each concentration and we plotted R; values (R1=1/
T1) versus the concentration to obtain the relaxivity r, of each compound, which was
compared with the r, of TEMPO free radical in the same solvent (see Figure 5-28). The
relaxivities r,of these compounds are listed in Table 5-5. The three compounds present
similar relaxivities ranging from 0.316 to 0.339 mMsl. When we consider the
relaxivities per radical, their relaxivities are higher than free TEMPO, which possibly
results from the higher molecular weights (bigger size) and high rigidity of these radical
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dendrimers,®? slowing down the rotational correlation time.
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Figure 5-28. Plots of Ry (1/ T1) versus concentration for different concentrations of free TEMPO, tri-amido-
TEMPO (33), tri-imino-TEMPO (35) and tri-amino-TEMPO (37) in dichloromethane.

Table 5-5. Relaxivity values (r1) for free TEMPO, tri-amido-TEMPO (33), tri-imino-TEMPO (35) and
tri-imino-TEMPO (37) in dichloromethane.

Compound ri (mM1s?) per ry (mM*s?) per radical
molecule
TEMPO 0.079 0.079
tri-amido-TEMPO (33) 0.316 0.105
tri-imino-TEMPO (35) 0.339 0.113
tri-amino-TEMPO (37) 0.321 0.107

The relaxivities of free TEMPO, tri-amido-TEMPO (33) and tetra-amido-TEMPO
(34) radical dendrimers were obtained in DMSO which also presents only one proton
signal and the radical dendrimers were completely soluble in it at these concentrations.
Similarly, we plotted R1 values (R1=1/ T1) versus the concentration to obtain the relaxivity
r. of each compound (Figure 5-29). The relaxivities of these three compounds are listed
in Table 5-6. The relaxivities of tri-amido-TEMPO (33) and tetra-amido-TEMPO (34)
are 0.530 and 0.828 mM™ s, respectively. The relaxivities of these two compounds per
radical are significantly higher than the free TEMPO, which confirmed that the high
molecular weight and rigidity is beneficial to increase the relaxivities.

The other compounds tetra-imino-TEMPO (36) and tetra-amino-TEMPO (38)
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showed not full solubility in dichloromethane or DMSO at high concentrations, for this

reason, we could not do the MRI in vitro in such solvents and they are not shown in this
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Figure 5-29. Plots of Ry (1/ T1) versus concentration for different concentrations of TEMPO, tri-amido-
TEMPO (33) and tetra-amino-TEMPO (34) in DMSO.

Table 5-6. Relaxivity values (r.) for free TEMPO, tri-amido-TEMPO (33) and tetra-amido-TEMPO (34)
in DMSO.

Compound ry (mM=*s?) per molecule  r; (MM st) per radical
TEMPO 0.139 0.139
tri-amido-TEMPO (33) 0.530 0.177
tetra-amido-TEMPO (34) 0.828 0.207

5.6 Preparation of micelles containing fluorescent radical

dendrimers

Until now, we have obtained oligo(styryl)benzene based radical dendrimers showing
at the same time fluorescence properties and the capacity of decreasing the relaxation
time T of the protons of the surrounding solvent. However, these studies have been
carried out in organic solvents, where they are soluble. With the aim of application as

bimodal fluorescence-magnetic imaging contrast agents, the next question is to address
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the problem of water solubility. To achieve this goal, different strategies can be carried
out. We can take advantage of hydrophilic groups or chains, such as anions or
poly(ethylene glycol) (PEG), for example following the “aminoacid linker strategy” used
in Chapter 2 or by anchoring PEG chains to the dendrimers. However, these strategies
need several synthetic steps. Another strategy is to impart the solubility to these
hydrophobic radical dendrimers by micellar encapsulation in agueous medium using a
surfactant such as cetyltrimethylammonium bromide (CTAB). In contrast to the first
strategies which are time-consuming, this other method is simpler and it has been tested
by other groups . Although the first two options may be carried out by the group in the
future, in this Thesis we have explored the micelle formation strategy, which represents
another strategy to achieve water-soluble radical dendrimer systems.

We chose radical dendrimer tetra-amido-TEMPO (34) as an example for this pilot
experiment. We used the thin film hydration process to obtain the micellar systems. In
short, the hydrophobic compound 34 was dissolved in ethanol together with the CTAB,
the solvent was allowed to evaporate in air for one week, and finally the dry compounds
were hydrated with water, then heated at 50 °C for 10 minutes and shaken. After one day,
we filtered all of them by a 0.2 um porous size filter and we allowed them to stabilize one
day more. After that, the samples were analysed.

At first, we tried to encapsulate the radical dendrimer in 100 mM CTAB solution,
from 0.01 mM to 1.6 mM of dendrimer concentrations. It was observed that only the 0.01
mM micellar dispersion was homogeneous since in the other dispersions there appeared
some precipitate at the bottom of the vials. Furthermore, after 15 days, we noticed that
there was some precipitated or crystallized CTAB in some vials, even in the first one at a
concentration of 0.01 mM (Figure 5-30), which we attributed to the high concentration of

CTAB. Consequently, we decreased the CTAB concentration to 5 mM.
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Figure 5-30. Photos of the different micellar dispersion with CTAB concentration at 100 mM and tetra-
amido-TEMPO (34) concentrations at 0.01, 0.1, 0.2, 0.4, 0.8 and 1.6 mM a) overnight and b) after 15 days

of being formed.

Next, we carried out the encapsulation of the radical dendrimer in 5 mM CTAB, to
avoid the precipitation of CTAB. The concentration of tetra-amido-TEMPO (34) was
from 2.5 to 200 uM. In this case, we obtained homogeneous systems in the six first
dispersions prepared (0, 2.5, 5, 10, 20 and 50 uM concentrations of 34) according to the
transparency of the media (Figure 5-31a). In addition, when the micellar dispersions were
under an ultraviolet light of 254 nm, we could observe fluorescence emission in them that
was more intense at a high concentration of radical dendrimer, confirming the increasing

amount of radical dendrimer encapsulated in the micelles (Figure 5-31b).
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Figure 5-31. Photo of the different micellar dispersions with CTAB concentration at 5 mM and tetra-amido-
TEMPO (34) concentration at 0, 2.5, 5, 10, 20, 50, 100 and 200 uM. a) under ambient light, b) under a 254

nm lamp.

The different micellar dispersions were characterized by UV-Vis, fluorescence and
EPR spectroscopy, DLS and TEM.

The UV-Vis spectra of the different micellar systems are shown in Figure 5-32a.
They show similar shape of the absorption bands compared with the spectrum of the same
compound 34 in DCM or THF, but with the maximum absorption band blue shifted (from
ca. 348 nm to ca. 310 nm) since the increase of the polarity of the solvent (H20). The
shoulder at higher wavelength (ca. 340 nm) increases in intensity with respect to the band
at 310 nm in the 100 and 200 uM samples, which can be explained in terms of increase
of aggregation of the species inside the micelles.®*** The absorbance of the bands
increased with the increasing concentration of 34 (Figure 5-32a), but only in the range of
concentrations from 2.5 uM to 50 uM the relationship between the concentration and
absorbance showed good linearity (Figure 5-32b). This indicates that the concentration
of radical dendrimer encapsulated in the micelles can be as high as 50 uM in these
conditions (CTAB at 5 mM), i.e. Above this concentration, the system becomes
supersaturated and begins to precipitate, for this reason the last two micellar dispersions

with a concentration of 100 and 200 uM of 34 presented some precipitate at the bottom
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of the vials.
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Figure 5-32. a) UV—Vis spectra of CTAB micellar dispersions with different concentrations of tetra-amido-
TEMPO (34) from 0 to 200 uM; b) plot of the UV-Vis Absorbance versus the concentration of 34 from 0
to 50 uM.

The micellar systems were also studied by fluorescence spectroscopy. The
fluorescence emission spectra showed a emission band at ca. Aem. 453 nm (Figure 5-33),
which is close to the value of 34 in THF. To calculate the corresponding quantum yield,
we took the data from the micellar system with the concentration of radical dendrimer 34
at 5 uM, since the corresponding UV-Vis spectrum showed an absorption band slightly
below 0.1 Abs. We used the equation (5-2) with quinine sulfate as a standard and the QY
obtained was 2% (Table 5-7), which is lower than the corresponding QY for 34 in THF
solution (12.2 %). The lower quantum yield obtained in micellar aqueous system than in
THF is possibly caused by quenching of luminescence due to molecular aggregation

(aggregation-caused quenching (ACQ)).2 Also, the different solvent can affect.
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Figure 5-33. Emission spectra of the micellar dispersions with 0, 2.5, 5, 10, 20 and 50 uM concentration of

34 and CTAB concentration at 5 mM, obtained at the excitation wavelength 310 nm.
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Table 5-7. Calculated quantum yield of quinine sulfate and micellar dispersion with 5 uM concentration

of tetra-amido-TEMPO (34) in CTAB at 5 mM.

Compound Abs. (A)  FLarea (F) Refraction Index (R) Quantum
Yield
quinine sulfate 0.074 65192.32 1.33 0.540
tetra-amido-TEMPO (34) 0.072 2485.3 1.33 0.0199
(5 uM)

The prepared CTAB micellar dispersions were also characterized by DLS (Figure
5-34). All the micellar systems from 2.5 uM to 200 uM concentration of 34 presented a
narrow unimodal distribution of size with quite low polydispersion index (being the
lowest PDI 0.15 for the 200 uM system (Figure 5-34), and the hydrodynamic size ranged
from 93 nm to 144 nm (Table 5-8).

The TEM was also used to effectively observe the micelles and study their
morphology or shape. We studied the micellar dispersion with concentration of tetra-
amido-TEMPO 34 at 10 uM and we observed that the micelles presented spherical shape
with size 54.34 + 16.37 nm (Figure 5-35).
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Figure 5-34. Size distribution by intensity measured by DLS of the CTAB micellar dispersions with tetra-
amido-TEMPO (34) encapsulated at concentrations 2.5, 5, 10, 20, 50, 100 and 200 uM.
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Table 5-8 Size and PDI measured by DLS for the micellar dispersions at different concentrations of tetra-

amido-TEMPO 34 and CTAB at 5 mM.

Sample Concentration Size PDI
2.5 uM 140.4+2853  0.263+0.059
5 uM 125.7423.40  0.266+0.18
Tetra- 10 uM 145.6+0.72  0.189+0.009
TZ"E“I\'/?F‘,’O 20 uM 96.88£3.049  0.283%0.015
(34) 50 uM 93.28+2.378  0.210+0.025
100 uM 99.574#3.099  0.195+0.018
200 uM 144.1+4504  0.150+0.019

Figure 5-35. TEM image of CTAB micelles with concentration of tetra-amido-TEMPO 34 at 10 uM, using

negative stain method with uranyl acetate.

The micellar dispersions were also characterized by EPR, showing all of them the
same kind of EPR spectrum. As an example, we show in Figure 5-36, the EPR spectrum
of the micellar system at 50 uM concentration of 34. The spectral shape obtained was a
bit different than the corresponding to 34 free in solution. On the other hand, while the
line with was similar (around 1.60 G), the g factor and an were different than in 34 due
to the new polar solvent environment. The coupling constant an in the micellar system
was higher (16.9 G) than in 34 in THF (15.5 G), due to the ax is sensitive to the polarity
of the solvent. In more polar solvents, the anis higher. The g factor in the micellar system
was 2.0051 versus 2.0064 in 34.
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Figure 5-36. EPR spectrum of CTAB micelles with a concentration of tetra-amido-TEMPO 34 at 50 uM.

5.7 Conclusions

- We have synthesized six radical dendrimers based on fluorescent
oligo(styryl)benzenes, with different linking bonds between the radicals and the
dendrimers (amido, imino and amino linkers). IR, *H NMR, UV-Vis, MALDI-TOF, SEC
and EPR confirmed that the dendrimers were fully substituted with TEMPO radicals.

- It is important to remark that all the synthesized radical dendrimers maintain
fluorescent properties after the radical coupling, although the fluorescence has been
quenched in almost all cases with respect to their corresponding dendrimer precursors.

- In vitro MRI studies of tri-amido-TEMPO (33), tetra-amido-TEMPO (34), tri-
imino-TEMPO (35) and tri-amino-TEMPO (37) have shown that they have the capacity
to decrease the relaxation time T1 of DMSO and/or dichloromethane protons, showing a
relaxivity ri per unit of radical higher than the TEMPO free radical. Thus, we have
obtained bimodal fluorescent-magnetic species.

- In order to prepare aqueous solutions of the radical dendrimers, CTAB micelles
have been chosen as a carrier to encapsulate tetra-amido-TEMPO (34). With a
concentration of CTAB at 5 mM, the maximum concentration of tetra-amido-TEMPO
(34) encapsulated can be 50 puM. Such systems, with the radical dendrimers inside,

maintain both magnetic and fluorescent properties.
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Chapter 6 In vivo MRI studies of G3-
Tyr(PROXYL)-COONa radical dendrimer

6.1 Introduction

In this Thesis we have developed various radical dendrimers with potential
application as MRI contrast agents giving some of them very good results in vitro (either
MRI, stability or cytotoxicity), demonstrating they are excellent candidates to be used as
MRI contrast agents suited for biomedical applications. However, it is necessary to
determine if they can work properly as contrast agents in vivo and can maintain the
properties observed in vitro leading to a good diagnostic of tumors, for example.
Therefore, it is necessary to carry out biodistribution studies in both healthy and tumor-
bearing mice to consider radical dendrimers as a plausible alternative to Gd-based MRI
contrast agents.

We have focused on the family of radical dendrimers based on PPH dendrimer with
tyrosine as a liker Gn-Tyr(PROXYL)-COOL.i that showed excellent water solubility, high
relaxivity, and no cytotoxicity (Chapter 2). Among them, the G3 generation has been the
compound of choice to carry out these studies since it showed the highest relaxivity (ca.
13 mMs1), the highest stability against reduction and large molecular size. Therefore,
in this Chapter, we have explored the in vivo MRI potential characteristics of the highest
generation of such family of radical dendrimers (G3-Tyr(PROXYL)-COOL.I) in healthy
and GL261 glioblastoma-bearing mice, along with its in vivo toxicity and stability.

To the best of our knowledge, there are only two examples in the literature about in
vivo studies using radical dendrimers and very few reports using other kind of
macromolecular polynitroxides. For example, Winalski and co-workers described that
despite the low solubility in water of the third-generation polypropylenimine (PPI)
dendrimers conjugated with nitroxides, its intraarticular administration to rabbit stifle
joints produced significant enhancement of articular cartilage in T1-weighted images.* On
the other hand, biodistribution studies were performed with PPI dendrimers conjugated
with spirocyclohexyl nitroxides and PEG chains, providing selectively enhanced
magnetic resonance imaging in mice for over 1 h.2 Only more recently, other kind of
macromolecular polynitroxides not based on dendrimers but on polymers or polymeric

nanoparticles have shown interesting properties as MRI CA. For example, nitroxide-
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functionalized brush-arm star polymer organic radical contrast agents (BASP-ORCAYS)
have shown very high r2 relaxivity and accumulation in murine subcutaneous tumors
(A459 tumor-bearing NCR-NU mice) for long time following systemic administration.?
Linear and cross-linked poly(carboxylate ester) PEG-modified PROXYL systems were
used to provide MR imaging contrast to breast cancer tumors.* In addition, amphiphilic
poly(ethylene glycol)-b-polycarbonate-based diblock copolymers containing pendant
persistent PROXYL radicals were locally administered in the hindlimb muscle of a
female C57BL/6J mouse.® Finally, when adult female BALB/c nude mice bearing
subcutaneous tumors of HelLa cells in their back were intravenously injected with
polyacetylenes containing TEMPO and PEG the MRI signal intensity was significantly
increased in the tumor parenchyma.®

While dendrimer-based magnetic resonance imaging agents decorated with Gd have
been reported for brain cancer,” nothing it is described with metal-free organic water-
soluble radical dendrimers in this kind of cancer.

