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Summary

Summary

My PhD program has been focused on the development of multifunctional systems for potential
applications in theranostic nanomedicine, which aims at simultaneously providing the diagnosis and
treatment of a disease. For the construction of these tools, different kinds of nanoparticles (NPs)
have been investigated, selected as optimal nanoplatforms for the in vivo delivery of drugs and
diagnostic agents thanks to their capacity to incorporate multiple functional units into their coating.

Main goal of my research has been the derivatization of these scaffolds with both therapeutic and
diagnostic agents, as well as with active targeting ligands. In detail, the compounds here studied are:
- new ruthenium(l11)-based complexes, as anticancer agents.

- suitable derivatives of the macrocycle NOTA, as chelators of ®Ga radioisotope, used in PET
imaging.

- oligonucleotide aptamers, as the thrombin binding aptamer (TBA) and the nucleolin-targeting
AS1411.

All these decorations have been ad hoc designed and synthesized with suitable tethers so to allow
their attachment onto specific nanoparticles (i.e., gold NPs, streptavidin-coated silica NPs,
superparamagnetic NPs, liposomes or niosomes). In consideration of the kind of chosen
derivatization, different recognition schemes can be exploited (i.e. hydrophobic or electrostatic
interactions, covalent bonds, selective recognition).

Following this general strategy, a small library of decorated multifunctional NPs, differing for the
nature of the NP core, Ru(lll)-complex, oligonucleotide sequence and ®Ga chelator, has been
prepared. These systems have been tested in vitro as theranostic agents towards targeted
pathologies, as cancer and clotting disorders.

Despite many Ru(ll1)-based compounds, in particular NAMI-A and KP1019 - currently in advanced
clinical trials - display better antitumor activity and pharmacological profile than other metal-based
drugs, they are poorly stable in aqueous media. So, new amphiphilic nucleolipids have been
recently proposed by the research group of prof. D. Montesarchio as innovative carriers to transport
in cell Ru(lll)-compounds. Following this strategy, a novel nucleolipid-based Ru(lll)-complex,
named LipThyRu, has been here prepared. Then, in order to expand the repertoire and chemical
diversity of the available amphiphilic Ru(lll)-complexes, biocompatible scaffolds alternative to
nucleosides, i.e. trifunctional a-amino acids, have been also exploited to serve as carriers for the
Ru(lll) metal core. Within this approach, two new aminoacyl lipidic Ru(lll)-complexes, i.e.
TUGIuURu and TOTyroRu, have been synthesized.
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As far as the imaging agents are concerned, a mini-library of novel lipophilic derivatives of NOTA,
designed as ®*Ga chelators in PET analyses, has been prepared. The synthesized analogs differ for
their hydrophobic tail, i.e. an oleic acid, a lipoic acid or a biotin residue (NOTA-OL, NOTA-Lip
and NOTA-BIo, respectively), which ensures the subsequent anchoring of NOTA on differently

decorated nanoplatforms.

Two active targeting agents have been investigated: the 15-mer thrombin-binding aptamer (TBA)
- able to inhibit the activity of human thrombin, a protein with key roles in coagulation processes -
and AS1411, an oligonucleotide targeting nucleolin, which is a ubiquitous, multifunctional protein
involved in cell survival, growth and proliferation, overexpressed on the outer membrane of cancer

cells.

In a first study, a new tris-conjugated TBA (named tris-mTBA) has been prepared, characterized in
solution using UV, CD and fluorescence spectroscopy and then immobilized onto silica NPs
commercially available as Sicastar®. This aptamer has been equipped with a biotin tag at the 5°-end,
allowing its incorporation onto streptavidin-coated Sicastar® NPs, and further conjugated with a
dansyl group and a B-cyclodextrin at the 3’- and 5’-end, respectively. This represents an efficient
host-guest system useful to monitor the NP functionalization and the correct aptamer folding onto
the nanoparticles, thanks to the fluorescence enhancement of the dansyl probe observed when it is
inserted in the hydrophobic cavity of B-cyclodextrin.

Sicastar® NPs have been thus functionalized with the tris-mTBA and characterized using DLS,
SLS, gel electrophoresis and fluorescence analysis. DLS experiments nicely demonstrated that the
triss-mTBA inhibited human a-thrombin ca. 10-fold more efficiently than unmodified TBA.
Notably, under the same experimental conditions, the tris-mTBA/Sicastar® NPs completely blocked
thrombin activity, which was restored upon addition of the TBA antidote, i.e. its complementary

sequence.

In a successive study, with the aim of exploiting AS1411 as an active targeting agent for
multifunctional, theranostic nanoplatforms, a set of AS1411 derivatives have been selected (i.e.: 5°-
stearyl-AS1411, 5’-cholesteryl-C6-AS1411 and 5’-cholesteryl-TEG-AS1411) with lipophilic tails
at their 5’-end allowing their subsequent insertion into liposomes or lipid coated-NPs.

The solution behavior of the AS1411 derivatives has been investigated using different techniques,
in comparison with the unmodified aptamer. In particular, CD, CD-melting, UV-melting, gel
electrophoresis and size exclusion chromatography analysis have been carried out to get
information on their secondary structure and the thermal stability of their preferred conformations.
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This study was carried out in two different solutions, mimicking the extracellular and intracellular
media, and at different oligonucleotide concentrations; special attention was devoted to the
investigation of possible effects due to the nature of the lipophilic tail, or of the specific linker, on
the overall structure and conformation of the aptamers.

All these experiments consistently showed a high polymorphism for AS1411 and its derivatives,
which are able to form form higher order G4 structures or large aggregates, particularly at high

concentrations.

These decorations (Ru complexes, aptamers and NOTA chelators) have been then combined on
suitable platforms, realizing to date mainly two multifunctional systems: DOTAP-based liposomes,
functionalized with TUGIuURu and NOTA-OL, and niosome-based formulations, decorated with
LipThyRu and AS1411.

DOTAP-based liposomes functionalized with TUGIuURu and NOTA-OL represent a good model for
the realization of theranostic nanoparticles, offering several advantages, such as the possibility of
monitoring their half-life, distribution, and tissue release. DOTAP/TUGIuRu (70:30),
DOTAP/NOTA-OL (95:5) and DOTAP/TUGIURU/NOTA-OL (65:30:5) systems have been
prepared and fully characterized. DLS data indicated that these species form stable, monodisperse
vesicles. In cell bioactivity assays, these formulations showed a good antiproliferative activity on
MCF-7, C6 and HeLa cancer cell lines, with 1Csq values in the low uM conc., in turn not evidencing

any toxicity on normal human cells even at 250 uM concentration.

Niosome formulations including the nucleolipidic Ru(lll)-complex LipThyRu and the nucleolin-
selective aptamer AS1411 have been prepared and characterized using several techniques, i.e. gel
electrophoresis, Zeta potential and DLS measurements. Preliminary cellular experiments on HelLa
cells showed a small, but detectable cell viability decrease for the niosome_LipThyRu system, and a
relevant antiproliferative effect for the formulation containing both AS1411 and the nucleolipidic

Ru(l)-complex, indicating a marked synergic effect for these niosome-based anticancer agents.