To carry out such studies we have synthesized the corresponding sodium salt
derivative instead of the described lithium salt derivative in Chapter 2, in order to improve

biocompatibility and safety.

6.2 Synthesis of G3-Tyr(PROXYL)-COONa

The synthesis of G3-Tyr(PROXYL)-COONa (39) dendrimer was made following
Scheme 2-10 (Chapter 2). The corresponding methyl ester derivative G3-Tyr(PROXYL)-
COOMe was hydrolyzed with NaOH in THF:H2O (1:1), resulting in the water soluble
G3-Tyr(PROXYL)-COONa (39) dendrimer (Scheme 6-1). Dialysis was used to purify it
and the full functionalization of G3 dendrimer with radicals was confirmed by EPR.

CHy CHy CHy NH
H [ H [ H [
N3Py O C=N—N—P+0 C=N—N—P-0 c=N—-N—P{0 );)
E s *h
6

Il
S

Scheme 6-1. Structure of G3-Tyr(PROXYL)-COONa (39) radical dendrimer.
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6.3 Endotoxin analysis of G3-Tyr(PROXYL)-COONa

radical dendrimer.

Before in vivo studies, endotoxin analysis of G3-Tyr(PROXYL)-COONa (39)
radical dendrimer was carried out to discard the presence of such a toxin in the G3 sample
to be administered to mice. We made the analysis at two different concentrations: 0.4
mg/mL and 4 mg/mL. In the sample of lower concentration, the value obtained (0.02
EU/mL) was outside the detection range, and in the higher concentrated sample it was
detected a very low endotoxin level: 0.034 + 0.003 EU/mL. These endotoxin levels are
acceptable, since the limit for administration in mice would be 1 EU/mL (5 EU/Kkg for the

usual routes of administration).

6.4 In vivo biodistribution

The preliminary biodistribution studies (MRI-based) were performed with n=3 wild
type (wt) female mice. With this experiment, we wanted to assess T1 changes in different
organs to check for the biodistribution of G3 after intravenous administration. The dose
administered was first planned to be 0.00625 mmol/Kg in dendrimer (0.3 mmol/Kg per
radical unit). The G3-Tyr(PROXYL)-COONa (39) administration produced slight
enhancement in different organs of wt mice measured with whole body Tiw MRI (Figure
6-1), confirmed by decrease of T1 values calculated in T1 maps. Enhancement was mostly
observed in kidney cortex and pelvis, suggesting the relevance of renal excretion for these

compounds.
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Pre 30 min 60 min 90 min 24h

Figure 6-1. Tlw MRI at different times after G3-Tyr(PROXYL)-COONa (39) radical dendrimer
administration (0.00625mmol/kg). The main enhancement was seen in kidney cortex/pelvis and bladder.

Upper and lower rows belong to the same animal and same time point.

An additional mouse administered with the same dose was euthanized to check some
chosen organs (kidneys, liver, urine) by electron paramagnetic resonance (EPR) (Figure
6-2). A similar mass of kidney and liver tissues was analyzed by EPR, using a flat tissue
cell. For urine analysis, we had to dilute the collected urine to the half with Mili-Q water
to get the optimum volume to be measured in a flat cell (a special EPR cell for aqueous

solutions).

urine

kidneys

liver
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Figure 6-2. EPR spectra of kidneys, liver and urine from healthy mice after 0.00625 mmol/Kg intravenous
administration of G3-Tyr(PROXYL)-COONa (39) radical dendrimer for biodistribution assays. The urine

spectrum was made from the urine collected diluted to the half.

In Figure 6-2, we can observe three important features: i) The amount of G3 radical
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dendrimer is much higher in urine than in kidneys and liver, ii) kidneys showed much
stronger radical signal intensity than liver, in agreement with the whole body T:w MRI,
suggesting excretion of the radical dendrimer through the kidneys, and iii) the EPR
spectrum shape of the urine sample was almost identical to the G3 spectrum before
injection (see Figure 2-3 from Chapter 2). This means that the radical character of
PROXYL radicals in G3-Tyr(PROXYL)-COONa (39) radical dendrimer was not
quenched by circulating in the bloodstream, passing from the blood to kidneys and
bladder. This is a very important result that demonstrates the high stability of the radicals
when anchored to the dendrimer, in contrast to the fast reduction in vivo that suffer
isolated nitroxides, especially in the bloodstream and tissues, losing their contrast ability
shortly after injection.

On the other hand, the EPR spectra shape of kidneys and liver is totally different
from that of urine, since the radical dendrimer is not found in liquid conditions (isotropic
conditions) but within a dense tissue of an organ, thus, under anisotropic conditions,
making the spectral shape being in the slow-motion regime, close to the rigid limit. In
these two cases, we cannot discard the inactivation of some radicals of the dendrimer,
but, in any case, the observation of radical dendrimer EPR signal more than 1.5 hours
after injection also confirms its stability in vivo.

The G3 radical dendrimer was also administered to n=2 wt mice which were

followed during one month (not shown) with no consistent signs of harm.
6.5 In vivo studies with GL261 glioblastoma-bearing mice.

6.5.1 Preliminary in vivo MRI studies.

The initial G3 dose administered to GL261 glioblastoma (GB)-bearing mice was the
same than for biodistribution studies, that is, 0.00625 mmol/Kg in dendrimer (0.3
mmol/kg in radical). Whole set of MRI studies, including DCE-MRI were performed as
described in Appendix B (Materials and Methods). However, the overall results achieved
were poor, considering differences in relaxivity. G3-Tyr(PROXYL)-COONa (39)
administration at this dose only produced hardly noticeable tumor enhancement, not
enough to be considered as a suitable contrast agent candidate. The slight enhancement

produced only in a peripheral part of the tumor suggested that increasing the dose injected
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could help to achieve suitable enhancement. One mouse was euthanized and EPR was
performed on selected organs (kidneys, liver, brain tumor, healthy brain and muscle) to
check the amount of G3 radical dendrimer and confirm whether it entered the brain tumor
or not (Figure 6-3). A similar mass of the different organs (about 47 mg each) was
weighed. From such spectra, we can remark two important things: i) G3 radical dendrimer
was found mainly in kidneys, then, in liver and in lower amount in the brain tumor, ii) a
certain amount of G3 radical dendrimer was detected into the brain tumor, while healthy
surrounding brain barely show G3 signal, suggesting that G3 radical dendrimer can
selectively accumulate in tumors with few spreading to surrounding brain. This is a
relevant and desirable characteristic in a contrast agent to be used for brain tumors. Since
such G3 amount was not enough to produce suitable tumor enhancement in T1 weighted
MRI, an increase in the dose of G3-Tyr(PROXYL)-COONa (39) concentration
administered to GL261 tumor-bearing mice was necessary to improve the tumor

enhancement.

kidney
liver

brain tumor

brain

muscle
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Figure 6-3. EPR spectra of kidneys, liver, brain tumor, contralateral healthy brain and muscle from GL261
tumor-bearing mice after 0.00625 mmol/Kg administration of G3-Tyr(PROXYL)-COONa (39) radical

dendrimer.

In the search for a suitable concentration to perform the in vivo MRI contrast
enhancement studies with G3-Tyr(PROXYL)-COONa (39) radical dendrimer, dose
adjustment was done having in mind the in vitro MRI results (Figure 2-6, Chapter 2).

Those results showed that relaxivity r1 of G3-Tyr(PROXYL)-COONa (39) compound
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(ca. 13 mMsh) was 4 times higher than for a Gd complex (for example Gd-DTPA, 3.2
mM-1s?). Taking into account these data and the standard dose of Gd complexes of 0.1
mmol/kg, we decided to prepare 4 times less concentrated dose for G3 compound, i.e.
0.025 mmol/kg. Thus, we increased the initial G3 radical dendrimer concentration from
0.00625 mmol/Kg (0.3 mmol/kg in radical) to 0.025 mmol/Kg (1.2 mmol/Kg in radical).
This new G3 concentration resulted to be also completely soluble in water, demonstrating
the high degree of water solubility of that radical dendrimer.

6.5.2 Tolerability with 0.025 mmol/Kg dose.

Previous to MRI studies, a tolerability study with 3 healthy wt C57/BL6 females
were administered with 0.025 mmol/Kg G3-Tyr(PROXYL)-COONa (39) radical
dendrimer. Mice were housed at the animal facility and followed-up for two months. The
first 10 days animals were weighted every day and their weight evolution was the
expected according to Charles River growth chart for healthy C57/BL6 females of this
age. Figure 6-4 shows the variation of weight along time. Administered mice did not show
toxicity symptoms and did not experiment body weight loss during the whole follow-up.
Their overall state such as fur aspect, hydration and behavior/activity was satisfactory and
the final weight was within normal values according to the standard growth chart. These
important results demonstrate the non-toxicity of G3-Tyr(PROXYL)-COONa (39)

radical dendrimer in vivo after systemic intravenous tail-vein injection at this dose.
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Figure 6-4. Percentage of body weight variation of mice injected with G3-Tyr(PROXYL)-COONa (39)
radical dendrimer at dose 0.025 mmol/Kg in dendrimer. The red line indicates the 20% weight reduction

point.

201



6.5.3 In vivo MRI studies with 0.025 mmol/Kg of G3.

A dose of 0.025 mmol/kg in dendrimer was intravenously injected to n=3 GL261
glioblastoma-bearing mice and experiments conducted as for the lower dose previously
described. This dose produced noticeable relative contrast enhancement (RCE) in tumor-

bearing mice (Figure 6-5 and Figure 6-6).

Pre injection After 5 min After 150 min

Figure 6-5. Axial Tlw MRI for follow-up of tumor contrast enhancement before and after 5 min (ca.
maximum enhancement) and 150 min (final of Tlw MRI follow-up) of G3-Tyr(PROXYL)-COONa (39)
radical dendrimer administration (0.025 mmol/Kg) to GL261 GB-bearing mice.

Changes observed in Ty values were mostly seen in tumors rather than in
contralateral brain. T1 values were calculated before and after G3 administration with T;
map sequences. Ty decrease in the tumor was 19.2 % while it was not detected any
decrease in the corresponding contralateral part.

The relative contrast enhancement and the kinetics of uptake and washout of G3-
Tyr(PROXYL)-COONa (39) radical dendrimer at 0.025 mmol/Kg were compared with
Gd-DTPA administration at the standard dose 0.1 mmol/kg (as well as at a lower dose
0.04 mmol/kg). Only the first 60 minutes in the first DCE-MRI experiment of G3 were
used for comparison with Gd. Remarkably, the RCE of G3-Tyr(PROXYL)-COONa (39)
radical dendrimer in the tumor at 0.025 mmol/Kg was similar, although slightly lower,
than the RCE obtained with Gd-DTPA at the standard dose 0.1 mmol/Kg and proved
higher than RCE obtained with Gd at 0.04 mmol/Kg (Figure 6-6). On the other hand, the
kinetics of washout was completely different between both contrast agents. The contrast
enhancement with Gd-DTPA starts to decrease sharply after the first 5-6 minutes,
suggesting a fast washout, while G3-Tyr(PROXYL)-COONa (39) enhancement proved
mostly sustained along the time measured (Figure 6-6). In fact, 3 h after administration,
relevant T, decrease could still be measured in the tumor area and in different organs,
showing a persistence of G3 enhancement well beyond the washout time of Gd.

This is also a very important point to highlight, that is, an improvement in the
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imaging times that provides G3 compared to Gd complexes, which shows shorter imaging

times.
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Figure 6-6. Top: Colour-code scale for RCE (Gd 0.1 and 0.04 mmol/Kg, 30 minutes and G3 0.025
mmol/Kg, 60 minutes). Bottom: region of interest (ROI) Kinetics for these agents, showing the slower
washout of G3. Maximum RCE calculated was 158% for Gd 0.1 mmol/Kg, 113% for Gd 0.04mmol/Kg

and 126% for G3 0.025 mmol/Kg. Contralateral enhancement was reproducible in all cases (102 +3%).

6.5.4 Confirmation of biodistribution with the 0.025 mmol/Kg dose

The biodistribution for 0.00625 mmol/Kg was expected to be fully comparable with
the higher dose finally chosen for MRI studies, 0.025 mmol/kg. For confirmation
purposes, one of the GL261-GB bearing mice was explored with whole body MRI 3h
after G3 administration, once DCE-MRI studies were finished. Although the timing did
not completely match, the main contrast enhancement and T1 value decrease were seen in
kidney cortex and pelvis (41-59% in comparison with basal measurements in wt mice)
and bladder (95% decrease). These values were in the range of those obtained for Gd-
DTPA after 0.5 h, reinforcing the difference between the pharmacokinetics of both
contrast agents.

In addition, a GL261-GB bearing mice with 0.025 mmol/Kg dose was euthanized
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after 3 hours and EPR was performed on selected organs (bladder, kidneys, liver, heart,
brain tumor, healthy brain and muscle) to check the amount of G3 radical dendrimer in
them. Similar organ tissue mass was analyzed by EPR (around 52 mg each) and the

corresponding spectra are plotted in Figure 6-7.
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Figure 6-7. EPR spectra of kidneys, bladder, liver, heart, muscle, brain tumor and contralateral healthy
brain from GL261 tumor-bearing mice after 0.025 mmol/Kg administration of G3-Tyr(PROXYL)-COONa

(39) radical dendrimer.

The largest EPR signal intensity (largest amount of G3-Tyr(PROXYL)-COONa (39)
radical dendrimer) was found in kidneys followed by bladder, then in liver, brain tumor
and heart, and finally almost no EPR signal was detected in the healthy surrounding brain
and muscle, similarly to what was obtained with the lower dose. In fact, it is worth
mentioning that it was observed approximately four times more EPR signal intensity in
organs like liver or kidneys with the higher dose compared with that with the lower dose.
Thus, this increase in the EPR signal followed the same 4-fold increase ratio of the
administered concentrations, i.e. from 0.00625 to 0.025 mmol/kg (see Figure 6-8 as an
example), and demonstrates that the biodistribution is similar in both administered doses.

It is also important to remark that the selective accumulation behavior of G3-
Tyr(PROXYL)-COONa (39) in tumor brain is reproduced at the higher dose (see inset of
Figure 6-7). In addition, the observation of intense EPR signal after 3 h of intravenous

administration supports again the stability of PROXYL radicals in vivo, farther beyond
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that of isolated nitroxides (minutes). Related to this, the EPR signal observed in the heart
means long circulation half-life of the radical dendrimer.

All these features make G3-Tyr(PROXYL)-COONa (39) radical dendrimers capable
of imaging tumors over clinically meaningful time scales following systemic
administration, at longer time periods than Gd complexes, without concerns over long-

term tissue accumulation of metals.
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Figure 6-8. EPR spectra of liver at 0.00625 mmol/kg dose of G3-Tyr(PROXYL)-COONa (39) radical

dendrimer enlarged 4 times compared with the one at 0.0025 mmol/kg dose.
6.6 Conclusions

- The contrast ability in vivo of G3-Tyr(PROXYL)-COONa (39) (G3) radical
dendrimer specially designed to act as a 71 contrast agent for MRI has been
described in healthy and GL261 glioblastoma-bearing mice.

- No signs of toxicity or weight loss were detected in mice after systemic
intravenous tail-vein injection of the radical dendrimer.

- Biodistribution studies show enhancement mostly in kidney cortex and pelvis
suggesting the relevance of renal excretion for this compound, confirmed also by
EPR measurements.

- G3 radical dendrimer at 0.025 mmol/Kg dose provides similar contrast
enhancement on murine GL261 glioblastoma tumor than commercial Gd-based
contrast agents at the standard dose of 0.1 mmol/Kg.

- The observed selective accumulation of G3 radical dendrimer in the brain tumor

is a relevant and desirable characteristic in a contrast agent to be used for brain
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tumors.

- Compared to the standard Gd-DTPA complex, G3-Tyr(PROXYL)-COONa (39)
allows tumor imaging over longer time (>3 h) and with slower clearance.

- A high stability in biological media of the radicals anchored on the dendrimer
surface has been demonstrated in vivo, being much higher than that of isolated

nitroxides that are rapidly reduced (half-lives on the order of minutes).

The high stability and contrast enhancement obtained with G3-Tyr(PROXYL)-
COONa (39) radical dendrimer species demonstrates that the two major limitations of
nitroxyl radicals have been overcome, not only in vitro but also in vivo. These important
features together with the selective accumulation in the brain tumor and longer imaging
times than Gd-based CA, makes G3-Tyr(PROXYL)-COONa (39) radical dendrimer a
viable alternative to metal-based MRI contrast agents, particularly on MRI analysis of

glioblastoma tumors.
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Chapter 7 General Conclusions

With the aim of preparing water-soluble metal-free MRI contrast agents based on
organic radical dendrimers, various methods have been used in this Thesis:

- Tyrosine and lysine amino acids, have been chosen as linkers between the branches
and radicals of PPH dendrimers to allow radical anchoring and confer solubility in water
at the same time.

- Four generations of PPH dendrimers with tyrosine as linker, fully functionalized
with up to 48 PROXYL radicals (Gn-Tyr(PROXYL)-COOLI, n=0-3 radical dendrimers)
have been characterized by EPR, DLS and TEM and their cytotoxicity and MRI relaxivity
have been studied. They are fully soluble in water, do not show cytotoxicity, and their
relaxivity per molecule is high, increasing from 1.39 mMs? in GO to 12.96 mMs? in
G3. Remarkably, the relaxivity of G3-Tyr(PROXYL)-COOL.i is four times higher than
the most widely used Gd-DPTA in clinics (3.2 mMs™).

- Lysine linker has been properly anchored to four generations of PPH dendrimers
(Gn-Lys(BOC)-COOMe, n=0-3). However, only water-soluble GO-Lys(PROXYL)-
COOLi radical dendrimer has been achieved since generations higher than GO show
lysine release through P-N bond cleavage under acid conditions, preventing the obtaining
of radical dendrimers with this linker in them. We have been able to determine that G1-
Lys(BOC)-COOL.i presents P-N bond cleavage at pH 7.7 in aqueous solution. Therefore,
generations higher than GO of these new lysine-functionalized PPH dendrimers cannot be
used to prepare water-soluble contrast agents, but, interestingly, they might be used to
prepare pH-controlled degradable dendrimers or dendrimers with pH-controlled release

properties, opening a new field of research.

- We have carried out stability studies under acid conditions with lysine and tyrosine
functionalized PPH dendrimers and we have demonstrated that P-O bonds are more stable
and more resistant to hydrolysis than P-N bonds, and, on the other hand, that P-N bonds
with P from the core are more stable than P-N bonds with P from the branches. Preliminar
theoretical calculations have been performed comparing the different P-N bond stability
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between GO and G1-Lys dendrimers, suggesting that the activation of the phosphine

group of model G1 is much more feasible than that of model GO.

- Two generations of water-soluble oligoethylene glycol (OEG)-based dendrimers
fully functionalized with 5 and 20 PROXYL organic radicals (Gn-OEG-PROXYL,
n=0,1) have been synthesized and characterized. The resulting radical dendrimers are
soluble in water, non-cytotoxic and present a good relaxivity. G1-OEG-PROXY'L radical
dendrimer presents a r1 relaxivity value (3.4 mM~'s™!) similar than the most widely used
Gd(I11) complexes in clinics (e.g. Gd-DTPA, 3.2 mMs™?).

- We have prepared three generations of radical dendritic systems based on
amphiphilic dendritic-linear-dendritic polymers. These species are based on (bis-MPA)
dendrons at the end of a poly(ethylene glycol) chain and have been fully functionalized
by click chemistry with 4, 8 and 16 TEMPO radical units, respectively (G1-, G2- and G3-
MPA-PEG20k-TEMPQO), showing limited solubility in water. We have been able to
prepare homogeneous nanoparticles of G2 species (G2 NPs) as a stable colloid in water
for at least one month. While these nanoparticles show spherical morphology by TEM,
G2 species directly dissolved in water are organized forming nanofibers. G2 NPs present
slightly higher relaxivity than G2, probably because of the higher rigidity of nanoparticles
in front of the more flexible nanofibers structures. G2 species have been found to be non-

cytotoxic.

- Fluorescent-magnetic radical dendrimers have been prepared as potential bimodal
imaging agents. Six radical dendrimers based on fluorescent oligo(styryl)benzenes, with
different linking bonds between the radicals and the dendrimers (amido, imino and amino
linkers) have been synthesized and characterized. They present simultaneously
fluorescence and relaxivity in organic solvents. CTAB micelles have been prepared to
obtain aqueous dispersions of such radical dendrimers. Such micellar systems, with the

radical dendrimers encapsulated, maintain both magnetic and fluorescent properties.

- The contrast ability in vivo of G3-Tyr(PROXYL)-COONa (G3) radical dendrimer
has been studied in healthy and GL261 glioblastoma-bearing mice. Biodistribution
studies show enhancement mostly in kidney cortex and pelvis suggesting the relevance

of renal excretion for this compound, confirmed also by EPR measurements. G3 radical
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dendrimer at 0.025 mmol/Kg dose provides similar contrast enhancement on murine
GL261 glioblastoma tumor than commercial Gd-based contrast agents at the standard
dose of 0.1 mmol/Kg. No signs of toxicity or weight loss were detected in mice after
systemic intravenous tail-vein injection of the radical dendrimer and this species shows

longer circulation time than Gd-based CA.
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Chapter 8 Experimental part

8.1 Radical dendrimers based on PPH dendrimers

8.1.1 Synthesis of PPH dendrimers

GO’ (1)

AR 1.5 g of hexachlorocyclotriphosphazene (GO0) (4.3 mmol, 1

NP {OOE:O > eq), 4.22 g of 4-hydroxybenzaldehyde (34.5 mmol, 8 eq) and
s| 22.5 g of Cs2CO3 (69 mmol, 16 eq) were added into a dried

flask, followed by the addition of 60 mL of anhydrous THF. After the reaction proceeded

for 15 minutes under argon atmosphere in an ice bath, the ice bath was removed and the
solution was stirred at room temperature overnight. Subsequently, the reaction mixture
was filtrated to eliminate the solid. The solution was concentrated under vacuum and then
dissolved with minimum THF. The solution was precipitated with n-pentane three times.
The obtained product, GO’ was dried overnight under vacuum, as a white powder (3.157
g, 85%).

Characterization:

e 3P {H} NMR (250 MHz, CDCl5): § 7.2 (s, Po) ppm.

e 'HNMR (250 MHz, CDCls): 5 7.1 (d, 12H, JHaiHA2=7.5 Hz, Ha1), 7.7 (d,
12H, JHa1HA2=7.5 Hz, Ha2), 9.9 (s, 6H, Ha3) ppm.

e 3CNMR (360 MHz, CDCls): 6 121.2, 131.4, 133.7, 154.5, 190.5 ppm.
e IR-ATR (cm™): 1700 v (CH=0), 1598 v (CCAr) and & (CCH), 1274 v (PN),
1205 & (PNN), 1100 6 (NCH), 943 v (P-0O).

Dichlorophosphonomethylhydrazide (9)

IN_ S 2.40 mL of thiophosphorylchloride (23.7 mmol, 1 eq) was added into
2

:N—Il'Tl’—CI a dried flask and dissolved in 40 mL of anhydrous chloroform. Then,
H5;C Cl

the flask was put in an acetone bath and cooled down to -60 °C with a

cooler. 2.18 mL of methylhydrazine (47.30 mmol, 2 eq) was dissolved in 60 mL of
chloroform and added into the flask drop by drop with a dropping funnel. After the
mixture was stirred under argon atmosphere at -60 °C for 30 minutes, the cooler was

removed and the reaction mixture was stirred overnight at room temperature. The mixture
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solution was filtrated with a cannula to remove the salt and the filtrate was stored as the
product (concentration, 0.236 mM).
Characterization:

e P {IH} NMR (250 MHz, CDCl3): § 68.5 (s, P) ppm.
e 'HNMR (250 MHz, CDCls) & 1.24 (t, 2H), 3.17 (s, 3H), 3.24 (s, 3H), 3.72

(9, 2H) ppm.
PCos N
H3C\+, 2
S N
H
N :
/N—P—CI s @
»  CH
) cl NH,
a "
d
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 42 40 3.8 36 34 3.2 3.0 28 26 24 22 2.0 1.8 16 14 1.2 1.0 08 06 0
f1 (ppm) f1 (ppm)
G1(Q2)
A The dendrimer with chlorine as a terminal
4
A1 A2 A3 CH3

H 2 Cl group was synthesized as follows. 0.4 g of
N3P5;+0 C=N—N—P__ ,
g Cl /| dendrimer GO’ (1) (0.5 mmol, 1 eq) was

added into the flask, followed by three

vacuum/argon cycles. 12 mL of THF was added to dissolve the reactant. The flask was
put into an ice bath. Then 30 mL of dichlorophosphonomethylhydrazide (9) (7 mmol, 14
eq) was added into the flask drop by drop via syringe. The mixture was stirred for 30
minutes under argon atmosphere and in the ice bath. After that, the ice bath was
withdrawn and the reaction proceeded overnight at room temperature. After the full
conversion was confirmed by 3P NMR, the reaction was stopped and the reaction
solution was concentrated. Subsequently, the crude was dissolved in a minimum amount
of THF precipitated three times with n-pentane. The product was obtained as a pale
yellow powder after being dried under vacuum overnight (0.8681 g, 95%).
Characterization:

e 3P {H} NMR (250 MHz, CDCl5) &: 8.4 (s, Po), 62.7(s, P1) ppm.

e 'HNMR (250 MHz, CDCls) &: 3.48 (d, 18H, JHasP1= 15 Hz, Ha4), 7.05 (d,
12H, JHa1Ha2, Ha1), 7.60 (d, 12H, JHaoHa1= 7.5 Hz, Ha2), 7.63 (s, 8H, Ha3)
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e "3CNMR (360 MHz, CDCl3) § 151.8, 140.8, 140.6, 131.4, 128.7, 121.5,32.2,
32.0 ppm.

e IR-ATR (cm™): 1606, 1504, 1465, 1406, 1369, 1154, 939, 832, 781, 743, 684.

G1 prima (3)

0.60 g of G1(2) (0.3mmol, 1 eq),

A Ay Aq By By g
R < H > 0.64 g of 4-hyroxybenzalde-
NP5 o@—c:N—N—P o@—c:o
4 2 ) hyde (5.3 mmol, 16 eq), and 3.4
g of Cs2CO3 (10.5 mmol, 32 eq)

were added into a flask, followed by three argon/vacuum cycles. Then, 10 mL of the

anhydrous THF was added into the flask and the flask was put in an ice bath. After being
stirred for 30 minutes under argon atmosphere, the ice bath was withdrawn and the
reaction underwent overnight at room temperature. The reaction mixture was filtrated and
the solution was concentrated. A minimum amount of THF was added to dissolve. The
product was obtained as a pale yellow powder after being precipitated with n-pentane
three times and dried under vacuum (0.765 g, 81%).

Characterization:

31p {1H} NMR (250 MHz, CDCls): § 8.2 (s, Po), 60.7(s, P1) ppm.

'"H NMR (250 MHz, CDCl;3): § 3.3 (d, 18H, JHa4P1=10 Hz, Ha4), 7.0 (d, 12H,
JHA1HA>=7.5 Hz, Ha1), 7.3 (d, 24H, JHg1HB>=7.5 Hz, Hg1), 7.6 (d, 12H,
JHA2HA1=7.5 Hz, Ha2), 7.6 (s, 6H, Ha3z), 7.8 (d, 24H, JHgHg1=7.5 Hz, Hg»),
9.9 (s, 12H, Hs3) ppm.

e 13C {'H} NMR (360 MHz, CDCl3): 6 33.03, 121.46, 122.01, 128.33, 131.52,
133.78, 139.53, 151.55, 155.14, 190.73 ppm.

e IR-ATR (cm™): 1700 v(CH=0), 1595, 1496, 1422, 1361, 1294, 1193, 1146,
909, 823, 776, 722.

G2 (4)

As CH3 Bi By H
-~
N3P;+0 CNNP<4©7 |P\>>
26

0.5 g of G1 prima (3) (0.18 mmol, 1 eq) was added into a flask, followed by three

A1

argon/vacuum cycles. Then 15 mL of anhydrous chloroform was added to dissolve. 15
mL of dichlorophosphonomethylhydrazide (9) (3.5 mmol, 20 eq) was added into the flask

via a syringe. The reaction was stirred under an argon atmosphere and in an ice bath for
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one hour. After being confirmed by 3P NMR that the conversion had finished, the
reaction solution was concentrated and dissolved in minimum CHClIs. The dendrimer G2
was obtained as a white powder after being precipitated with n-pentane/ether (v/v, 1/2)
three times and dried under vacuum (0.788 g, 94%).

Characterization:

e 3P {'H} NMR (250 MHz, CDCls): & 8.4 (s, Po), 62.1(s, P1), 62.9 (s, P2) ppm.

e 'HNMR (250 MHz, CDCl3): 6 3.3 (d, 18H, JHa4P1=10 Hz, Ha4), 3.4 (d, 36H,
JHgp4P>=13.8 Hz, Hps), 7.0 (d, 12H, JHA1Hg1=8.45 Hz, Ha1), 7.2 (d, 24H,
JHp1Hp2=7.32 Hz, Hg1), 7.6-7.7 (m, 54H, Ha>, Ha3, Hg>, Hg3) ppm.

e 13C {'H} NMR (360 MHz, CDCI3): § 31.86, 33.15, 121.38, 121.87, 128.32,
128.74, 131.6, 132.01, 139.00, 140.43, 151.22, 151.78 ppm.

e IR-ATR (cm™): 1600, 1502.27, 1365, 1217, 908, 833, 779.