Future work, starting from the results obtained in this PhD program, will be directed to
incorporating the amphiphilic Ru(lll)-complexes (i.e., LipThyRu, TUGIuRu, TOTyroRu or
previously developed Ru(lll) derivatives), the imaging agents (i.e., NOTA chelators) and the
targeting agents (i.e., the lipophilic AS1411 derivatives) in combination into various kinds of other
nanoplatforms, particularly in superparamagnetic NPs, so to obtain a mini-library of multifunctional
systems to be tested in vitro and in vivo and identify the best anticancer theranostic agents.
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Chapter 1

Introduction

1.  Theranostic nanomedicine: a single “package” for personalized treatments

and diagnosis
The concept of personalized medicine has recently emerged as a promising approach to overcome
the limitations of standard diagnostic and therapeutic strategies and obtain tailored treatments,
taking into account the inter-individual variability in therapeutic response.’® This therapeutic
approach may reduce the undesirable side effects of standard treatments and potentially produce
better overall results.!®!
Theranostic nanomedicine, which is intended to provide simultaneous diagnosis and treatment of a
disease, with early detection, easy monitoring, targeted therapy, minimal toxicity and higher
therapeutic efficiency,™® can be a very useful tool to reach this challenging goal. The term
theranostics epitomizes the strict interplay of therapy and diagnosis, the pillars of medicine,l’® and
involves the combination of two activities, i.e. the treatment and diagnostic imaging, into a single
multifunctional system."*°4 The main reason behind the huge enthusiasm for theranostics is its
revolutionary approach that promises improved therapeutic outcomes on the basis of specific
molecular features of the drug, greater predictive power for possible side effects and new ways to
reliably monitor the response to a given treatment.”*® These properties are key elements for the
development of personalized medicine.*® Thus, theranostic agents are designed as integrated
nanosystems allowing both disease detection and drug delivery, which can play major roles in early

preclinical studies as well as at a clinical stage of drug development.[71315-17
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Figure 1. The majority of the known multifunctional nanoparticles are aimed at applications for in
vivo imaging and therapy. Figure reproduced from Choi and Wang.™®!
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In this frame, multifunctional nanoparticles (NPs) are attracting a growing interest as suitable

platforms for several biomedical applications - including drug delivery and bio-imaging (Figure 1) -

thanks to their ability to exert several advanced functions through incorporation of multiple

functional units into a unique system.>%¥-2 |y order to achieve this multifunctionality, typically

four components are included: a) a nanoparticle-based platform, b) a diagnostic imaging moiety, c)

a targeting ligand, and d) a therapeutic agent.” The introduction of suitable targeting ligands may

help to increase the target-to-background contrast in imaging techniques and, above all, the local

concentration of the drug at the target site, thus reducing or eliminating possible, untoward side

5,7
effects.>]
. o Adverse Current
Nanomaterial | Trade Name Application Target Manufacturer
Effects Status
Metallic
. . . Back pain, - FDA
lron oxide Feridex MRI contrast Liver vasodilatation Bayer Schering approved
. . . FDA
Resovist MRI contrast Liver None Bayer Schering
approved
- Advanced In Phase 3
Combidex MRI contrast Lymph nodes None Magnetics clinical trials
NanoTherm Cancer therapy Various forms Acute urinary MagForce In _Phase_3
retention clinical trials
. In vitro - - FDA
Gold Verigene diagnostics Genetic Not applicable Nanosphere approved
. . Cytlmmune In Phase 2
Aurimmune Cancer therapy Various forms Fever Sciences clinical trials
Under Nanospectra In Phase 1
Nanoshells Auroshell Cancer therapy Head and neck investigation Biosciences clinical trials

Semicondutor

Tumors, cells, Life Technologies,
Qdots, EviTags, Fluorescent tissues and eBioscience, Research use
Quantum dot semiconductor contrast, in vitro molecular Not applicable Nanoco, onl
nanocrystals diagnostics sensing CrystalPlex, y
structures Cytodiagnostics
Organic
. - Abraxis FDA
Protein Abraxane Cancer therapy Breast Cytopenia Bioscience approved
Hand-foot EDA
Liposome Doxil/Caelyx Cancer therapy Various forms syndrome, Ortho Biotech aporoved
stomatitis PP
Acute o
. L Rhéne-Poulenc FDA
Polymer Oncaspar Cancer therapy Iymphobla_tstlc Urticaria, rash Rorer approved
leukemia
. Mild renal In Phase 2
CALAA-01 Cancer therapy Various forms toxicity Calando clinical trials
. . . - . . Abdominal In Phase 2
Dendrimer Vivagel Microbicide Cervicovaginal pain, dysuria Starpharma clinical trials
. . Peripheral For Phase 4
Micelle Genexol-PM Cancer therapy Various forms sensory Samyang clinical trials

Table 1. Examples of nanomaterials in clinical use. Table reproduced from Chan et al."

The success of nanoparticles is certainly due to their distinctive features, such as their easy surface

functionalization and high surface area-to-volume ratios, yielding high loading capacitie

5 [7:925:30-32]
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The nanometric size of these materials precludes their ready clearance through the kidneys, thereby
extending their blood circulation depending on their surface functionalization characteristics.!”*="]
Furthermore, following a precise design, nanoparticles can be engineered to either avoid immune
system recognition or specifically inhibit or enhance the immune responses.2*! For all these
reasons, they could act as a promising “single-entity” scaffold able to yield meaningful information
on the pharmacokinetics and biodistribution of a given drug, as well as on the presence of the exact
molecular target before, during, and after therapy.

A number of nanostructures, including liposome and nanoparticles-based systems, have been

approved for clinical applications, and even more are currently under preclinical or clinical
investigations (Table 1).[2304041]

2. PhD project goals
The studies carried out during my PhD program are fully inserted into the research context focused
on the development of multifunctional nanoparticle-based systems for theranostic applications. As

schematically represented in Figure 2, the main goal of this research is the incorporation on the

same scaffold of both therapeutic and diagnostic agents, as well as of targeting ligands.

Diagnosis

NOTA chelators il
(PET imaging agents) ‘

Ruthenium (III)-based drugs
1T A (Therapeutic agents)

ot N cele A R
Gece anoparticle

iﬁd o4

11 /A ' 9.:‘.!
A T
A S
. s Sm6s
Active targeting ligands gz—c ‘s
) ) - ] 6
(Aptamers) 7 \'

Targeting

Figure 2. Scheme of an ideal multifunctional nanoparticle-based system for molecular imaging,

drug delivery and targeting, based on NOTA chelators, Ru(lll)-complexes, and oligonucleotide
aptamers, respectively.
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In detail, the compounds selected as nanoplatform decorations are:

- new ruthenium(l11)-based complexes, as promising alternative to Pt-based anticancer agents,
inspired to NAMI-A and KP1019 currently in advanced clinical trials** ! (see Chapter 2).

- suitable derivatives of the macrocycle 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA), as
chelators of ®®Ga radioisotope used in Positron Emission Tomography (PET) imaging, which can
provide molecular/functional information on the in vivo biodistribution and pharmacokinetics of the
drugst“®“”! (see Chapter 3).

- oligonucleotide aptamers with well proven pharmacological or active targeting activity, as TBA
and AS1411 aptamers (see Chapter 4).

All these decorations have been ad hoc designed and synthesized for the functionalization of
specific types of nanoparticles (i.e., gold NPs, streptavidin-coated silica NPs, superparamagnetic

NPs, liposomes or niosomes).

In consideration of the kind of chosen derivatization, different recognition schemes can be exploited
(Figure 3). In the case of a lipophilic tail, we can functionalize liposomes or lipid-coated NPs
through hydrophobic interactions. Introducing a disulfur or a thiol-moiety into the starting core
scaffold, we can functionalize metal-based NPs as Au-NPs through formation of stable metal-S or
Au-S covalent bonds.®*! with negatively charged molecules (as aptamers and Ru-based
compounds) we can exploit electrostatic interactions to functionalize niosomes. Finally, the
exceptionally high affinity of the streptavidin/biotin recognition system (Kq ~ 10 M)®% can be
exploited for the decoration of streptavidin-coated NPs with molecules labeled with a biotin moiety.
Following this general strategy, a small library of decorated multifunctional NPs, differing for the
nature of the platform, Ru(l11)-complex, ODN sequence and °®Ga chelator, has been prepared and

tested in vitro as theranostic agents towards targeted pathologies, as cancer and clotting disorders.
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Specific recognition

i

aE SuE A e

L = Biotin moiety

= Streptavidin moiety

Electrostatic interaction

AR O G e A R ¢

* = Ligand [Ru(IIT)-based drug, NOTA chelator or aptamer]

Figure 3. Possible functionalization schemes for nanoparticle surface decoration. By labelling a
ligand with a lipophilic tail, we can incorporate it into lipid-coated NPs or liposome platforms (not
shown) through hydrophobic interactions. The insertion of a disulfur or of a thiol moiety into a
ligand allows its immobilization onto gold NPs through the formation of covalent Au-S linkages.
The presence of negative charges in the ligand allows the functionalization of niosome platforms
via simple electrostatic interactions. The high affinity of the (strept)avidin/biotin recognition can be
useful to conjugate (strept)avidin-coated NPs with biotin-labeled ligands.
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Chapter 2