G2 prima (5)

A A, Aq B, B, B4 c
A3 CH, ! Bs  CH, 1 G2 ¢,
H | H | H
NsPs+0 C=N—N—P0 C=N—N—P0 c=0
S S 2/
6

300 mg of G2 (4) (0.0627 mmol, 1 eq), 244.9 mg of 4-hyroxybenzaldehyde (2.005 mmol,
32 eq), and 1.306g of Cs>CO3 (4.011 mmol, 64 eq) were added into a flask, followed by

three argon/vacuum cycles. Then, 15 mL of anhydrous THF was added into the flask via

a syringe. The reaction was stirred under argon atmosphere in an ice bath for 30 min.
After that, the ice bath was removed. The reaction underwent overnight. Finally, the
reaction mixture was filtrated, the filtrate was concentrated and dissolved in a minimum
of THF. The solution was precipitated with n-pentane three times. The product was
obtained after being dried under vacuum overnight (310.3 mg, 73%).

Characterization:

e P {H} NMR (250 MHz, CDCl5): § 8.4 (s, Po), 60.4 (s, P2), 62.4 (s, P1) ppm.

e 'HNMR (250 MHz, CDCls): & 3.2 (d, 18H, JHa4P1=10Hz, Has) 3.3 (d, 36H,
JHpsP,=10Hz, Hgs), 6.9 (d, 12H, JHA1Ha2=7.5 Hz, Hai), 7.2 (d, 24H,
JHg1Hr2=7.5 Hz, Hg1), 7.33 (d, 48H, JHciHc2=7.5 Hz, Hc1), 7.55-7.83 (m,
108H, Haz, Has, HBz, HB3, ch), 9.9 (S, 24H, Hc3) ppm.

e 13C {'H} NMR (360 MHz, CDCl3): & 33.04, 122.00, 128.42, 131.54, 133.69,
139.66, 151.51, 155.08, 190.82 ppm.

e IR-ATR (cm™): 1698, 1592, 1499, 1367, 1208, 1151, 908, 835, 783, 729.
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G3 (6)

A c
e AT = UL = O L
N3P5 04©7C:N—N—ﬁ<<04©7C:N—N—ﬁ~<04©702N—N—ﬁ<C| > >
S S 2

170 mg of G2 prima (5) (24.8 umol, 1 eq) was added into a flask, followed by three

argon/vacuum cycles. 4 mL of CHCIz was added into the flask. The flask was put in an
ice bath to cool down. Next, 3.16 mL of dichlorophosphonomethylhydrazide (9) (0.745
mmol, 30 eq) was added to the flask via a syringe. After 2 hours, the reaction was checked
by 3P NMR in order to confirm that the reaction had finished. Thereafter, the reaction
mixture was filtrated and the filtrate was concentrated and precipitated with n-
pentane/ether (v/v, 1/2) three times. The product was obtained after being dried under
vacuum overnight (240.4 mg, 91%).

Characterization:

e 3P {'H} NMR (100 MHz, CDCI3): § 8.6 (s, Po), 62.1 (s, P2), 62.5 (s, P1), 63.0
(s, P3) ppm.

e 'HNMR (250 MHz, CDCl3): & 3.2 (m, 126H, Ha4, Hpa, Hc4), 6.9 (m, 12H,
Ha1), 7.1-7.2 (m, 72H, Hg1, Hc1), 7.5-7.7 (m, 126H, Ha2, Hr2, Hc2, Has, Has,
Hcs) ppm.

e 13C {'H} NMR (360 MHz, CDCI3): § 31.96, 33.05, 121.90, 128.37, 128.86,
131.82, 132.20, 139.05, 140.80, 151.17, 151.70 ppm.

e IR-ATR (cm): 1600, 1500, 1462, 1365, 1188, 1155, 1012, 907, 834, 781,
727.

G3 prima (7)

Ay A Aq B, B By Cq4 D
LA CHs "7 B CHj; GG Cs CHs D1 D2 p,
H | H | H | H
N3zP3 1O C:N—N—||3| [e] C:N—N—||3| (0] C:N—N—ﬁ (@] Cc=0 >
S S S 22 A

600 mg of G3 (6) (56 umol, 1 eq), 438 mg of 4-hyroxybenzaldehyde (3.59 mmol, 64 eq)
and 2.337 g of Cs2COs (7.17 mmol, 128 eq) were added into a flask, followed by three

argon vacuum cycles. Then the flask was put in an ice bath. 15 mL of THF was added via

a syringe. After the reaction mixture was stirred overnight, 3P NMR was used to monitor
the reaction. Then, the reaction mixture was filtrated, and the filtrate was precipitated
with n-pentane three times. The product was obtained after being dried under vacuum
(0.763 g, 92 %).
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Characterization:

G4 (8)

31p {'TH} NMR (250 MHz, CDCls): & 8.4 (s, Po), 60.4 (s, P3), 62.4 (s, P2), 62.7
(s, P1) ppm.
'H NMR (250 MHz, CDCl3): & 3.3 (m, 126H, Ha4, Hpa, Hc4), 6.9 (m, 12H,

Ha1), 7.2 (m, 72H, Hgi1, Hc1), 7.3 (m, 96H, Hp1), 7.5-7.8 (m, 180H, Ha2, Ha3,
Haz2, He3, Hez, Hes, Hp2), 9.9 (s, 48H, Hps) ppm.

13C {'H} NMR (360 MHz, CDCl5): § 33.08, 122.02, 128.41, 131.53, 133.65,
139.64, 151.48, 155.19, 190.90.

IR-ATR (cm™): 1698, 1598, 1499, 1368, 1206, 1153, 911, 833, 782, 727.

Aq

A
A2 A, CHS

it -

Cy G D, D
A : 1 1 Y2 D3 CH3
C:N—N—ﬁ{O@C N— N P‘< @ =N— N P C:N N ﬁ\C|>
2
S 2 /g

200 mg of G3 prima (7) (13.5 umol, 1 eq) was added into a flask, and then 6 mL of CHCI3
was added to dissolve. Next, 3.66 mL of dichlorophosphonomethylhydrazide (9) (1.0797

mmol, 80 eq) was added to the flask. The flask was put in an ice bath. After the reaction

mixture was stirred for one hour, 3'P NMR was used to confirm the completion of the

reaction. Then, the reaction was stopped and the reaction mixture was filtrated and the

filtrate was concentrated and precipitated with n-pentane/ether (v/v,1/2) three times
(0.259 g, 85%).

Characterization:

3P {TH} NMR (250 MHz, CDCl3): & 8.4 (s, Po), 62.09 (s, P3), 62.56 (m, P,
P1), 63.09 (s, P4) ppm.

"H NMR (250 MHz, CDCls): & 3.3 (m, 270H, Ha4, Hpa, Hca, Hpa), 6.9 (m,
12H, Hay), 7.1-7.2 (m, 168H, Hs1, Hel, Hpi), 7.5-7.7 (m, 270H, Haz, Hea,
Hc2, Hp2, Has, Hes, Hes, Hps) ppm.

B3C {'H} NMR (360 MHz, CDCl3): § 31.97, 33.20, 121.90, 128.38, 128.76,
131.49, 132.14, 139.08, 140.78, 151.28, 151.84 ppm.

IR-ATR (cm™): 1600, 1502, 1463, 1407, 1365, 1300, 1239, 1189, 1155, 1135,
1014, 907, 834, 781, 727, 689.
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NMR and IR of PPH dendrimers

3Ip NMR of Gn and Gn’ PPH dendrimers
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'H NMR of Gn’ and Gn PPH dendrimers
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13C NMR of Gn’ and Gn PPH dendrimers
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IR of Gn’ and Gn PPH dendrimers
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8.1.2 Attempted Synthesis of PROXYL-Lys(Gn)-COOLiI radical

dendrimers

PROXYL-Lys(BOC)-COOMe (10)

In 25 mL of round bottom flask 150
O COOMe O

)\/\/\ Jj\ )< mg of 3-carboxy-PROXYL (0.81

O mmol, 1.2 eq) and 306.35 mg of

HATU (0.81 mmol, 1.2 eq) were

added, and the reagents were dissolved in 12 mL of DCM. 467uL of DIEA (2.68 mmol,

4 eq) was added. After being stirred for 10 min, 198.6 mg of H-Lys(BOC)OMe*HCI (0.67

mmol, 1 eq) was added. The reaction proceeded at room temperature overnight. After

O-N

Iz
pd

that, the reaction mixture was extracted with the equivalent of water five times. The
organic phase was dried by MgSOa. The product was obtained after being purified by
column chromatography on silica gel (DCM/MeOH 98/2, Rf=0.33). (260 mg, 90.9%)

Characterization:

e IR-ATR (cm™): 3323 (NH carbamate), 2972, 2928 (NH amide), 2865, 1742,
1662, 1525 (N-C=0 amide), 1458, 1365, 1252, 1169, 1018, 840, 773.

e EPR (DCM): g =2.0054; ax = 14.6 G; AHypp = 1.2 G.
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EPR
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261 mg of PROXYL-Lys(BOC)-COOMe (10)
(609 pmol, 1 eq) was dissolved in 4 mL of
anhydrous DCM in a round bottom flask. Then

the flask was put in an ice bath to cool down.

1.6 mL of TFA (13.398 mmol, 22 eq) was added into the flask. After the reaction was
stirred in the ice bath for 30 min, the ice bath was removed. Next, the reaction proceeded

at room temperature overnight. After that, the solvent was removed by evaporation, the

residue was washed with DCM and MeOH three times respectively. Finally, the product

was obtained after being dried under vacuum. (267 mg, 98%)

Characterization:

IR-ATR (cm™): (2963, 2925, 2854, 1785, 1748, 1656, 1533, 1458, 1443,
1379, 1321, 1155, 1012, 843, 796, 724, 706).

EPR (DCM): g = 2.0053; an = 14.6 G; AHpp = 1.2 G.
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Attempted synthesis of PROXYL-Lys(G0)-COOMe (12)

COOMeO

3 3{H H

N-O )
6

11 mg of GO (33.83 umol, 1 eq) and 263.8
mg of Cs>COsz (811.94 umol, 24 eq) were
added into a flask. Then the flask was put
into an ice bath. 100 mg of PROXYL-Lys-

COOMe (11) (304.48 umol, 9 eq) was dissolved in anhydrous THF and transferred into
the flask. After 10 minutes in the ice bath, the reaction mixture was stirred in for 16 hours

at room temperature. After that, the reaction was stopped. The solid was removed by

filtration and the solution was concentrated. The crude was dissolved in DCM, and

purified by column chromatography on silica gel (DCM/MeOH, v/v, 95/5). (20 mg, 28

%). See the explanation of Chapter 2 about its non-fully substitution.

Characterization:

e IR-ATR (cm™): 3326, 3072, 3043, 2981, 2930, 2862, 1740, 1643, 1535,
1465, 1361, 1301, 1256, 1203, 1170, 1148, 1098, 1012, 731.

e EPR (DCM): g = 2.0054; intramolecular spin-exchange interaction
among radicals, alternating line width effect (an of the main three lines:

14.6 G).
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Attempted synthesis of PROXYL-Lys(G0)-COOLi (13)

COOLi O 226 mg of PROXYL-Lys(G0)-COOMe
N3P3<”/\/\)\H N-O' > (12) (107.62 pmol, 1 eq) was added into a
6| flask, followed by addition of 352.31 mg of

LiOH+H20 (8.40 mmol, 78 eq). Then 4 mL of anhydrous THF and 2 mL of H20O were
added into the flask. After 16 h, the reaction was stopped, and THF was removed by

concentration. The product was purified by ultrafiltration to remove excess of LiOH*H20.
(30 mg, 13.6%). It was characterized by quantitative EPR and MRI showing that it was
non-fully functionalized (see Chapter 2).

Attempted synthesis of PROXYL-Lys(G1)-COOLi (14)

COOLi O
H |
NsPs%O@CzN—N—P\KN\/\/‘\N N-O > >
I1\H H
S 2
6
59.69 mg of G1 (2) (32.65 pmol, 1 eq) and 260 mg of PROXYL-Lys-COOMe (11)
(587.66 umol, 18 eq) were added into a flask. 4 mL of THF was added into the flask to
dissolve G1 and PROXYL-Lys-COOMe (11). Then the flask was put into an ice bath.
180 pL of TEA (1305.92 umol, 40 eq) was added into the flask. After 1 hour in the ice

bath, the reaction mixture was stirred for overnight at room temperature. The solid was

removed by filtration. The solution was concentrated.
174 mg of PROXYL-Lys(G1)-COOMe (32.64 umol, 1 eq) was added into a flask,
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followed by addition of 189.05 mg of LiOH*H20 (4.50 mmol, 138 eq). Then 4 mL of
THFann and 2 mL of H2O were added into the flask. After 39 h, the reaction was stopped,
and THF was removed by concentration. The product was obtained after ultrafiltration
and lyophilization (69.8 mg, 41%). It was characterized by quantitative EPR and MRI

showing that it was not fully functionalized (see Chapter 2).

Attempted synthesis PROXYL-Lys(G2)-COOLi (15)

CooLi O
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\/

70.9 mg of G2 (14.69 pumol, 1 eq) and 260 mg of PROXYL-Lys-COOMe (587.66 pumol,
48 eq) were added into a flask. 4 mL of THF was added into the flask to dissolve G2 (4)
and PROXYL-Lys-COOMe (11). Then the flask was put into an ice bath. 122 pL of TEA
(881 umol, 60 eq) was added into the flask. After 30 min, the ice bath was removed. The
reaction mixture was stirred for overnight at room temperature. The produced suspended
solid was removed by filtration. The solution was concentrated.

173 mg of PROXYL-Lys(G2)-COOMe (14.69 pmol, 1leq) was added into a flask,
followed by addition of 193.2 mg of LiOH<H20 (4.58 mmol, 312 eq). Then 4 mL of
THFann and 2 mL of H2O were added into the flask. After 39 h, the reaction was stopped,
and THF was removed by concentration. The product was obtained after ultrafiltration
and lyophilization (80.9 mg, 47.3%). It was characterized by quantitative EPR and MRI

showing that it was non-fully functionalized (see Chapter 2).

Attempted synthesis of PROXYL-Lys(G3)-COOLi (16)

CcooLi O

wasfoO)tdegloO)-bacdeploO-bundeply ™~ Lo )] )
92.5 mg of G3 (8.59 pmol, 1 eq) and 228 mg of PROXYL-Lys-COOMe (11) (587.66
pumol, 18 eq) were added into a flask. 10 mL of THF was added into the flask to dissolve
G3 (6) and PROXYL-Lys-COOMe (11). Then the flask was put into an ice bath. 100 pL
of TEA (1305.92 umol, 40 eq) was added into the flask. After being stirred for 30 min in

the ice bath, the reaction mixture was stirred overnight at room temperature. The
suspended solid was removed by filtration. The solution was concentrated.
212 mg of PROXYL-Lys(G3)-COOMe (8.58 umol, 1 eq) was added into a flask,
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followed by addition of 224 mg of LiOH*H20 (5.35 mmol, 624 eq). Then 4 mL of THFann
and 2 mL of H2O were added into the flask. After 39 h, the reaction was stopped, and
THF was removed by concentration. The product was obtained after ultrafiltration and
lyophilization (83.3 mg, 40%). It was characterized by quantitative EPR and MRI

showing that it was non-fully functionalized (see Chapter 2).