Ruthenium(l11)-based complexes

1. Ru(l11)-complexes: state of the art

A major challenge in biomedical research is the discovery of compounds able to selectively inhibit
cancer cell proliferation without adversely affecting normal cell growth.® To this purpose,
transition metal-based compounds have been proposed as potential drugs to treat several human
diseases, in particular cancer.’>*®! Based on their wide spectrum of coordination numbers and
geometries, metal complexes offer different mechanisms of action that are not accessible with small
organic molecules.>3**

The interest for this class of chemotherapeutics started in the 60’s, with the serendipitous discovery
by Rosenberg and co-workers of cis-diamminedichloro-platinum(Il) or cisplatin. A plethora of
platinum compounds have been prepared thereafter and evaluated as potential chemotherapeutic
agents, although very few have entered clinical use.’”>®* In fact, the efficacy of treatments based on
cisplatin-related derivatives suffers from heavy side effects and resistance phenomena. These
unresolved problems in platinum-based anticancer therapy have stimulated further research efforts
aimed at the identification of novel antitumoral, non platinum-containing metal species.”**!! In this
context, Ru(lll)-complexes have particularly emerged for their remarkable anticancer or

antimetastatic properties, generally associated with low systemic toxicity.[*® "

1.1.  Ru(lll)-based lead compounds: NAMI-A and KP1019

The interest in ruthenium complexes rapidly increased when it was discovered that some Ru(lll)-
based derivatives are therapeutically active on solid tumours resistant to cisplatin treatments. In
principle, these compounds offer several advantages over antitumor Pt(I1) complexes currently used
in clinic - i.e. a reduced toxicity, different mechanisms of action, prospect of non-cross-
resistancel™ ™! and wide spectrum of activity.'**"® Among the available Ru(lIl)-based compounds,
some heterocyclic complexes proved to be the most promising candidate drugs.’®"” They have the
general formula (HB)[Ru(111)B,Cl4] - where B is a heterocyclic base - and typically include axial
heterocyclic nitrogen donor ligands and equatorial chlorides, with charge compensation provided by
protonated nitrogen heterocycles - as is the case of KP1019"*7®%! (Figure 4), developed by
Keppler et al. - or sodium ions.

In this context, Alessio, Sava and coworkers analysed the DMSO-containing variants of the above

mentioned class, discovering a very active Ru(lll)-complex, ImH" [trans-RuCl,(DMSO)Im]
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(Where Im = imidazole), called NAMI-A (Figure 4).%*%? This compound, together with KP1019,
has been introduced in advanced clinical trials.[** !

Although the mechanism of action and the main target of these Ru(lll)-based drugs have not been
unambiguously determined yet, a large amount of valuable data have been obtained on their in vitro
and in vivo behaviour,’®® summarized in several reviews.®3¢"1887 |y spite of their structural

similarity, these Ru(l11) derivatives exhibit markedly different anticancer effects.®*"!

u
N
HN \ - W HNT Y
Z
Q ) g “y
N

N

Cls, | «ClI
N s W
Cls,. | WCl &7 Ru’
Ru ¥ | ¢
¥ | ¢ NH N
OéS(lu HN \;

KP1019

Figure 4. Chemical structures of ImH" [trans-RuCl4(DMSO)Im] (NAMI-A) and IndH"
[RuCl4(Ind);]” (KP1019), where Im = imidazole, and Ind = indazole.

NAMI-A shows a remarkable and selective activity against cancer metastases,®* %! mostly of solid
lung tumours, but is not effective in the reduction of primary cancers. ImH" [trans-
RuCl4(DMSO)Im]" consists of a pseudo-octahedral complex, in which Ru(lll) is coordinated with
six ligands: one imidazole, one DMSO and four chloride ions. All these ligands can be replaced by
water or hydroxide ions, resulting in a mixture of aquated species - ultimately responsible for the
antimetastatic activity.®® In vitro experiments have shown that NAMI-A readily undergoes
hydrolysis under physiological conditions; %! in particular, following the mechanism depicted in

Figure 5, the chloride ions are the ligands most rapidly substituted by water and/or hydroxide
ions. 82100

DMSO |~ DMSO |~ DMSO | DMSO |~
CI/,,.| WCl o Cr Cly,, WOH -CI Cly, | WOH . CI/,,'| WOH  -DMSO  POLY-0OXO
RuU'. —_— ‘Ru’. —_— ‘Ru'. Ru'. E—
a¥ | Y a¥ | Y ¥ | “You HOY | e -Im SPECIES
Im Im Im Im
H* “ +H* -H"“ +H* H* “ +H*
+ +
DMSO DMsO | DMSO |
Cls, | WOH; cly, |‘\\\0H2 cly, |\\\\OH2
u's (Ru“ ,Ru‘
caY” | ¢ cl | OH H,0 | ¢
Im Im Im

Figure 5. Proposed hydrolysis mechanism for NAMI-A. 84
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The loss of chloride groups is catalysed by the reduction of Ru(lll) to Ru(ll), which is expected to
occur under physiological conditions and is enhanced in vitro by traces of biological reductants,
such as ascorbic acid or cysteine."*%1 Qverall, NAMI-A hydrolysis is complete within 15-20 min,
with both CI" and DMSO ligands replaced by water. The nature and rate of the hydrolytic processes
in aqueous solution are strongly pH-dependent.***® Hydrolysis eventually leads to the
formation of polymeric oxo- or hydroxo-bridged species which can precipitate; this phenomenon,
which would dramatically limit the therapeutic efficacy of these compounds, is less likely in vivo
because of the presence of several proteins (including integrins, transferrin and serum albumin)
which can form stable adducts with the Ru-complexes, inhibiting the precipitation of insoluble
oligomers.[*1°

Notably, NAMI-A increases the capsule thickness around the primary tumours and the extracellular
matrix around tumour blood vessels, thereby preventing tumour cells from invading surrounding
tissue and blood vessels.'**82%11 |y addition, NAMI-A is able to inhibit matrix metalloproteinases
and induce antiangiogenic effects.’®®*! In contrast to platinum-based drugs, NAMI-A weakly binds
to DNA, which suggests that its antimetastatic activity is not primarily related to DNA damage.**?
Lastly, NAMI-A is much less toxic to healthy tissues than cisplatin.!**®!

KP1019 is a Ru(lll) chlorido-indazole complex showing remarkable antitumor activity at the
primary tumour site.l>* 8 |ndH* [RuCl(Ind).]” (where Ind = indazole) is an octahedral
complex, in which Ru(lll) is coordinated to two indazole ligands and four chloride groups.
Biological tests!"51% proved that KP1019 is highly active against colorectal cancer cell lines both
in vitro and in vivo.[528514 1181 The efficiency of KP1019 has been associated with its ability to
interact with DNA and inhibit its synthesis probably involving different modes of action.!®®
Compared with NAMI-A, KP1019 is more readily taken up by cancer cells and is more stable
toward hydrolysis.[68103110.1191201 jpjike NAMI-A, KP1019 does not have relevant effects on
metastatic cells, still showing cytotoxic activity and reducing the cell population by promoting
apoptosist*12°12?l via the mitochondrial pathway.®*#¢1%"1 Analysis of the intracellular distribution
of Ru in single human cells treated with KP1019 showed that Ru localized in both cytosol and in
the nuclear region. In marked contrast, Ru could not be well visualized in cells treated with NAMI-
A, indicating that it was not effectively internalized and supporting the hypothesis that its activity is
exerted through membrane-binding mechanisms. %!

In summary, in a very simplified scheme, three main events have been hypothesized to determine
the fate of these ruthenium complexes in vivo: the activation by hydrolysis, the activation by
reduction and the high affinity binding to blood plasma proteins. An interplay between these
mechanisms seems to account for the biological effects of these Ru(lll)-complexes. For both

11
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species, chlorido ligands can be rapidly exchanged with water molecules or hydroxide ions,
activating the complex; then, in a second substitution event, the bound aqua ligands are replaced by
the target biomolecules.*? In addition, both these Ru(ll1)-complexes readily react with biological
reductants*”) suggesting that the in situ reduction of Ru(l11) to Ru(11)!** species may be relevant

[68.76.107 nroducing a more reactive form,®® able to interact with

[106,128]

for their biological activity,
proteins%¢112125127 and/or to bind nucleic acids.
Finally, both these Ru-complexes can tightly interact with plasma proteins, in particular with human
serum transferrin (hTf),[8%01291321 je  the iron transport protein in blood responsible for
controlling the level of free iron in biological fluids (for a recent review, see for example Harris et
al.*). General interference with the iron metabolism has been also invoked to explain the

anticancer activity of Ru(l11)-complexes,[6888:89107.123.129]

1.2. AziRu, a pyridine analog of NAMI-A
In 2012, almost simultaneously, two different research groups, Walsby et al.l*¥ and Paduano et

al. 513 revisited a pyridine analogue of NAMI-A, called NAMI-Pyr by the first group and AziRu

by the second ones, whose structure had been previously described by Attia et al. in 1993.11%!
Compared to NAMI-A, AziRu has a pyridine molecule replacing one imidazole ligand, and sodium

replacing imidazolium as the counterion (Figure 6).

|\ _Na"
>
N

CI/,.R| el
AziRu
Figure 6. Chemical structure of AziRu, along with a picture of a sample of this compound, obtained

as a solid orange powder.

In vitro biological experiments have shown very low cytotoxicity for AziRul™* " on different
cancer cell lines. Thus, AziRu is not cytotoxic per se — similarly to NAMI-A — against human
cancer cells; however, its 1Csq value is half that of NAMI-A on MCF-7 breast cancer cells (Table
2), indicating that the structural modifications introduced in NAMI-A allow increasing its
antiproliferative activity. One possible reason for this difference lies in the presence of a pyridine
ligand in lieu of imidazole, conferring a higher lipophilicity to AziRu, which could determine
enhanced non covalent interactions with proteins, particularly with human serum albumin.**4

Indeed, Walsby and co-workers have synthesized and studied a mini-library of Ru(lll)-complexes;
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their analysis showed that, upon increasing their lipophilicity, reduced solubility has been observed
in physiological media for the free complexes, however accompanied by enhancement of non-
covalent interactions with the hydrophobic domains of serum proteins, in particular of human serum

albumin. Formation of these protein adducts basically improves the solubility of the complexes,

also inhibiting the formation of oligomeric species and leading to higher in vitro cytotoxicity.[**¢14"
|C50 (Mm)
MCFE-7 WiDr C6 HelLa

NAMI-AL4H 620 + 30 - - -
AziRyt137 305+16 441+20 318+12 382+19

Table 2. IC5 values (uM) relative to the antiproliferative activity of NAMI-A and AziRu in the
indicated cancer cell lines following 48 h of incubation. ICs values are reported as mean £ SEM.
(MCF-7: human breast adenocarcinoma cell line; WiDr: human epithelial colorectal
adenocarcinoma cell line; C6: tumor rat glioma cells; HeLa: human cervical cancer cells).

Proteins are considered to be the privileged biological targets of Ru(l11)-complexes.[*42144
However, it cannot be excluded that the adducts formed with proteins, and mainly albumin and
transferrin present in serum, may represent intermediate forms protecting the metal from further
degradation™*! and allowing its transport to nuclei; under these circumstances, also DNA could be
considered a possible in vivo target, in analogy with the mechanism hypothesized for cisplatin.!**®!
In this frame, the interaction of AziRu with suitable DNA model systems, both single strand and
duplex oligonucleotides, has been investigated in comparison with its analogue NAMI-A using
different biophysical methods, including absorption UV-vis spectroscopy, circular dichroism (CD)
and electrospray mass spectrometry (ESI-MS) techniques.™*”!
UV-vis measurements allowed monitoring over time the ligand exchange processes of these Ru
complexes, in the absence and presence of the examined oligonucleotides. CD experiments
provided information on the overall conformational changes of the DNA model systems induced by
the metal complexes. Treatment with AziRu and NAMI-A did not produce any detectable change in
the CD profile of the model, preformed duplex, indicating that — contrarily to cisplatin and other
anticancer Pt(I1)-complexes — these compounds did not perturb the overall conformation of the
studied duplex. Interestingly, CD-melting experiments showed that the ruthenated duplex had in all
cases higher T, values compared to the untreated system, showing however a lower difference of
the CD signal intensity at its maximum (264 nm) upon denaturation with respect to the natural
duplex. These data indicate the formation of stable ruthenium-duplex adducts, with local, partial
loss of some Watson—Crick H-bonding and/or stacking interactions induced by Ru binding.
ESI-MS experiments (Figure 7), carried out on several oligonucleotide/ruthenium complex
mixtures, allowed detecting the formation of stable adducts with guanine-containing oligomers for
13
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both NAMI-A and AziRu, while no adduct was observed with guanine-free sequences. The
obtained results unambiguously demonstrate that both AziRu and NAMI-A are able to selectively
interact with DNA model systems at the level of guanines, preferentially targeting a “GG”
dinucleotide box. Remarkably, AziRu proved to be far more reactive than NAMI-A, leading to
oligonucleotide adducts with a naked Ru** ion incorporated, while with NAMI-A only Ru(Im)®*
(Im = imidazole) fragments were observed. Although very similar in their structures, the two metal
compounds thus show a markedly different reactivity with the examined sequences: AziRu reacts
with guanine-containing oligonucleotides forming stable adducts in which ruthenium loses all its
original ligands, while NAMI-A keeps imidazole in the oligonucleotide-ruthenium complex adduct
formation, showing that pyridine is a more labile ligand compared to imidazole. This different
behavior in the binding mode with nucleic acids is in good agreement with studies on the interaction
with proteinsi**1431441 ynderlining that, although structurally similar, NAMI-A and AziRu have a

quite different reactivity profile towards biologically relevant targets.
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Figure 7. ESI-MS spectrum of the selected ODN 2 (50 uM), incubated with 1 eq of NAMI-A
(right) and 1 eq of AziRu (left) in water at 37 °C for 48 h. The analysis was carried out at final
concentration of 25 pM in MeOH/H,0, 1:1 (v/v). Figure adapted from Montesarchio et al.*"!

1.3.  Design of novel Ru(ll1)-based complexes

Although in the case of NAMI-A it is generally accepted that the hydrolysis process and formation

[148] _ at least for some tumor

of oligomer species does not really impair its overall antitumor activity
cell lines™ - the premature aquation can deactivate or activate too early most of the administered
drug.®*9 Thus, in order to obtain long-life Ru(lll)-based antineoplastic agents, a pro-drug
approach, involving the decoration of the ruthenium complex with amphiphilic nanovectors, has
been proposed by Paduano et al. for the in vivo delivery of these compounds,[7335-137:150-154]
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The use of pro-drugs is an established strategy to improve the physico-chemical, biomedical or
pharmacokinetic properties of therapeutically relevant compounds. A pro-drug is a chemically
modified version of a pharmacologically active agent that must undergo an in vivo transformation to
release the effective drug. For example, the use of pro-drugs allows overcoming drawbacks such as
poor aqueous solubility, chemical instability, insufficient oral absorption, rapid pre-systemic
metabolism, inadequate brain penetration and toxicity. A very simplified, representative scheme of
the pro-drug concept is shown in Figure 8, in which the barrier depicted can be any physical
obstacle (e.g., a cell membrane) that limits the optimal in vivo performance of a parent drug. The
drug and the carrier are covalently bound via a linker that contains chemically or enzymatically
cleavable bonds. The ‘ideal’ pro-drug is based on a non-toxic carrier and, once crossed the barrier,

releases the intact therapeutic agent in an almost quantitative manner.

Drug C————» @
Enzymatic and/or Drug
chemical
transformation
Drug — Vector | C—.—.—> Drug — Vector
Vector
Barrier

Figure 8. Simplified representative scheme of the pro-drug concept.

1.4.  Nucleolipid nanovectors as molecular carriers for Ru(l11)-based drugs

As biocompatible carriers for the in vivo transport of Ru(lll)-based complexes, Paduano and co-

workers have selected amphiphilic molecules and in particular nucleolipidic scaffolds!**°**:%% tg

which the Ru core can be covalently linked.