8.1.3 Synthesis of Gn-Lys(PROXYL)-COOLi radical dendrimers

G0-Lys(BOC)-COOMe (17)

b 50 mg of PPH dendrimer GO (0.144 mmol, 1 eq)
COOMe o 9
J 1L\ | and 34147 mg of H-Lys(BOC)-OMe-HCI (1.15

6| mmol, 8 eq) were added into a flask and dissolved

in toluene (12 mL). Afterwards, 641 pL of TEA (4.6 mmol, 32 eq) was added with
syringe. The reaction solution was stirred for 9 days at 105 °C. 3P NMR was used to
follow the reaction. After 9 days, the white solid was removed by filtration, and the filtrate
was concentrated by rotary evaporator, and precipitated with n-pentane three times. The
product was provided in the n-pentane phase and was dried under vacuum. (TLC,
DCM/MeOH 15/1 Rf=0.27) (110.4 mg, 45.4%)

Characterization:

e 3P {H} NMR (250 MHz, CDCl5): § 15 (s, Po) ppm.

e 'HNMR (250 MHz, CDCls): § 3.7 (s, 3H, Hp), 3.4 (t, 1H, Hy), 3.0 (m, 2H,
Hy), 1.4-1.8 (m, 15H, Hc, Hq, He, Hg) ppm.

e 13C {'H} NMR (360 MHz, CDCl5): § (22.8, 28.4,29.8, 34.4, 40.3, 52.0, 54.2,
156.0, 176.4) ppm.

e MS (MALDI-TOF, positive, matrix): 1690 m/z.
Calculated: C72H138N15024P3, 1690.90.
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3P NMR (a), 'H NMR (b), 3C NMR (c), and MALDI-TOF (d) of GO-Lys(BOC)-
COOMe (17)
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G1-Lys(BOC)-COOMe (18)

50 mg of G1 (2) dendrimer
a Hys, §OOMe i )M (0.027 mmol, 1 eq) and 129.92
0 2 )6 mg of H-Lys(BOC)-OMe*HCl

(0.44 mmol, 16 eq) were added
into the flask. Subsequently, toluene (10 mL) was added to dissolve these two reactants.
Then, 114.4 uL of TEA (0.82 mmol, 30 eq) was added into the flask. The reaction mixture
was stirred overnight. After the being checked by 3P NMR to confirm the substitution

finished, the reaction was stopped. The produced white solid was isolated by filtration.
The filtrate was concentrated and dissolved in CH2Cl, and washed with 0.05 M HCI five
times. The organic phase was dried with MgSQO4. The product was provided after filtration
and concentration (101.5 mg, 82.3%) (TLC, DCM/MeOH 40/1, Rf=0.46).

Characterization:

3P {TH} NMR (250 MHz, CDCl5): § 8.4 (s, Po), 67.8 (s, P1) ppm.

e 'HNMR (250 MHz, CDCls): & 7.48-7.53 (m, 18H, Hy, He), 4.68 (m, 12H,
Hum), 4.03 (m, 12H, Hy), 3.57-3.63 (d, 36H, H.), 3.13-3.18 (d, 18H, Hy), 3.04-
3.06 (m, 24H, Hy), 1.42-1.69 (m, 180H, Hy, Hi, Hi, Hy) ppm.

e 13C {'H} NMR (360 MHz, CDCls): § (22.4, 28.4, 29.6, 31.5, 40.3, 52.2, 54.3,
79.0, 121.1, 127.8, 132.5, 136.9, 150.8, 156.0, 174.3) ppm.

e MS (MALDI-TOF, positive, matrix): 4538 m/z.
Calculated: C192H324N39054P9Ss, 4514.05.
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3P NMR (a), 'H NMR (b), 3C NMR (c), and MALDI-TOF (d) of G1-Lys(BOC)-
COOMe
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G2-Lys(BOC)-COOMe (19)

h 5 r
e f COOMe 0
N3P3{ Oc N-R—b OQC%:N—EH—E'&{HWH*Ok )2 )2)
6
v q

30 mg of G2 (4) dendrlmer (0.0063 mmol, 1 eq) and 52.09 mg of H-Lys(BOC)-OMe+*HCl
(0.18 mmol, 28 eq) were added into a dried flask. 10 mL of toluene was added to dissolve
these two reactants. Then, 52 uL of TEA (0.38 mmol, 60 eq) was added into the flask.
The reaction mixture was stirred in an ice bath for 40 min. After that, the ice bath was
removed. The reaction proceeded overnight at room temperature. Next, the white solid
was isolated by filtration. Finally, the product was purified by column chromatography
on silica gel (DCM/EtOH, 35/1). After being dried under vacuum, product was obtained
(41.9 mg, 69%).
Characterization:

e 3P {'H} NMR (250 MHz, CDCl3): § 8.4 (s, Po), 62.8 (s, P1), 66.7 (s, P2) ppm.

e 'HNMR (250 MHz, CDCL3): & 7.42-7.56 (m, S4H, He, H, Ho, Hy), 4.68 (m,
24H, Hy), 3.70-3.73 (m, 24H, Hi), 3.56-3.60 (d, 72H, Hy), 2.88-3.29 (m, 102H,
Hy, Hy, Hp), 1.66 (k, 48H, Hy), 1.40-1.42 (m, 312H, Hy, Hy, Hy) ppm.

e 13C {'H} NMR (360 MHz, CDCls): § (22.4, 28.4, 29.6, 31.4, 40.3, 52.2, 54.3,
79.0, 121.7, 126.8, 127.8, 128.5, 132.1, 136.7, 150.2, 156.2, 174.4) ppm.
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3P NMR (a), 'H NMR (b), and 13C NMR (c) of G2-Lys(BOC)-COOMe (19)
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G3-Lys(BOC)-COOMe (20)

p

abc Cﬂ:& e fg Cns i ] ok CH3 COOMe k
N3P3<<OGENN:<O@EN N— P{OOC N-N— p{N Ny s N >2>
6

50 mg of G3 (6) dendrimer (0.0047 mmol, 1 eq) and 77.6 mg of H-Lys(BOC)-OMe*HCl
(0.26 mmol, 1 eq) were added into the flask. Subsequently, THF (10 mL) was added to
dissolve these two reactants. 78.1 uL of TEA (0.56 mmol, 120 eq) was added into the

flask. The solution was stirred in an ice bath for 1 hour, then at room temperature for 2
days. After the completion was confirmed by 3'P NMR, the solution was concentrated
and the residues was dissolved in CHCI3z and washed with 0.05 M HCI 6 times. The
organic phase was dried with MgSOa4. The product was provided after filtration and being
dried under vacuum. TLC (DCM/EtOH, 30/1, Rf=0.44) (32.5 mg, 32.4%)

Characterization:

e 3P {H} NMR (250 MHz, CDCls): § 8.6 (s, Po), 61.8 (s, P1), 62.8 (s, P2) 67.0
(s, P3) ppm.
e 'HNMR (250 MHz, CDCls): § 7.58-7.78 (m, 126H, Hc, Hg, Hy, Hp, H, Hy),

7.18 (m, 84H, Ha, He, Hi,), 4.01 (m, 48H, Hy), 3.55-3.59 (d, 144H, Hy), 3.17-
3.59 (m, 222H, Hy, Hy, Him, Hy), 1.40-1.69 (m, 720H, Hm, Hy, Hr) ppm.

3P NMR (a), and 'H NMR (b) of G3-Lys(BOC)-COOMe (20)

P,/P,
w
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GO0-Lys-COOMe (21)

b 110 mg of GO-Lys(BOC)-COOMe (17) (65 pmol, 1 eq)
COOMe

)\/\/f\ was added into a 25 mL of dried flask. Then, 10 mL of
NvPEJVN A~ Nuz) _ _
H € g anhydrous DCM was added into the flask to dissolve. The

flask was put in an ice bath. Next, 0.6 mL of TFA (7.82 mmol, 120 eq) was added into

the solution. After the reaction solution was stirred in an ice bath for 2 hours. The ice bath
was removed, and the reaction proceeded in room temperature overnight. The product
was purified by washing with DCM and MeOH three times respectively. Finally, the
product was dried under vacuum (115 mg, 99%).

Characterization:

e 3P {'H} NMR (250 MHz, MeOD): & 16.7 (s, Po) ppm.

e 'HNMR (250 MHz, CDCls): & 3.96 (t, 1H, H,), 3.84 (s, 3H, Hy), 2.96
(t, 2H, Hy), 1.54-1.92 (m, 6H, H,, He, Hq) ppm

e MS (MALDI-TOF, positive, matrix): 1089.73 m/z. Calculated:
C42HooN15012P3, 1090.87.
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3P NMR (a), 'H NMR (b), and MALDI-TOF (c) of GO-Lys-COOMe (21)
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G0-Lys(PROXYL)-COOMe (22)

COOMe . 0 '

b . 177.57 mg of HATU (7.2 eq, 0.47 mmol)
and 87.0 mg of 3-carboxy-PROXYL (0.47

d
g .
N3P3<” AT S ” N—O> mmol, 7.2 eq) were added into a flask

containing 115 mg of GO-Lys-COOMe

j (21) (0.06 mmol, 1 eq). Next, 10 mL of

anhydrous dichloromethane was added into the flask to dissolve. After the reaction

mixture was stirred for 20 min, 790 uL of DIEA (1.82 mmol, 70 eq) was added into the

flask. Then the reaction was stirred at room temperature overnight. The reaction mixture

was washed with water three times and the organic phase was dried with MgSO4

overnight. Finally, the product was purified by column chromatography on silica gel
(DCM/MeOH, 10/1) (57.7 mg, 42%).
Charaterization:

"H NMR (phenylhydrazine) (250 MHz, DMSO-de): § 1.02-1.24 (m, 12H, H;,
H;j), 1.37 (m, 2H, Hp), 1.52 (m, 2H, Hq), 1.67 (m, 2H, He), 2.0 (m, 2H, Hc),
2.94 (g, 1H, Hy), 3.13 (f, 2H, Ha), 3.61 (m, 3H, Hy), 4.20 (m, 1H, Ha) ppm.

MS (MALDI-TOF, positive, matrix): 2100.56 m/z. Calculated:
CosH174N21024P5%, 2099.46.

EPR (DCM): g = 2.0051; intramolecular spin-exchange interaction among
radicals, alternating line width effect (an of the main three lines: 14.6 G). By
quantitative EPR study it showed the same area (double integral) than GO-
Tyr(PROXYL)-COOMe and around six times more than PROXYL free
radical.

IH NMR (a), EPR (b), and MALDI-TOF (c) of GO-Lys(PROXYL)-COOMe (22)
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G0-Lys(PROXYL)-COOLi (23)

10.4 mg of GO-Lys(PROXYL)-COOMe (22) (4.95 umol, 1 eq) was added into a flask,
followed by addition of 16.21 mg of LiOH*H>O (8.40 mmol, 78 eq). Then 4 mL of
anhydrous THF and 2 mL of H20 were added into the flask. After 16 h, the reaction was
stopped, and THF was removed by concentration. The product was purified by
ultrafiltration to remove excess of LIOH*H20 (1 mg). Quantitative EPR showed it has the
same area (double integral) than precursor GO-Tyr(PROXYL)-COOLIi (22) and around
six times higher than PROXYL free radical.

G1-Lys-COOMe (24)

As for the synthesis of G1-Lys-
coote COOMe (24), initially we used the

CHS )\/l\/k\ >
NP5 C=N-N— P " NHy
<O hoo >2 same method as GO-Lys-COOMe
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(21). But we found that the acids could destroy the dendrimer, which was verified by 3'P
NMR. Finally, we found that SnCls could successfully deprotect the BOC group. This
specific step was described as following.

20 mg of G1-Lys(BOC)-COOMe (18) (0.0044 mmol, 1 eq) was dissolved in 600 pL of
CD2Cl,. Then the solution was added into the SnCls (24 uL, 0.213 mmol) solution in
anhydrous CH2Cl, under argon atmosphere in order to prevent the SnCls from being
contacted with water in the air. Once the dendrimer solution was added into the SnCls
solution, white solid was observed. After 30 min, the liquid part was taken out and the
solid part was dried under vacuum as product (9.2 mg, 62.7%).

Characterization:

e 3P {1H} NMR (250 MHz, MeOD): & 8.4 (s, P¢), 66.81 (s, P1) ppm.

e 'HNMR (250 MHz, MeOD): § 7.33-7.67 (m, 18H, Hy, He), 7.06 (m, 12H,
H.), 4.09 (t, 12H, Hy), 3.86 (s, 36H, He), 3.75 (m, 18H, Ha), 2.98 (t, 24H, Hy),
1.57-1.96 (m, 72H, Hx, Hi, H;) ppm.

3P NMR (a), and 'H NMR (b) of G1-Lys-COOMe (24)
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G1-Lys(PROXYL)-COOMe (25)

Po

(‘:HS“ /W
N3P31+O C:N—N—P‘<N N . >
e OH b H H N—=0 /, >

40 mg of G1-Lys-COOMe (24) (0.01 mmol, 1 eq) was dissolved in 5 mL of DMSO
solution. 70 pL of DIEA (40 mmol, 33 eq), 88.22 mg of HATU (0.23 mmol, 19.2 eq) and
43.21 mg of 3-carboxy-PROXYL (19.2 eq, 0.23 mmol) was added into the solution of

G1-Lys-COOMe. Then the solution was stirred at room temperature overnight. The

product was purified by extracting with saturated NaHCO3 four times in DCM. The

organic phase was dried with MgSO4 followed by dried under vacuum. The crude was
dissolved in DCM, and purified by GPC column (CHCl,, Bio-Beads ™ S-X1). The
product G1-Lys(PROXYL)-COOMe was characterized by 3P NMR and EPR (39.9 mg,

62%).

Characterization

3P {'H } NMR (250 MHz, DMSO-de): & 8.4 (s, Po), 67.0 (s, P1) ppm.

EPR (DCM): g = 2.0051; intramolecular spin-exchange interaction among
radicals, alternating line width effect. Quantitative EPR showed the same area
(double integral) than G1-Tyr(PROXYL)-COOMe and approximately 12
times more than PROXYL free radical.
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31p (a) NMR and EPR (b) of G1-Lys(PROXYL)-COOMe (25)
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G1-Lys(BOC)-COOLi (26)
See materials and methods part (Appendix B).

G1-Lys(PROXYL)-COOLI (27)

See materials and methods part (Appendix B).
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8.2 Radical dendrimers based on oligoethylene glycol (OEG)

dendrimers

Synthesis of GO-OEG-PROXYL radical dendrimers (28)

3-carboxy-proxyl (25.312 mg; 1.3 eq. per group) and HATU (52.19 mg; 1.3 eq. per group)
were dissolved in anhydrous DCM (2 mL) in a 25 mL round flask. Then, triethylamine
(71 uL; 25 eq.) was added with a syringe and it was let to stir at room temperature for 15
minutes. In another 25 mL round flask under an argon atmosphere, GO-OEG-NH2(+8 HCI)
dendrimer (50.0 mg, 1 eg.) was dissolved in anhydrous DCM (2 mL). Then, triethylamine
(80 uL; 28 eq.) was added with a syringe and was let to stir for 15 minutes. Subsequently,
the mixture of the first flask containing 3-carboxy-proxyl was transferred to the second
one containing the GO-OEG-NH2 dendrimer. The reaction mixture was let to stir at room
temperature overnight. The reaction was monitored by TLC using ninhydrin. The product
was purified by ultrafiltration in a mixture of water/acetone (10%/90%), (61% yield).
Characterization:

e 'HNMR (250 MHz, DMSO-de): & 1.13-1.27 (m, 14H, Ha, Hg, He,), 1.8
(m, 4H, Ha, Hy,), 1.9 (m, 16H, Hy), 3.25-3.65 (m, 18H, He.m).

e MALDI-TOF MS (dithranol, linear mode m/z): 2247.31 [M+H]".
Calculated mass for C109H203N18030: 2245.92.

e IR (ATR, cm™): 3303 (-N-H-)st; 1650 (C=0)st; 1364 (N-O.)st; 1290 (-C-
H-) bend; 1100 (-C-O-C-)st.

e EPR (DCM): g = 2.0055; intramolecular spin-exchange interaction
among radicals, alternating line width effect (see text Chapter 3).

Synthesis of G1-OEG-PROXYL radical dendrimers (29)

3-carboxy-PROXYL (13.00 mg, 1.5 eq. per group) and HATU (26.1 mg, 1.5 eq. per
group) were dissolved in 3 mL of anhydrous DCM in a round flask, then triethylamine
(50 pL; 154 eq.) was added and it was let to stir at room temperature for 30 min. G2-
OEG-NH2(*38 HCI) dendrimer (17 mg; 1 eq.) was dissolved in 3 mL of DCM in another
round flask. The solution containing 3-carboxy-PROXYL was transferred into the flask
containing G2-OEG-NH> dendrimer and the reaction mixture was let to stir at room
temperature overnight. The reaction was monitored by TLC using ninhydrin. The product

was purified by ultrafiltration in water, and obtained with a 54% vyield.
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Characterization:

e IR (ATR, cm™): 3303 (-N-H-)st; 1650 (C=0)st; 1364 (N-O.)st; 1290 (-C-H-)
bend; 1100 (-C-O-C-)st.

e EPR(DCM): g = 2.0055; intramolecular spin-exchange interaction among
radicals, alternating line width effect (see text Chapter 3).

8.3 Nanoparticles based on the bis-MPA radical dendrimers

G1-MPA-PEG20k-TEMPO (30)

50 mg of G1-MPA-PEG20k-alkyne (2.4 pmol, 1 eq) and 2.3 mg of N3-TEMPO (11.7
mmol, 4.8 eq) were added into a flask. Next, 3 mL of anhydrous THF was added into the
flask, and the solution was bubbled with argon for 5 min. Then, 2 mL of MeCN and 0.8
mg of Cul were added and the solution was bubbled for another 2 min. Subsequently, 40
pL of DIEA was added to the solution. The reaction mixture was stirred at room
temperature for 21 h. After that, the solution was concentrated under a vacuum. The
compounds were dissolved in 3 mL of water and transferred to a dialysis bag (MWCO,
0.1-0.5 kDa). The product was purified in 500 mL of Mili-Q water by dialysis. The water
was changed after 2 h, 6 h, 23 h. The product was obtained after lyophilization as a white
powder (48 mg, 91%).

Characterization:

e 'HNMR (phenylhydrazine) (250 MHz, DMSO-de): § 1.1 (d, 48H, Ha), 1.3 (s,
6H, Hn), 1.9 (m, 16H, Hy), 2.7-2.8 (m, 16H, He, Hy), 3.5 (s, PEG), 4.1 (s, 12H,
Hy), 4.8 (m, 4H, H.), 8.0 (s, 4H, Hq) ppm.

e EPR (DCM): g = 2.0061; intramolecular spin-exchange interaction among
radicals, alternating line width effect (see text Chapter 4).

G2-MPA-PEG20k-TEMPO (31)

40 mg of G2-MPA-PEG20k-alkyne (1.9 pumol, 1 eq) and 3.6 mg of N3-TEMPO (11.7
pumol, 9.6 eq) were added into a flask. Next, 3 mL of anhydrous THF and 1.5 mL of
anhydrous MeCN were added into the flask, and the solution was bubbled with argon for
5 min. Then, 0.6 mg of Cul was added and the solution was bubbled for another 2 min.
Subsequently, 62 uL of DIEA was added to the solution. The reaction mixture was stirred
atr.t overnight. After that, the solution was concentrated under a vacuum. The compounds
were dissolved in 3.3 mL of mixture solvent of EtOH and H>O (1/10, v/v) and transferred
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to a dialysis bag (MWCO, 0.1-0.5 kDa). The product was purified in 500 mL of Mili-Q
water by dialysis. The water was changed after 2 h, 6 h, 23 h. The product was obtained
after lyophilization as a white powder (41.9 mg, 97%).

Characterization:

e 'HNMR (phenylhydrazine) (250 MHz, CDCls): § 0.8-1.4 (m, 114H, Ha, Hp,
H;j), 2.2 (m, 32H, Hy), 2.8-3.0 (m, 32H, He, Hy), 3.6 (s, PEG), 4.2-4.3 (d, 24H,
Hg, Hi), 4.8 (m, 8H, Hc) ppm.

e EPR (DCM): g = 2.0055, intramolecular spin-exchange interaction among
radicals, alternating line width effect (see text Chapter 4).

G3-MPA-PEG20k-TEMPO (32)

30 mg of G3-MPA-PEG20k-alkyne (1.3 pumol, 1 eq) and 4.92 mg of N3-TEMPO (19.2
pumol, 19.2 eq) were added into a flask. Next, 3 mL of anhydrous THF and 1.5 mL of
anhydrous MeCN were added into the flask, and the solution was bubbled with argon for
5 min. Then, 1.9 mg of Cul was added and the solution was bubbled for another 2 min.
Subsequently, 90 pL of DIEA was added to the solution. The reaction mixture was stirred
at room temperature for 20 h. After that, the solution was concentrated under a vacuum.
The compounds were dissolved in 3.3 mL of mixture solvent of MeOH and H.O (1/10,
v/v) and transferred to a dialysis bag (MWCO, 0.1-0.5 kDa). The product was purified in
500 mL of Mili-Q water by dialysis. The water was changed after 2 h, 6 h, 23 h. The
product was obtained after lyophilization as a white powder (33.1 mg, 98%).

Characterization:

e 'HNMR (phenylhydrazine) (250 MHz, CDCls): § 1.2-1.3 (m, 234H, H,, H,
H;, Hy), 2.1 (m, 64H, Hy), 2.8-3.0 (m, 64H, He, Hy), 3.6 (s, PEG), 4.2 (m, 56H,
Hg, Hi, Hx), 5.2 (m, 16H, Hc) ppm.

e EPR (DCM): g = 2.0060, intramolecular spin-exchange interaction among
radicals, alternating line width effect (see text Chapter 4).

Preparation of nanoparticles with G2-MPA-PEG20k-TEMPO

4.6 mg of G2-MPA-PEG20k-TEMPO (31) was firstly dissolved in 1 mL of acetone
(HPLC grade). Next, the solution was injected into 5 mL of water with an injection speed
of 1 mL/h with an injection pump, meanwhile, the aqueous solution was being stirred at
200 rpm. After the injection finished, the solution was stirred in the fume hood overnight.
Then the nanoparticles colloid was dialyzed in water. The water was changed after 2 h,
15 h, 19 h and 20 h. Finally, the nanoparticles dispersion was stored at 4 °C.
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8.4 Bimodal fluorescent magnetic radical dendrimers

tri-amido-TEMPO (33)

20.0 mg of tri-acid dendrimer (0.13 mmol, 1 eq) was added into a round-bottom flask and
dissolved in 6 mL of THFann, then 49.74 mg of HATU (0.13 mmol, 3.3 eq) was added
under argon atmosphere. 22.4 mg of 4-amino-TEMPO (0.13 mmol, 3.3 eq) was dissolved
in a vial with 1 mL of THFan and transferred into the flask containing the tri-acid and
HATU. After the solution was stirred for 10 min, 22.7 uL of DIEA (0.13 mmol, 3.3 eq)
was added into the flask with a syringe and the mixture was stirred overnight. Then, THF
was removed under vacuum, and the solid was dissolved in DCM. The organic phase in
DCM was extracted five times with MiliQ water and dried with MgSQOa. After that, the
product tri-amido-TEMPO (33) was obtained after purification by column
chromatography on silica gel (DCM/EtOH, 40/1, v/v, Rf=0.33), and being dried under
vacuum, (33.5 mg, 87.67 %).

Characterization:

e 'H NMR (phenylhydrazine) (250 MHz, DMSO-d): & 1.1 (d, 36H, H,), 1.5-
1.7 (m, 12H, Hy), 4.2 (s, 3H, H¢), 7.5-7.9 (m, 21H, Hq, He, He, Hg, Hn) ppm.

e IR (cm™): 3299 v(NH), 2972 v(CH), 2928 v(CH), 2852 v(CH), 1630 v(CO),
1537, 1500, 1458, 1364, 1323, 1263, 1242, 1179, 964, 859, 847.

e MS (MALDI-TOF, positive mode): 977.2 m/z.
Calculated: CsoH7sN6Os>", 976.30.

e EPR (THF): g =2.0059; ax = 15.5 G; AHpp = 1.61 G.

tetra-amido-TEMPO (34)

The synthesis of the tetra-amido-TEMPO (34) was similar to the synthesis of tri-amido-
TEMPO (33). 20 mg of tetra-acid (0.03 mmol, 1 eq) and 50.49 mg HATU (0.13 mmol,
4.4 eq) were added into a round-bottom flask, and 8 mL of THFanh were added into the
flask. 22.74 mg of 4-amino-TEMPO (0.13 mmol, 4.4 eq) was weighed and dissolved in
a vial with 2 mL of THFam and transferred into the flask. After the solution was stirred
for 10 min, 23 pL of DIEA (0.13 mmol, 4.4 eq) was added. The reaction mixture was
stirred overnight. 1.5 mL of DMSO was added to the flask. After being stirred for another
4 hours, THF was removed under vacuum and the residue part was dissolved in DCM.
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The solution in DCM was extracted with water five times. The organic phase was dried

with MgSOa and purified by column chromatography on silica gel (DCM/MeOH, 20/1,
v/v, Rf=0.44) to obtain the product (21.1 mg, 53%).

Characterization:

'"H NMR (phenylhydrazine) (250 MHz, DMSO-de): § 1.1 (d, 48H, H,), 1.5-
1.7 (m, 16H, Hy), 4.2 (s, 4H, H¢), 7.5-8.2 (m, 26H, Hq, He, Ht, Hg, Hpn) ppm.

IR (cm™): 3297 v(NH), 2970 v(CH), 2925 v(CH), 2854 v(CH), 1632 v(CO),
1600, 1531, 1498, 1458, 1362, 1320, 1267, 1240, 1176, 957, 864, 759.

MS (MALDI-TOF, positive mode): 1277.2 m/z.
Calculated: C7gHosNgOs*, 1275.69.
EPR (THF): g =2.0064; an = 15.5 G; AH,, = 1.64 G.

tri-imino-TEMPO (35)

20.0 mg of tri-aldehyde (0.04 mmol, 1 eq) was added into the flask and then 2 mL of THF
was added to dissolve it. 24.76 mg of 4-amino-TEMPO (0.14 mmol, 3.3 eq) was weighed

and put into a vial, and THFan (1 mL) was used to dissolve the radical. The solution of

amino-TEMPO was transferred into the flask containing the tri-aldehyde. Al.O3 (32 mg)

was added into the flask to accelerate the reaction and we sonicated the reaction mixture

for 6 h. After filtration to remove Al2Os3, the reaction solution was precipitated with n-

pentane twice. The product was obtained as solid and dried under vacuum (25 mg,

62.5%).

Characterization:

'H NMR (phenylhydrazine) (250 MHz, DMSO-de): & 1.1 (d, 36H, Ha), 1.6
(m, 12H, Hy), 3.7 (s, 3H, Hc), 7.4-7.8 (m, 21H, He, H, Hg, Hy, Hi), 8.5 (d,
3H, Ha) ppm.

IR (cm™): 3027, 2973 v(CH), 2928 v(CH), 2863 v(CH), 1637 v(C=N), 1600,
1509, 1560, 1414, 1360, 1346, 1306, 1240, 1216, 1173, 1046, 960, 849, 806,
566.

MS (MALDI-TOF, positive mode): 929.2 m/z.
Calculated: CsoH75N6O3", 928.30.
EPR (THF): g = 2.0060; an = 15.4 G; AHpp, = 1.59 G.

tetra-imino-TEMPO (36).

The synthesis of the tetra-imino-TEMPO (36) was similar to the synthesis of tri-amido-
TEMPO (35). 20 mg of tetra-aldehyde (0.03 mmol, 1 eq) was added into a flask and
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dissolved in THFann (8 mL). 22.9 mg of 4-amino-TEMPO (0.13 mmol, 4 eq) was weighed
and dissolved with THF (2 mL) in a vial. The solution was transferred into the flask with
a syringe. Al,Oz (30 mg) was added to the solution and the reaction mixture was stirred
for 8h under sonication. After filtration to remove Al>Ozand precipitation with n-pentane
three times, the product was obtained and dried under vacuum (34.4 mg, 85%).

Characterization:

e 'HNMR (phenylhydrazine) (250 MHz, DMSO-ds): & 1.1 (d, 48H, H,), 1.6
(m, 16H, Hy), 3.6 (s, 4H, Hc), 7.5-8.1 (m, 26H, He, H, Hg, Hi, Hi), 8.5 (s, 4H,
Hq) ppm.

e IR (cm™): 3030, 2971 v(CH), 2930 v(CH), 2855 v(CH), 1637 v(C=N), 1601,
1560, 1508, 1464, 1414, 1360, 1343, 1302, 1240, 1221, 1172, 1105, 1048,
957,901, 856, 809, 532.

e MS (MALDI-TOF, positive mode): 1212.2 m/z.
Calculated: C7sHosNgO4*, 1211.69.
e EPR (THF): g=2.0053; an=15.4 G; AH,, = 1.56 G.

tri-amino-TEMPO (37).

31.7 mg of tri-imino-TEMPO (35) (0.03 mmol, 1 eq) was added into a flask, 4 mL of
CHClzand 2 mL of CH3OH were added to dissolve the reagent. The flask was put into an
ice bath. NaBH, (0.1 mmol, 3.66 mg) was added to the flask. Then, the reaction mixture
was stirred in an ice bath overnight. After that, the reaction solution was concentrated,
and DCM was added into the flask to dissolve the product and extracted with water three
times. The product was obtained after the organic phase was dried (31.0 mg, 97.17%).