As well known, self-assembling amphiphiles allow an efficient bottom-up strategy for the formation

of aggregates whose size and shape can be easily tuned. Further benefits related to the use of

nanostructures in metal-based drug delivery include the possibility to:

e transport higher amount of the metal inside the blood stream;

e obtain “stealth” aggregates, not detected by the human immune system, thus specifically
increasing their permanence in the blood,

e produce aggregates selectively captured by specific cancer cell lines by inserting, within the
aggregates, targeting molecules, specifically recognized by protein receptors over-expressed in

tumor cells;
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e tune the shape and size of the aggregates by modifying either their molecular structure or some
external physico-chemical parameters, such as pH and ionic strength.[*%522%€1 The |atter effects
may be very useful in a stimuli-responsive approach.!***1"]

Nucleolipids - i.e., hybrid molecules carrying lipid moieties covalently attached to nucleoside
scaffolds - are able to mimic the molecular organization of the biological systems, forming a wide
variety of supramolecular systems.!®***Y |n planning the synthesis of Ru-containing nanovectors,
our basic idea was to covalently link the ruthenium complex - i.e., AziRu - to a nucleolipid structure
able to spontaneously self-assemble in aqueous media, thus protecting it from chemo-enzymatic
degradation in the extracellular environment and prolonging its half-life. To this purpose, several
different nucleolipidic carriers have been designed,™ in principle able to favour the transport of
the Ru(l1l)-complex in an intact form until it reaches the tumour site. Following this concept, once
internalized into the cell, the amphiphilic decorations of the nucleolipid scaffold are removed
exploiting enzymatic hydrolysis mechanisms, thus releasing a low molecular weight Ru-based
compound, able to fully exert its activity. The general design of the functional nucleolipids is
schematically described in Figure 9 and involves:

e a thymidine or uridine moiety selected as the central scaffold, allowing high and easy
functionalization;

e a pyridyl-methyl group inserted at the N-3 position on the nucleobase as the ligand for the Ru-
complexation, thus producing an AziRu-like structure;

e a lipophilic oleoyl or cholesteroxyacetyl group covalently anchored (one in the case of
thymidine derivatives, or two in the case of the uridine analogue) at the ribose secondary
hydroxyl group(s). These residues, able to induce self-structuring in aqueous solutions, have
been chosen due to their structural similarity with lipid membrane constituents and easy
availability;

e a hydrophilic oligo(ethylene glycol) chain linked at the 5’-OH ribose moiety; this decoration is
expected to optimize the “hydrophilic/lipophilic balance” within the molecule and to increase its

circulation time!*6

preventing extracellular chemo-enzymatic degradation. In addition,
oligoethylene glycols have ‘stealth properties’,***° allowing the attached drug escaping the

immune system.
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design exploited for the preparation of

Based on the design shown in Figure 9, a series of amphiphilic Ru complexes able to form

supramolecular aggregates have been prepared. These complexes - named ToThyRu, HoThyRu,
ToThyCholRu and DoHuRu - are depicted in Figure 10.
As in the case of NAMI-A and AziRu, also these nucleolipidic complexes tend to be unstable when

left in aqueous solutions and form insoluble precipitates, though at a much slower rate than NAMI-

A and AziRu, i.e. in a period ranging from few hours, in phosphate buffer, to few days, when

dissolved in pure water. The hydrolysis results in a change of the solution colour from yellow to

green, followed by precipitation of brown particles.
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Figure 10. Amphiphilic nucleolipid-based Ru(l11)-complexes, described by Paduano et al.[*>%!
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In order to sensibly reduce the aquation processes, nucleolipidic Ru(lll)-complexes have been
studied in formulation with biocompatible bi-tailed phospholipids, as the zwitterionic 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) and the cationic 1,2-dioleoyl-3-
trimethylammoniumpropane (DOTAP), depicted in Figure 11. The use of phospholipid
formulations allows obtaining Ru complexes stable for months in physiological media, as well as
finely modulating the metal amount to be administered in vivo. Indeed, bi-tailed phospholipids can
adopt an ordered arrangement in aqueous solutions by forming bilayers in which the nucleolipidic
Ru complexes can be easily lodged. The various lipid formulations here prepared differ for the lipid
in use: in the case of POPC, the main driving forces promoting the formation of stable co-
aggregates are hydrophobic interactions, while for DOTAP also electrostatic interactions contribute
to stabilize the final co-aggregates. POPC and DOTAP have been chosen as stabilizing agents on
the basis of their proved biocompatibility, being among the main components of cell
membranes. %166

Effective retardation of the ligand exchange processes in physiological solutions, resulting into
formulations stable at r.t. for months, has been observed with the Ru(lll)-complex present up to a
maximum of 15% in mol in mixture with POPC,**® and up to 50% in mixture with
DOTAP.[137'153]

POPC DOTAP

Figure 11. Chemical structures of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and
DOTAP (1,2-dioleoyl-3-trimethylammoniumpropane).

An in-depth characterization by dynamic light scattering (DLS) and small angle neutron scattering
(SANS) - in pure water and in a pseudo-physiological buffer solution - has been performed first on
ToThy,™1 HoThy,**™ DoHu,™ and ToThyChol**® j.e., the parent nucleolipids, and then on the
corresponding nucleolipidic Ru(lll)-complexes, as such and in formulation with POPC or DOTAP.
ToThy, HoThy, DoHu, ToThyChol nucleolipids showed the desired distinctive features of
nanocarriers, being mainly organized as small aggregates i.e. rod-like micelles in pure water, and as
bigger aggregates, i.e. multilayer vesicles, in pseudo-physiological solutions.[**¢!

Notably, DLS analysis showed that under pseudo-physiological conditions all the complexes in
POPC formulation (Ru complex/POPC 15:85 molar ratio) form aggregates with a monomodal
distribution, having a hydrodynamic radii distribution similar to pure POPC. SANS data allowed

confirming that the aggregation is essentially driven by POPC self-assembly.!*31%¢]
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Compared with POPC co-aggregates, liposomes based on DOTAP can tolerate a higher amount of
nucleolipidic Ru complex without losing in stability. In fact, stable liposomal DOTAP co-
aggregates can contain up to 30% in moles of ToThyCholRu!**"! and 50 % in moles of ToThyRu,
HoThyRu and DoHuRu.!**® These nanoaggregates form catanionic vesicles which, analysed in a
pseudo-physiological solution for more than three months, were found to be perfectly stable at r.t.,
showing no degradation. The formation of catanionic nanoaggregates has been confirmed also by
zeta potential measurements, which proved that the positive surface charge, carried by bare DOTAP
vesicles, is partially neutralized upon addition of negatively charged nucleolipidic Ru
complexes. 37153

Furthermore, to gain insight into their antiproliferative activity, an in-depth bioactivity investigation
has been performed first on ToThy,™Y HoThy,**¥ DoHU™™ and ToThyChol™*® - j.e., the naked
nucleolipids, here used as the carriers - and then on the final formulations ToThyRu/POPC,*!
HoThyRu/POPC,™*! DoHuRu/POPC,™* and ToThyCholRu/POPC,™® in comparison with AziRu
(see Table 3). Focusing on the cells more sensitive to the ruthenium treatment in vitro, i.e. MCF-7
and WiDr, naked nucleolipids showed the absence of significant cytotoxicity effects on both normal
and tumor cells;™** while POPC formulations have been found to be at least one order of
magnitude more active than free AziRu. Particularly interesting results have been obtained on the
MCF-7 human breast cancer cell line for the formulations ToThyRu/POPC and HoThyRu/POPC
with ICsp values of 9 and 7 uM, respectively, calculated with respect to the ruthenium
concentration. To the best of our knowledge, these in vitro data show these molecules as among the

most promising Ru-based anticancer agents currently described in the literature.[5:1%!

1Cs0 (nM)
MCF-7 WiDr C6
AziRu 305+ 16 441 £ 20 318+12
ToThyRu/POPC 9+4 754 36+8
HoThyRu/POPC 7+4 405 81x7
DoHuRu/POPC 716 95 245
ToThyCholRu/POPC 70+ 12 165+ 10 -

Table 3. ICsy values (UM) relative to AziRu and to the effective ruthenium concentration carried by
ToThyRu/POPC, HoThyRu/POPC, DoHuRu/POPC and ToThyCholRu/POPC liposomes in the
indicated cell lines following 48 h of incubation. 1Csy values are reported as mean + SEM. (MCF-7:
human breast adenocarcinoma cell line; WiDr: human epithelial colorectal adenocarcinoma cell
line; C6: tumor rat glioma cells).
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The higher in vitro cytotoxicity of Ru-complex/POPC formulations, compared to AziRu, suggests
that all the nucleolipidic liposomes are able to deliver the active transition metal in a very efficient
way, enhancing the effectiveness of the transported anti-cancer drug.[**>*!