Characterization:

e 'HNMR (phenylhydrazine) (250 MHz, DMSO-de): & 1.0 (d, 36H, H,), 1.2-
1.8 (m, 12H, Hy), 2.8 (s, 3H, Ho), 3.7 (s, 6H, Ha), 7.2-7.7 (m, 20H, He, Hy,
Hg, Hi, Hi) ppm.

e IR (cm™): 3300 v(NH), 3024 v(CH), 2969 v(CH), 2926 v(CH), 2855 v(CH),
1585, 1510, 1456, 1360, 1310, 1241, 1217, 1175, 1104, 1017, 959, 892, 842,
795, 737, 704, 681, 640, 558, 540, 509.

e MS (MALDI-TOF, positive mode): 936.1 m/z.
Calculated: CsoHg1N6O3", 934.35.
e EPR (THF): g=2.0057; an=15.4 G; AHp, = 1.62 G.
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tetra-amino-TEMPO (38).

30.9 mg of tetra-imino-TEMPO (36) (0.02 mmol, 1 eq) was added into a flask, 4 mL of
CHClszand 2 mL of CH3OH were added to dissolve the reagent. The flask was put into an
ice bath. NaBH4 (2.8 mg, 0.07 mmol) was added to the flask. Then the reaction mixture
was stirred in an ice bath overnight. After that, the reaction solution was concentrated,
and DCM was added into the flask to dissolve the product and the organic solution
extracted with water three times. The product was obtained after the organic phase was
dried (28.7 mg, 95%).

Characterization:

e 'H NMR (phenylhydrazine) (250 MHz, DMSO-ds): & 1.0 (d, 48H, H,), 1.2-
1.8 (m, 16H, Hy), 2.8 (s, 4H, H), 3.7 (s, 8H, Ha), 7.4-7.7 (m, 26H, He, Hy, Hy,
Hy, Hi) ppm.

e IR (cm™): 3300 v(NH), 3017, 2970 v(CH), 2927 v(CH), 2849 v(CH), 1509,
1455, 1360, 1241, 1174, 1099, 956, 853, 798, 728, 611.

e MS (MALDI-TOF, positive mode): 1220.3 m/z.
Calculated: C7sH10sNsO4*, 1219.76.
e EPR (THF): g=2.0057; an=15.4 G; AH,, = 1.40 G.

8.5 Synthesis of G3-Tyr(PROXYL)-COONa

Under dark conditions, 110 mg of G3-Tyr(PROXYL)-COOMe (4.17 pumol, 1 eq)
was added into a round-bottomed flask equipped with a stir bar and dissolved in 2 mL of
THF. 129 mg of NaOH (3.0 mmol, 720 eq) were dissolved in 2 mL of Mili-Q water and
transferred to the THF solution of G3-Try(PROXYL)-COOMe. The reaction mixture was
let to stir at room temperature overnight. Afterwards, THF was removed under vacuum
and the aqueous solution was purified by dialysis (MWCO, 0.1-0.5 kDa) to remove the
excess of NaOH. The external water was changed after 2, 4, 21 and 46 h. Then, the
aqueous solution of the dialysis bag was collected and the water eliminated by freeze-
drying to afford the final product G3-Try(PROXYL)-COONa (39) as a pale yellow solid
ina (74.5 mg, 67%). It was checked by quantitative EPR that it has the same area (double
integral) than G3-Tyr(PROXYL)-COOL.I.
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Appendix B Materials and Methods

Reagents and solvents.

Commercial reagents have been directly used. Commercial solvents have been used

directly, except for the following:

» THEF has been distilled over metallic sodium and benzophenone under N»(g).

= Toluene has been distilled over metallic sodium and benzophenone under N»(g).
» CHxCl: has been distilled over CaH> and under N»(g).

» CHCI; has been distilled over CaH; and under Na(g).

The synthesis and handling of radical derivatives in solution has been performed

under dark conditions in the dark room facility of ICMAB.
Instrumentation and methods.

Nuclear magnetic resonance (NMR) spectroscopy

The NMR spectra have been performed in SeRMN service of UAB using the next
spectrometers: Bruker Avance DRX-250, Bruker DXP-360 MHz, Bruker Advance Il1I-
400 MHz. The chemical shifts of 3P{1H} spectra are expressed in ppm using as an
internal reference HsPO4 85% in water for 3P NMR (0 ppm). The chemical shifts of *H
spectra are expressed in ppm using as an internal reference tetramethylsilane (TMS) (0
ppm). The chemical shifts of *C spectra are expressed in ppm using as an internal

reference the carbon traces of the solvent.
Ultraviolet-visible (UV-Vis) spectroscopy

The UV-Vis spectra have been recorded in a double beam JASCO V-770
spectrophotometer, the cuvettes used are made of quartz of 3 ml of volume and 1 cm of

optical path length. The wavelenght range used was from 200 to 800 nm.
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Infrared (FT-IR) spectroscopy

FT-IR spectra have been recorded in a FT/IR-4700 from JASCO (Tokyo, Japan)
with an ATR (attenuated total reflectance) accessory, in the 4004000 cm™! range with 4

cm™! resolution.
Mass spectrometry

The mass spectra has been recorded in a MALDI-TOF BIFLEX spectrometer
(Bruker-Franzen Analytik) equipped with a pulsed nitrogen laser (337 nm), using 19 kV

acceleration voltage, at UAB.
Electron paramagnetic resonance (EPR) spectroscopy

EPR spectra have been obtained with an X-Band (9.4 GHz) Bruker ELEXSYS E-
500 spectrometer equipped with a ST8911 microwave cavity, a Bruker variable
temperature unit, a field frequency lock system Bruker ER 033 M and with a NMR
Gaussmeter Bruker ER 035 M. The modulation amplitude was kept well below the line
width, and the microwave power was well below saturation. All liquid samples were
previously degassed with Ar. EPR spectra of organic solutions have been performed with
standard 4 mm-diameter quartz EPR tubes, for aqueous solution we have used a flat quartz
EPR cell and the EPR spectra of the animal organs have been carried out with a special

quartz flat tissue cell.
Size exclusion chromatography (SEC)

SEC analyses have been carried out using an Agilent 1260 infinity Il liquid
chromatography system apparatus equipped with a diode array detector under the
following conditions: a PSS Suprema pre-column (10 um, 8 x 50 mm) and a PSS Suprema
analytical column (10 um, 100 A, 8 x 300 mm) with a diode array detector were used for
aqueous solution as eluent, a PSS Suprema pre-column (10 um, 8 x 50 mm) and a PSS
Suprema analytical column (10 um, 100 A, 8 x 300 mm) were used for organic solvent
(CHCI5). Radical dendrimers were dissolved in the eluent to reach a final concentration
of 1 mg/mL and filtered through 0.2 um nylon filter before injection, using a flow rate of
0.5 mL/min. For aqueous solution, LiCl in water (0.25 mM) was used as eluent.
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Dynamic light scattering (DLS)

DLS measurements have been carried out on a Nano-S Zetasizer (Malvern
Instrument Ltd., Malvern, UK) with back scattering detector (173°, 633 nm laser
wavelength) to measure hydrodynamic size (diameter) in batch mode at 25 °C. Samples
were prepared at a concentration of 1 mg/mL in 30 mM phosphate buffer pH 7.4 or in
Mili-Q water. The samples were filtered through 0.2 um or 0.45 um PTFE filter before

analysis. A minimum of 3 measurements per sample were made.
Z-Potential

Z-Potential experiments were carried out on the same Zetasizer Nano ZS dynamic
light scattering (DLS) instrument (Malvern Panalytical, Malvern, UK). Dendrimers
samples were prepared at a concentration of 1 mg/mL in water. A minimum of 3

measurements per sample were made.
Transmission electron microscopy (TEM)

TEM images were performed in a JEOL 1210 microscope operating at 120 kV and
equipped with a Gathan sample holder.

Fluorescence spectroscopy

Fluorimetry studies have been performed in a Varian Cary Eclipse fluorimeter from
the Laboratori de Luminescencia i Espectroscopia de Biomolecules (LLEB), at the UAB,

in an auto-service regime, excitation slit 5 nm, emission 5 nm.
Magnetic resonance imaging (MRI)

Magnetic resonance imaging experiments have been carried out in a BioSpec 70/30
Bruker system using a 7.0 T horizontal-bore superconducting magnet equipped with
actively shielded gradients (B-GA12 gradient coil inserted into a B-GA20S gradient
system), from the SeRMN service of UAB.

Relaxometric measurements

Longitudinal (r) and transverse (r2) relaxivities were determined per concentration
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of molecule or radical units. A range of concentrations of the compound were prepared.
Relaxivity measurements were obtained at room temperature. The software used for the
calculations of T1 and T> relaxations was Paravision 6.0 (Bruker Software). r1 relaxivity.
Series of axial Ti-weighted (T1W) images were acquired for each concentration of
compound to obtain T1 maps based on a magnetization saturation experiment and the
following parameters: repetition time (TR) = 70—6000 ms, echo time (TE) = 9.2 ms, field
of view (FOV) = 2.5 x 2.5 cm, averages (Av) = 1, acquisition matrix (Mtx) = 128 x 128.
The T values were calculated from the mean signal in the region of interest (ROI) for
each repetition time, adjusted to the equation: S = So [1 — (-=TR/T1)]. r2 relaxivity. T>
maps were calculated from multi spin echo images with a TR of 2 s. A total of 25 echo
images were acquired with a TE of 8.02 ms, which was also the interval time between
echo image acquisitions. T>-map parameters were as follows: 1 axial slice of 2 mm
thickness; TR = 3200 ms; TE = 8.02 ms (25 echo times with interval of 8.02 ms in
between), 1 average. Field of view (FOV): 35 x 35 mm; Mtx: 256 x 256. The T values
were calculated from mean signal in the ROI for each echo image, adjusted according to
the equation: S = So (—TE/T2)].

Chromatographic techniques

* Thin layer chromatography (TLC): The TLC was performed over chromatoplates
of silica gel with aluminum support (60F, 0.2 mm, Merk).

» Column chromatography: The purification by column chromatography has been
carried out with silica gel (Chromatogel 60 ACC, 230-400 mesh).

* Size exclusion chromatography: The purification by size exclusion was performed

using CH2Cl> HPLC grade as eluent and Bio-BeadsTMS-X1 as stationary phase.
Ultrafiltration

Ultrafiltration of radical dendrimers was performed on solvent-resistant stirred cells
from EMD Millipore (Billerica, MA, USA) with regenerated cellulose membranes (1, 3
and 5 kDa). Ultrapure water (Milli-Q, EMD Millipore) or mixtures of ultrapure water and
HPLC grade acetone were used for ultrafiltration.
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Dialysis

Dialysis of radical dendrimers was performed with a dialysis kit (MWCO 100-500
Da, Thermo Fisher Scientific Inc.). The solution of crude radical dendrimers was added
to the dialysis kit and dialyzed against ultrapure water. The water was changed at different

interval times.
Reduction of organic radicals for NMR characterization

The NMR characterization of organic radicals and in particular of radical dendrimers
is usually difficult and incomplete because the paramagnetic character of the radical
influences in broadening the signals corresponding to the nuclei close to the areas of the
molecule in which the spin density of the unpaired electron is appreciable. To avoid this,
ascorbic acid is usually used to cancel the radical character (like we have done in GO-
OEG-PROXYL compound) and thus be able to have an NMR spectrum that allows us to
characterize the entire molecule by NMR. Since ascorbic acid is generally used in
aqueous media, an exhaustive literature search has been carried out to be able to do it in
organic solvents. We chose mainly two ways of reduction of the nitroxide radicals,
phenylhydrazine and hydrazobenzene, both of them have been adopted to reduce the
nitroxide to hydroxylamine for the characterization by *H NMR. Considering there are
more protons in hydrazobenzene, we decided to use phenylhydrazine in our cases, to
minimize the interference produced by the protons from the reducing agents.

The specific procedure for radical dendrimers has been the following: 3-5 mg of
radical dendrimers (amido-TEMPO, imino-TEMPO, amino-TEMPO derivatives, Gn-
MPA-PEG20k-TEMPO and GO-Lys(PROXYL)-COOMe radical dendrimers) were
dissolved in approximately 500 uL of CDClz or DMSO-de. Then, 2-4 uL of
phenylhydrazine was added into the solution of radical dendrimers. After 30 min at room
temperature, the solution was transferred to a NMR tube to perform the NMR
measurements. In general, DMSO-dg is better to be used for these kinds of experiments
since the polarity of hydroxylamine products is high.

GO0-OEG-PROXYL radical dendrimer (25.86 mg; 1 eg.) was dissolved in H20
(2mL) in a 10 mL round flask. Subsequently, ascorbic acid excess (103.6 mg; 10 eq. per
group) was added and it was stirred for around 6 h. The product was purified by

ultrafiltration in water/acetone mixture (10%/90%) giving quantitative yield.
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TH NMR and 3'P NMR for checking the stability of Gn-Lys(BOC)-COOMe (n=0, 1,
3) and G1-Tyr(BOC)-COOMe

10-20 mg of dendrimers were dissolved in 600 mL of CD2Cl and characterized by
'H NMR and 3P NMR. Next, different equivalents (1 eq, 5 eq, 20 eq) of TFA were added
to the solution, and the solution was characterized by *H NMR and 3P NMR at defined

time interval.
ESI-MS of G0-Lys(BOC)-COOMe (17) and G1-Lys(BOC)-COOMe (18)

The ESI-MS spectra of GO-Lys(PROXYL)-COOMe and G1-Lys(PROXYL)-
COOMe were performed under different conditions, with acid (TFA) and without acid.
Given the requirement of the equipment, we had to dilute the solution before injection
and use a maximum amount of 0.1% TFA and acetonitrile as solvent.

Specifically, 0.924 mg of GO-Lys(BOC)-COOMe (17) was dissolved in 200 pL of
acetonitrile. Next, 100 pL of the dendrimer solution was taken and diluted with 3.9 mL
of acetonitrile to prepare a solution without acid as a reference. 100 uL of radical
dendrimer solution was mixed with 4 uL of TFA (36 eq per branch). After 10 min, the
radical dendrimer solution containing TFA was diluted with 3.9 mL of acetonitrile to
obtain a solution of 4 mL. Last, these two solutions were sent to SAQ service from UAB
for ESI-MS measurements.