Similarly, also DOTAP formulations have been evaluated in vitro showing high antiproliferative
activity against specific human adenocarcinoma cell types. Remarkably, even the Ru-
complex/DOTAP nanoaggregates, tested on a panel of human and non-human cancer cell lines,
exhibited 1Csp values in the low uM range, proving to be 10—20-fold more cytotoxic against MCF-7
and WiDr cells than free AziRu.*"**® |n some cases DOTAP formulations were also found to be
more efficient than those in POPC, as shown in Table 4. Indeed, the liposomes formed by the
cationic lipid DOTAP may closely interact with the negatively charged cell membrane, further
improving the liposome fusion with the plasma membrane. Interestingly, no significant cytotoxicity

has been detected on non-cancer cells, as human HaCaT keratinocytes and rat L6 muscle cells.

ICso (BM)
MCF-7 WiDr C6 Hela L6 HaCaT
AziRu 306+16 441+20 318+12 382%19 > 500 > 500
ToThyRu/DOTAP 19+8 50+ 11 54+8 - - -
HoThyRu/DOTAP 157 65+8 43+ 11 - - -
DoHuRu/DOTAP 13+5 41+10 34+9 - - -
ToThyCholRu/DOTAP 13+£2 23+8 - 34+4 187+1 377+25

Table 4. 1Csy values (UM) relative to AziRu and to the effective ruthenium concentration carried by
ToThyRu/DOTAP, HoThyRu/DOTAP, DoHURU/DOTAP and ToThyCholRu/DOTAP liposomes in
the indicated cell lines, following 48 h of in vitro treatment. ICsq values are reported as mean +
SEM. (MCF-7: human breast adenocarcinoma cell line; WiDr: human epithelial colorectal
adenocarcinoma cell line; C6: tumor rat glioma cells; HeLa: human cervical cancer cells; L6: rat
muscle cells; HaCaT: keratinocytes cells).

1.5. Interfacing nucleolipidic Ru(lll)-complexes with bilayer-coated superparamagnetic

nanoparticles: a successful marriage for theranostics

Normally, cancer is diagnosed at a stage of the disease in which some anatomical changes occur in
the body in the form of well-defined tumors. Generally, these masses are removed by surgery, but
this approach is not applicable to small or hidden tumors. Nanotechnology offers potential solutions
for the treatment of various types of cancer, particularly at a very early stage: nanoparticles could
protect a drug from recognition by the reticulo-endothelial system (RES) - e.g., if highly PEGylated
- and deliver a therapeutic agent in a controlled manner at a target site, so that rate and duration of

drug delivery can be therapeutically effective, minimizing the requirement of booster dose. 816716
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The flexibility in obtaining tailor-made nanoparticles with specific features (for example molecular
weight, number and types of attached drugs, targeting moieties and even bioresponsive
components)™” makes them suitable drug delivery systems. In this frame, the incorporation of
Ru(l11)-complexes within nanoparticles can improve their in vivo performance by - in principle -
increasing their circulation time in the body, decreasing their susceptibility to degradation, limiting
recognition by the body’s immune system and targeting specific sites. This strategy allows
increasing the drug amount which can reach the desired area and reducing the side effects due to
drug accumulation in undesired regions.

Remarkably, nanoparticles are very attractive platforms due to their capability to load multiple
systems, as therapeutic and diagnostic compounds, thus affording useful theranostic agents.!*?
Superparamagnetic Iron Oxide Nanoparticles (SPIONSs) are particularly attractive tools, being able
to modify the transversal proton relaxation time (T2) of water molecules, resulting into effective
contrast agents for in vivo Magnetic Resonance Imaging (MRI) analyses.*"-172

Stable phosphocholine-functionalized SPIONs (18LPC/SPIONSs) have been recently prepared

exploiting hydrophobic interactions between a suitable phosphocholine, i.e. 1-octadecyl-2-hydroxy-

sn-glycero-3-phosphocholine (18LPC), and an inner amphiphilic layer (oleic acid and oleylamine),
[173,174]

covering the surface of the NPs.

sQ) =Oleylamine and oleic acid
=ToThyCholRu

-
-

N
S

Figure 12. Schematic representation of the system 18LPC-ToThyCholRu/SPIONSs.

In this context, 18LPC-SPIONs have been loaded with ToThyCholRu (18LPC-
ToThyCholRu/SPIONSs),*™ lodged in the external coating layer of the nanoparticle surface, to
which it is reversibly bound through hydrophobic interactions (Figure 12). ToThyCholRu is thus
easily transported in vivo where it can exert its activity. The evaluation of the bioactivity of the
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ToThyCholRu-functionalized SPIONs on selected human cancer and non-cancer cells confirmed
the potential of the system as an effective theranostic device.'’*! Indeed, 18LPC/SPIONs were
devoid of significant biological effects, while 18LPC-ToThyCholRu/SPIONs showed relevant
selective cytotoxicity against human cancer cells. These results highlighted the possibility to exploit
the nucleolipidic Ru(ll1)-complexes also for the functionalization of properly coated nanoparticles:
indeed, all these compounds present a hydrophobic appendage which can be inserted not only
within lipid-decorated SPIONSs, but also in any other kind of inorganic nanoparticles, provided that

they are decorated with a lipophilic layer.

ICs0 (M)
MCF-7 Calu-6 A549 HaCaT 3T3-L1
cDDP 22+4 455 36+4 272 +7 > 100
18LPC-ToThyCholRu/SPIONs 17+5 12+4 14 £5 205+ 6 > 100

Table 5. Comparison of the ICsp values (uM) relative to cisplatin (¢cDDP) - used as a positive
control for cytotoxic effects - and to the effective ruthenium concentration carried by 18LPC-
ToThyCholRu/SPIONS in the indicated cell lines following 48 h of incubation.
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2. Synthesis and characterization of novel nucleolipid-based Ru(l11)-complex
LipThyRu

Following the design of the amphiphilic nucleolipids ToThyRu, HoThyRu, DoHuRu and
ToThyCholRu (described before in paragraph 1.4),%%3"1531 3 novel nucleolipid-based Ru(ll1)-
complex was prepared (Figure 13). This compound was named LipThyRu, following the acronym
taken from the main structural motifs present in its molecular skeleton: Lipoic acid-Thymidine-
Ruthenium salt.

With a general structure similar to the previously described derivatives, LipThyRu is a thymidine
derivative carrying a pyridine-methyl arm at the N-3 position of the nucleobase, inserted as
anchoring ligand for the Ru(lll)-complex; this nucleoside has been further derivatized with a
hydrophilic heptacthylene glycol chain at the 5’-position and a lipophilic chain, i.e. a lipoic acid
residue, at the 3’ position. As already discussed for the previously described nucleolipidic
compounds, the use of a hydrophilic moiety is intended not only to optimize the
“hydrophilic/lipophilic balance” within the hybrid molecule, but also - at a functional level - to
prevent extracellular enzymatic degradation by the reticuloendothelial system. On the other hand,
the lipophilic component of the nucleolipidic Ru(lll)-complex is necessary in our design to ensure
its self-assembly in aqueous solution but also to establish specific interactions with suitable
nanoplatforms, as liposome or niosome structures, which can thus incorporate it giving stable
formulations. If inserted within liposomes, or liposome-coated nanoparticles, the driving force for
the nucleolipid encapsulation is simply based on hydrophobic interactions. In the case of niosomes,
since these are positively charged carriers, their functionalization process is based on electrostatic

attractions with the negatively charged Ru(l1l)-complex (see chapter 5.2).
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Figure 13. Structure of the amphiphilic nucleolipidic Ru(ll)-complex LipThyRu.