1.01 mg of G1-Lys(BOC)-COOMe (18) was dissolved in 200 uL of acetonitrile.
Next, 100 uL of the dendrimer solution was taken out and diluted with 4.9 mL of
acetonitrile to prepare a solution without acid as a reference. 100 pL of dendrimer solution
was mixed with 5 pL of TFA (50 eq per branch). After 10 min, the dendrimer solution
containing TFA was diluted with 4.9 mL of acetonitrile to obtain a solution of 5 mL. Last,

these two solutions were sent to SAQ service from UAB for ESI-MS measurements.
UV-Vis of G1-Lys(BOC)-COOMe (18)

0.5 mg of G1-Lys(BOC)-COOMe (18) was dissolved in 3 mL of CHClIs, and
characterized by UV-Vis. Next, 2 uL of TFA (20 eq per branch) was added to the
dendrimer solution. Then, the solution was characterized by UV-Vis at different times.
The stability of G1 (2) dendrimer was also checked in this way, using 0.2 mg of G1 (2)
dendrimer, mixed with 2 pL of TFA.
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Neutralization of the basic solution of G1-Lys(BOC)-COOLi (26)

14.7 mg of G1-Lys(BOC)-COOMe (18) were dissolved in 2 mL of THF. Next, 1
mL of Mili-Q water which contains 17 mg of LiOH*H20 was mixed with the dendrimer
solution. Then the solution was stirred overnight. After that, the THF was evaporated
under vacuum. The aqueous basic solution was characterized by 3P NMR. After
confirmation of the integrity of the structure by 3P NMR. The solution was neutralized
by adding 0.5 M citrate acid and citric buffer (pH 5), to adjust the pH gradually. Then,

the solution was characterized by *'P NMR.
Neutralization of the basic solution of G1-Lys(PROXYL)-COOLi (27)

3 mg of G1-Lys(PROXYL)-COOMe (25) were dissolved in 500 pL of Mili-Q water
with 8.445 mg of LiOH<H20, followed by 100 uL of THF. Then the solution was
characterized by EPR. 210 uL of the radical dendrimers solution was taken and the pH of
the solution was adjusted with 2 M citrate acid (20 uL) and pH 5 citric buffer (10 pL) to
pH 6. And the solution was characterized by EPR.

Endotoxin analysis

Endotoxin analysis of G3-Tyr(PROXYL)-COONa (39) were carried out at the Vall
d’Hebron Research Institute (VHIR) by the manager of Area Tecnoldgica de Validacion
Funcional y Ensayos Preclinicos del CIBBIM-Nanomedicina of NANBIOSIS U20 of the
CIBER-BBN.

In vitro cytotoxicity assays

In vitro cell viability assays of Gn-Tyr-PROXYL radical dendrimers (n=0-3) were
conducted with the fetus normal lung tissue cell line (MRC-5). The cells were incubated
with Gn-Tyr-PROXYL dendrimers (n=0-3) at different concentrations ranging from
0.016 to 2mM per radical unit, for 24 and 48 h. Cell viability was determined by MTT
assay, in the Cell cultures, Antibody production and Cytometry Services of UAB.

In vitro cytotoxicity assays of GO- and G1-OEG-PROXYL and G2-MPA-PEG20k-
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TEMPO compounds were conducted with a Vero cell line (ATCC® CCL-81™) in ICN2-
ICMAB Biolab facility. Vero cell line was initiated from the kidney of a normal adult
African green monkey. GO- and G1-OEG-PROXYL and G2-MPA-PEG20k-TEMPO
samples were filtered and serially diluted in DMEM+10%PBS media. Then, the cells
were mixed in each solution (1 x 10* cells/well) to avoid pipetting errors. The dilutions,
control and blank were seeded. The XTT kit (CyQUANT™ XTT Cell Viability Assay)
was added at 24 h and 48 h. The reading was performed 4h after the tetrazolium was

added. From each concentration quadruplicates were prepared and measured.
Animal Experimental Design

Tolerability and biodistribution studies were performed in healthy mice following
the UAB animal work protocol. For biodistribution studies, a 0.00625 mmol/Kg dosage
was used, with the objective of assessing through MRI studies the main organs related to
G3-Tyr(PROXYL)-COONa (39) radical dendrimer metabolization, which is not expected
to vary for different doses. However, tolerability studies were performed with the 0.025
mmol/Kg dosage foreseen in the DCE-MRI studies with the objective to ensure that no
harmful effect was seen in the case of healthy C57BL/6 female mice.

Image analysis

Mice were positioned in a dedicated bed, which allowed suitable anaesthesia
delivery (isoflurane, 1.5%-2.0% in Oz at 1 L/min), with an integrated circuit of heating
water for maintaining proper body temperature. Respiratory frequency was monitored
with the help of a pressure probe and kept between 60 - 80 breaths/min. The 7T Bruker
BioSpec 70/30 USR spectrometer (Bruker BioSpin GmbH, Ettlingen, Germany)
equipped with a mini-imaging gradient set (400 mT/m) was used for acquisitions. A 72-
mm inner-diameter linear volume coil was used as transmitter, and a dedicated mouse

brain quadrature surface coil was used as receiver for MRI studies.
In vivo MRI studies

In vivo MRI studies were conducted at the joint nuclear magnetic resonance facility
of the Universitat Autonoma de Barcelona and Centro de Investigacion Biomédica en

Red-Bioingenieria, Biomateriales y Nanomedicina (CIBER-BBN), Unit 25 of
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NANBIOSIS (www.nanbiosis.es) following the UAB animals work protocol. Mice

anesthesia was performed with isoflurane (B.Braun, Melsungen, Germany) at 0.5-1.5%
in O, and respiratory frequency was maintained between 40-60 breaths/min. Body
temperature was maintained with a recirculating water system incorporated in the animal
bed, and measured with a rectal probe. Respiration rate and temperature were constantly
monitored (SA Instruments, Inc., New York, USA). Before immobilization in the animal
holder, each mouse was cannulated in the tail vein using a home-built multi-delivery
polyethylene tubing system. In this case, a 30G 2-way catheter was connected through
polyethylene tubing, to 2 independent 1 mL syringes (Becton-Dickinson S.A., Madrid,
Spain) loaded with heparinized-saline (40 U/ml) (0.9% NaCl, B.Braun and heparin,
Mayne Pharma Espafia, Madrid, Spain).

The MRI studies to assess contrast enhancement was performed with GL261 glioma
GB-bearing mice following the UAB animals work protocol. Contrast agents
administration (both G3-Tyr(PROXYL)-COONa radical dendrimer and Gd-based
commercial CA) was done intravenously under anesthesia. The MRI exploration was
performed, and animals left to recover in a warm environment. Mice were euthanized
after the whole procedure was finished.

T1 maps were performed with RARE-VTR sequence with FOV 17.6x19.28 mm;
MTX, 128x128 matrix (138%150 um/pixel); with Teff 7.5 ms and TR list: 100, 400, 700,
1000, 1300, 1700, 2000, 2600, 3500 and 5000 ms. NR=1, TAT 19 m 31s.

Dynamic Contrast Enhanced (DCE)-T1 MRI studies.

Three glioma-bearing mice were injected with gadopentetate dimeglumine and
another three were injected with G3-Tyr(PROXYL)-COONa (39). A DCE T1 study was
then performed using three coronal sections. For this, a MSME sequence was used with:
FOV 17.6x17.6 mm, MTX, 128x128 matrix (138x138 pum/pixel); TR/TE, 200/8.5 ms;
ST, 1 mm; NA, 2; NR, 70; TAT, 59 min 44 s. The contrast bolus was administered after
the third repetition of the complete Ti-weighted sequence (about 2.5 min after the start of
the image acquisition protocol). DCE-MRI data were analyzed with DCE-@urLAB
(http://oa.upm.es/28901/).
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Appendix C  Electron Paramagnetic
Resonance (EPR)

To describe a paramagnetic isolated system under a magnetic field Bo, in EPR is
used the formalism of Spin Hamiltonian. If we consider the paramagnetic system with an
unpaired electron and some nuclei with nuclear spin quantum number 10, the spin
Hamiltonian can be written as follows:

H = ugBgS — uyBgyl + TAS + SDS (1)

In this expression first appears the electronic Zeeman interaction between the

unpaired electron and the magnetic field, second the nuclear interaction between the
nuclei with I£0 and the magnetic field, then the hyperfine interaction between the electron
spin and the nuclei with [0 and, finally, the dipolar interaction or zero field splitting

between two or more unpaired electrons.

EPR spectra in solution.

EPR spectra of radicals in solution, especially those of organic radicals, are the
easiest to interpret. In the case of a radical with an unpaired electron and in isotropic
conditions, the expression of the spin Hamiltonian is reduced to:

H = ugBgS 2)
and, since the energy E is proportional to the magnetic moment, the quantization of spin

angular momentum (m, = + %) determines the quantization of the electron energy levels

in a magnetic field, obtaining in this case two levels:
1
Ey = +59.“B

Ep = —%gus ©)

The resonance equation corresponding to the transition between the o and f states (Figure
Cl)is:

AE = Eo — Eg = gug = hv (4)

Therefore, the EPR spectrum will consist of a single line centered at the resonance field

corresponding to the g factor and with a linewidth (AHpp) characteristics of the radical.

The EPR spectra are always represented as a first derivative of the absorption signal for

technical and historical reasons.
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Figure C1. Representation of the energy separation of an electron spin under a magnetic field By and
the corresponding EPR spectrum

If in the paramagnetic system, for example an organic radical, there are nuclei with

[0, we also must take into account the hyperfine interaction. A radical having a nucleus
with I = + % as a hydrogen atom, manifests a hyperfine splitting, a, which is proportional

to the electron spin density on that atom. It presents an energy diagram and spectrum as
that depicted in Figure C2a, which shows two lines with the same intensity 1:1. A nucleus
with I=1, as a nitrogen atom, presents an energy diagram and spectrum as that depicted
in Figure C2b which shows three lines with the same intensity 1:1:1. In general, the rules
for calculating the number of signals and their relative intensities are similar to those used
in NMR. This spectrum is the characteristic of nitroxyl radicals since the unpaired

electron interacts mainly with one nitrogen atom.

d ) b ) Ms M
"‘ +112 £ 4(l)
] : : N

Figure C2. Energy states of a system with one unpaired electron and one nucleus with a) [ = %, b) I = 1and its

corresponding EPR spectrum.

A radical system can have atoms of the same type with different hyperfine splitting
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due to its different position in the molecule and groups of atoms that show the same

hyperfine constant because they are equivalent. The number of lines (21+1) in the

spectrum and their intensity can be predicted with the Pascal triangle (Figure ) (e.g., one

unpaired electron that interacts with three equivalent nuclei of spin I = %generates an

EPR spectrum with four lines with relatives intensities 1:3:3:1).

1

1 1 1

1 2 1 114
1331 12321
146 4 1 1367631

Figure C3. Pascal triangle for nucleus [ = 2 (left) and for I=1 (right).

2

In general, there are some rules to interpret the EPR spectra in solution when the

conditions are isotropic and the splitting is of first order:

1.
2.
3.

The spectrum must be symmetrical with respect to a central point.
The absence of a central line indicates an odd number of equivalent nuclei.
The separation between the two outer lines, always give the value of the smallest
hyperfine splitting.

. . . 1 .
When in the molecule only appears nuclei with spin [ = p the sum }; n]-|aj| 1s

equal to the total extension of the spectrum; where n; is the number of nuclei
with hyperfine splitting a;.

The maximum possible number of lines is given by the expression
[1;(2n; + I; + 1) where n; is the number of equivalent nuclei with spin Tj.

The best proof of the correct interpretation is the simulation of the spectrum.

Under the conditions described above, the three fundamental parameters that define

an EPR spectrum in isotropic conditions are the g factor, the line width and the coupling

constant.

- The g factor (g) is a no dimensional parameter that is related to the magnetic field

(Bo), and the frequency and it can be considered similar to the chemical shift in NMR.

- The coupling constant of the electron with the specific nuclei with nuclear spin

different to zero (I£0) is represented as a (in Gauss).

- The line width of the lines of the spectrum (AHpp) (in Gauss).
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In the nitroxyl radicals like TEMPO or PROXYL, the spin density is mainly located
on the N-O" bond, for this reason, the unpaired electron couples with the nitrogen atom
with a remarkable hyperfine coupling constant. **N has a nuclear spin I=1, so the
transitions are between ml=-1,0,+1 (Figure C2b). Consequently, 3 lines of relative
intensity 1:1:1 appeared in the EPR spectrum obtained at room temperature, i.e. in

isotropic conditions.

Zero field splitting. Fine-structure.

These contributions may appear in systems with [ > % and express the energy

splitting between different levels that take place in the absence of applied magnetic field.
The simplest case corresponds to a biradical.

When a system contains two unpaired electrons that interact between them, appear
two states of different energy, a symmetric one (triple state, S=1) and an antisymmetric
one (singlet state, S=0). These two states present relative energies that depends on the
sign and magnitude of the exchange integral J. The triplet state has three different
configurations that present different energies even in absence of an external magnetic
field due to the magnetic field generated by each electron over the other (zero field
splitting).

We can say that, in the simplest case of system with S=1, the zero field splitting
component of the spin Hamiltonian is:
H = SDS (5)
Where D is a symmetrical tensor of zero trace. The resolution of the corresponding
secular determinant shows that the solution can be written in function of two parameters,
D and E and they define completely the system. It is important to highlight the
dependence of D parameter with the average distance between the two electrons that are
interacting, while E parameter only depends on the wave function symmetry. Normally,
EPR transitions are limited to the transitions with Ams = +1. However, for triplet states at
low fields a forbidden transition with Ams = £2 can also been observed. This transition is
observed at a magnetic field half of that predicted by the g value, is normally referred as

half-field transition, and is often related to systems with two or more electrons.
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Exchange interaction

Another consequence of having two or more unpaired electrons in a radical molecule
is the exchange interaction. The exchange interaction is a direct consequence of the Pauli
principe. For a two-electron system, it is described by the following term with adds to the
spin Hamiltonian.

H=J-S::S, (6)

Were S; and S are the electron spin angular momentum operators for the two
electrons and J is the exchange coupling constant as previously commented. A positive
value of J corresponds to the singlet been lower in energy than the triplet, which result
from an antiferromagnetic interaction between the two electrons. A negative value of J
(the singlet is higher in energy than the triplet) is typical of a ferromagnetic interaction.
A strong exchange requires the two unpaired electrons be very close to each other. When
it happens, if the hyperfine constant a is significantly smaller than the exchange constant
J, such systems show EPR spectra split by the hyperfine interaction with nuclei from both
radical units, however the distance between the hyperfine lines is a/2 rather than a. For
instance, two nitroxyl radicals with strong exchange coupling show five-line spectra with
1:2:3:2:1 intensity ratio and the separation between them is half of that observed for

similar monoradicals.

Dipole-dipole interaction

The dipole-dipole interaction in systems with well-separated electrons (e.g.
diradicals) averages out zero for rapidly molecular tumbling and the EPR spectra is
dominated by the exchange interaction. In frozen conditions, the spectra is controlled not
only by the exchange interaction but also by anisotropic hyperfine interaction and
anisotropic dipole-dipole interaction become more and more complex. Fortunately, EPR
spectra in frozen solutions of di- or poly-organic radicals are much simpler if the distance
between the radicals is short (about 1-3 nm). In these conditions, the exchange interaction
becomes negligible and the EPR spectra are thus dominated by the dipolar interaction.
The effect of dipole-dipole interaction at short radical distances is only a line broadening
that depends on the distance between radicals. This effect could be estimated by the
empirical ratio of peak heights di/d in nitroxides (Figure C4). This parameter is shown to

be sensitive to the distance between adjacent nitroxides and hence a convenient measure
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of the strength of the dipole-dipole interactions (e. g., the higher the ratio, the shorter the
distance between the radical centers and hence the higher the radical interactions).

3300 3340 3400
HiGauss

Figure C4. Representation of the d and d; used to calculate di/d parameter in the typical spectrum of
a nitroxide radical in frozen solution conditions.
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