As an additional property, the presence of the lipoic acid disulfide bond in LipThyRu can be
exploited to allow its easy immobilization onto gold surfaces, as for instance gold nanoparticles,

thanks to the high affinity of sulfur for gold, forming very stable S-Au covalent bonds.
23



Chapter 2

Thus, this nucleolipidic Ru(lll)-complex, carrying useful decorations which in principle allow their
easy functionalization onto different nanoplatforms, appears as a really versatile tool in the
construction of multifunctional nanosystems.

The decoration with the lipophilic and hydrophilic chains on the sugar hydroxyl moieties was
performed through simple ester bonds, which are easily formed by classical DCC/DMAP activation
of the selected carboxylic acids.'”>*™ These chemical linkages are typically stable in neutral
solutions and in extracellular media, but are rapidly cleaved within the cell by cellular esterases,

releasing the active portion of the molecule.

2.1. Results and discussion

2.1.1. Synthesis and characterization of LipThyRu

The synthesis of target compound LipThyRu was realized by a straightforward and high yielding
strategy based on a well-established chemistry, involving the use of easy-to-handle, commercially

available reagents (Scheme 1).
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Scheme 1. Synthetic procedure for the preparation of the nucleolipidic Ru(l11)-complex LipThyRu.
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Insertion of the pyridine moiety on the thymidine scaffold was achieved by treatment of the
commercially available 5'-O-(4,4'-dimethoxytriphenylmethyl)thymidine 1 with a slight excess of 4-
(bromomethyl)pyridine in DMF in the presence of K,COs as base. In this reaction, the imide N-3 of
thymidine has a relatively acidic proton (pK, ca. 8) and could be easily deprotonated, thus
undergoing a nucleophilic substitution and giving alkylated compound 2 in 59 % isolated yields.
Under the used conditions, the less reactive 3’-hydroxyl of the sugar moiety did not compete in the
alkylation reaction, remaining available for the next coupling step. This group was then coupled
with lipoic acid using DMAP and DCC as condensing agents, affording compound 3 in 77 % yields
after chromatographic purification on a silica gel column. The successive DMT removal realized
under acidic conditions (1 % TCA in CH,CI,) gave compound 4 in almost quantitative yields (99
%). Next, the condensation with the heptaethylene glycol derivative 8 (BnO-HEG acetic acid)
allowed obtaining target nucleolipid 5.

BnO-HEG acetic acid 8 was synthesized starting from hexaethylene glycol (HEG), elaborated into
an acetic acid derivative (Scheme 2), following a straightforward and high yielding procedure. First,
a benzylation to selectively cap one OH group was required: this nucleophilic substitution reaction
was realized using benzyl bromide (in 1:1 ratio with respect to the starting material) and NaH in
THF as solvent, giving alcohol 6 in 65 % vyields. The following treatment with tert-butyl
bromoacetate, in the presence of NaH, provided ester 7 in 86 % isolated yields. After an acid
treatment with formic acid, ester 7 was converted into target carboxylic acid 8 in almost quantitative
yields (98 %), and finally coupled at the 5°-OH end of 4 to give the desired nucleolipid 5. The 5°’-
functionalization was obtained by ester bond formation using the coupling system DCC/DMAP,

affording the target compound in 74 % overall yields after silica gel column purification.

Ho/\/o\/\o/\/o\/\o/\/o\/\OH
l NaH, BnBr, THF, 12 h, r.t.
@AONOV\O/\/O\/\O/\/O\/\OH
6 l NaH, BrCH,COOt-Bu, THF, 12 h, r.t.
O/\/O\/\O/\/O\/\O/\/O\/\O/YO+
; o
| HCOOH, 2, rit.
TSRS
o

8

Scheme 2. Synthetic procedure for the preparation of BnO-HEG acetic acid (Bn = benzyl group).
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The last step was a ligand exchange reaction between nucleolipid 5 and the Na [trans-
RuCl4(DMSO),]  salt prepared in our laboratory following a reported procedure.*®*"" The reaction
was performed at 40 °C using acetone as solvent. After 4 h, TLC monitoring showed the complete
disappearance of the starting materials and the reaction was quenched removing the solvent under
vacuum. Then the crude product, filtered and washed several times with AcOEt, allowed the desired
LipThyRu, recovered in 71 % yields. Following this synthetic procedure, LipThyRu was obtained
in 24 % overall yields for 5 steps.

All the synthetic intermediates and the final nucleolipid have been characterized by *H and *C
NMR spectroscopy, as well as by ESI-MS spectrometry, which in all cases confirmed the identity
and purity of the target compounds. Signals observed in the *H NMR spectrum of LipThyRu
(Figure 14) are particularly diagnostic of the effective complex formation.[®"®! Indeed the presence
of the paramagnetic ruthenium(lIl) ion produces a dramatic upfield shift and a broadening of the
protonic signals of pyridine and dimethyl sulfoxide, found at 6 = -1.8 and ¢ =-12.7 ppm,
respectively. In the ESI-MS spectrum, recorded in the positive ions mode, the molecular ion shows
the expected mass/charge ratio and the characteristic isotopic pattern of ruthenium (Figure 15).
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Figure 14. Upfield region expansion of the *H NMR spectrum of the nucleolipid-based Ru(l11)-
complex LipThyRu [400 MHz, (CD3),CO].
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Figure 15. ESI-MS spectrum (positive ions) of LipThyRu.
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2.1.2. UV-vis studies: absorbance spectra of LipThyRu

In analogy with NAMI-A and AziRu, also the nucleolipidic Ru(lll)-complexes ToThyRu,
HoThyRu, DoHuRu and ToThyCholRu showed limited stability in aqueous solutions. In fact,
formation of green precipitates, in a period going from few hours in phosphate buffers to few days
in pure water, was observed also for these nucleolipidic Ru(lll)-complexes, even if somehow
retarded compared with the “naked” AziRu or NAMI-A. The degradation process was attributable
to the replacement of the ligands of the ruthenium complex by water molecules and/or hydroxide
ions, well known for NAMI-A and related analogs.®1%41051%81 | this frame, also the hydrolysis of
LipThyRu complex has been analysed, by monitoring its UV-vis spectra over time. Indeed, UV-vis
analysis allows detecting the formation of the aqua-complexes, obtained through the exchange of
the chloride or DMSO ligands with water molecules and postulated to be the species effectively
reactive with the in vivo targets, [64108:112.118.125-128.178]

The UV-vis-monitored hydrolysis of the new complex LipThyRu was analysed over time in a saline
buffered solution mimicking the extracellular physiological conditions (10 mM phosphate
buffer/100 mM NaCl pH = 7.3). First of all, the UV-vis spectrum of LipThyRu was recorded
immediately after its dissolution in DMSO at 100 uM final concentration, and compared with those
of AziRu™™ and Na* [trans-RuCly(DMSO),]” (Figure 16).
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Figure 16. Overlapped UV-vis absorption spectra of Na* [trans-RuCl,(DMSO),],, AziRu and
LipThyRu (from samples freshly dissolved at 100 uM concentration in DMSO).

The UV-vis spectrum of LipThyRu showed the characteristic band centred at 410 nm, relative to the
ligand-to-metal charge transfer transition (LMCT) for the Ru—Cl bond, in addition to overlapped
bands in the region 250-350 nm, which can be attributed to the metal, the pyridine portion and the
thymine base contributions. Comparing the UV-vis spectra of LipThyRu and AziRu, the presence
of the same band at ca. 400 nm confirmed the same ligands arrangement around the Ru(l11) nucleus.

27



Chapter 2

Interestingly, this band is slightly blue-shifted with respect to the salt Na* [trans-RuCl,(DMSO),]
precursor of both AziRu and LipThyRu — which presents DMSO as apical ligand in lieu of pyridine.

2.1.3. UV-vis-monitored hydrolysis of LipThyRu in a saline phosphate buffer

The hydrolysis of LipThyRu was monitored by UV-vis analysis over time in a saline phosphate
buffered solution (10 mM phosphate buffer/100 mM NaCl pH = 7.3), mimicking the extracellular
media. The absorption spectra (Figure 17) showed a band centred at 398 nm, attributed to the
LMCT, which gradually diminished over time disappearing in ca. 7 h; concomitantly, a decrease of
the absorption bands in the region between 250-300 nm was observed.

Since the first monitoring hours, an overall raising of the spectrum baseline was observed,
associated with scattering phenomena, probably due to the formation of aggregates, which reached
stability after 4 h (Figure 17).
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Figure 17. Overlapped UV-vis absorption spectra of LipThyRu at 50 uM concentration in the PBS
(saline phosphate buffer) solution, recorded at different times after dissolution (0—24 h). The red
circle indicates the isosbestic point.

In Figure 18 the absorbance evolution over time of AziRu under the same conditions is reported for
comparison, showing its conversion into a species having a maximum at 349 nm (presumably, by
analogy with the hydrolysis of NAMI-A, the mono-aquo complex), successively forming a species
with a maximum at 305 nm (presumably, the di-aquo complex).**”]

In analogy with AziRu, the presence of an isosbestic point is evident in Figure 17 for LipThyRu,
indicating its transformation into another species within 3.5 h; unlike AziRu, in the saline phosphate

buffer LipThyRu was transformed only into the monoaquo-complex and not into a diaquo-complex.
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Figure 18. Overlapped UV-vis absorption spectra of AziRu at 50 uM conc. in the saline buffer
recorded at different times after dissolution (0—45 h). The red circles indicate the isosbestic points.

Reporting the Asgg as a function of time (Figure 19) a half-life time (t1,) of 2.5 h is obtained, almost
3.3 times higher than that observed for AziRu (ty, for AziRu = 45 mint**™). The slower hydrolysis

rate of LipThyRu is a clear evidence of the higher stability of the Ru complex when inserted into a

nucleolipidic carrier. In summary, LipThyRu showed a slower hydrolysis kinetics than AziRu when

analysed in a pseudo-physiological solution, confirming that the presence of the nucleolipid moiety

decorating the Ru(l11)-complex effectively protects it and retards the aquo-species formation.
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Figure 19. Asgg values of LipThyRu as a function of the hydrolysis time in a saline phosphate

buffer.
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3. Synthesis and characterization of novel aminoacyllipidic Ru(lll)-
complexes TUGIuRu and TOTyroRu

In order to expand the repertoire and chemical diversity of available amphiphilic Ru(lll)-
complexes, we moved to the exploration of biocompatible scaffolds alternative to nucleosides to
build novel multifunctional compounds. To this purpose we selected trifunctional a-amino acids to
replace the central core of previously described nucleolipidic Ru(lll)-complexes, however
maintaining the same general design (Figure 9). In fact, these novel aminoacyl derivatives, as their
nucleolipidic congeners, incorporate the active principle - i.e., the Ru(lll)-complex - into
multifunctional scaffolds carrying both hydrophilic and lipophilic portions, in principle able to self-
assemble in water to give stable aggregates, and thus obtain a suitable nanocarrier for in vivo
delivery.

In this optimization process, special attention has been paid to the simplification of the synthetic
schemes, trying to reduce the number of purification steps and increase the overall yields, so to

obtain the target Ru(l11)-complexes in the large amounts required for future in vivo studies.

. Ru-based
drug
Hydrophilic Hydrophilic

IT H
or Lipophilic —0-¢— ﬁ —CH Side Chain 0- or Lipophilic

group group
0

= in vivo cleavable linkage
Figure 20. Schematic representation of the general design exploited for the preparation of
aminoacyllipidic Ru(ll1)-complexes.
These novel molecules, described as aminoacyllipidic Ru(ll1)-complexes, share the general design
represented in Figure 20, characterized by:
e anatural trifunctional o.-amino acid, selected as the central scaffold,;
e a lipophilic group, to induce self-assembly in aqueous solutions and to improve cell uptake of
the final compound through the membrane phospholipidic bilayers;
e atriethylene glycol monomethyl ether residue as hydrophilic group. This decoration — as in the
case of nucleolipidic Ru(lll)-complexes - is expected to optimize the “hydrophilic/lipophilic

[162] preventing extracellular

balance” within the molecule and to increase its circulation time,
chemo-enzymatic degradations. In addition, it is known to have ‘stealth properties’, masking the

attached drug from immune system responses; %]
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e a pyridine-methyl arm, as the active Ru(lll)-complex, inserted through formation of an amide

bond with the aminoacyl core, expectedly stable in vivo.

Following this general design, two aminoacyllipidic Ru(lIl)-complexes, named TUGIuRu and
TOTyroRu (Figure 21) - following the acronym taken from the main motifs present: Triethylene
glycol-Undecenyl-Glutammic acid-Ruthenium salt and Triethylene glycol-Oleyl-Tyrosine-
Ruthenium salt, respectively - have been successfully synthesized and characterized using both

spectroscopic (NMR and UV) and mass spectrometry techniques.
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Figure 21. Structure of the novel amphiphilic aminoacyllipid Ru(l11)-complexes here prepared.

Following a scheme similar to the one exploited for the nucleolipidic Ru(lll)-complexes, we have
functionalized the central scaffold with different lipophilic and hydrophilic residues, inserted
exploiting ester linkages, in vivo cleavable by cellular esterases. The choice of ester bonds as
chemical linkages between the aminoacyl core scaffold and the functional appendage has been
dictated by both synthetic and functional requirements: these groups are typically obtained easily
and in high yields, are stable at neutral pH, but are susceptible of rapid hydrolysis within cells, due
to the action of esterases. These cellular enzymes of the class of hydrolases are capable of cleaving
the ester bonds in a non-specific manner, thus releasing a small molecular weight Ru-complex once
internalized into the cell.

The linker ensuring the attachment of the Ru(lll)-complex is also in this design a pyridine
derivative, selected as chelating ligand given the high affinity of ruthenium for nitrogen, introduced

into the aminoacyl central scaffold through formation of an amide bond, expectedly stable in vivo.
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For the preparation of the new aminoacyllipidic Ru(lll)-complexes, commercially available
derivatives of glutammic acid and tyrosine having the same set of protective groups have been
selected as starting materials, so to handle a similar general synthetic procedure.

In particular, we focused on protective groups selectively removable in an orthogonal manner, i.e.
9-fluorenylmethoxycarbonyl (Fmoc) for the o-NH; group, and tert-butyl (tBu) for the side chain
OH or COOH functions. Fmoc/tBu probably is the most popular “orthogonal” combination of
protecting groups used for trifunctional a-aminoacids, relying on the lability to bases of the a-
amino protecting group Fmoc, and on the lability to acids of the side chain protecting group tBu
ethers/esters. In the Fmoc/tBu strategy, 20 % piperidine in DMF is generally used as the basic
solution to remove the Fmoc group and release the free a-amino group, and 90% TFA to remove
the tert-butyl group in the side chain.

This orthogonal protecting group strategy is well established for the solid phase synthesis of
peptides and peptidomimetics, but can be easily extended to our solution syntheses of novel
aminoacyllipidic derivatives.

In particular, the a-amino acids here selected have a free, unprotected carboxylic acid group, on
which the first functionalization reaction (with a lipophilic or a hydrophilic moiety, respectively in
the case of TUGIuRu and TOTyroRu) could be directly performed. Next, removal of the acid labile
protecting group (tBu) in the side chain allowed performing a coupling of the free COOH or OH
groups with a hydrophilic (for TUGIuRu) or lipophilic (for TOTyroRu) moiety, respectively.
Finally, after deprotection from the base labile Fmoc protecting group, the a-NH, function was
exploited for the labeling with a pyridine-containing linker, necessary for successive Ru(lll)
complexation.

In all the investigated cases, the decorations used for the preparation of the new aminoacyllipidic
Ru(l1l)-complexes are commercially available compounds, which have been used as such, without
further synthetic elaboration before use. For both TUGIuRu and ToTyroRu triethylene glycol
monomethyl ether (TEG-OMe) was used as hydrophilic decoration, already employed in ToThyRu
and ToThyCholRu, for which the ability to self-assemble in water to give stable aggregates has
been well proved. In particular, the TEG-OMe residue was introduced on the free carboxylic group
of Fmoc-protected tyrosine in ToTyroRu and on the side chain carboxylic group of Fmoc-protected
glutamic acid in TUGIuRu. As the lipophilic components, we selected oleic acid for ToTyroRu -
already tested in ToThyRu, HoThyRu and DoHuRu - inserting it on the phenolic OH in the side
chain. In the case of TUGIuRu, we labeled the free carboxylic COOH with 10-undecen-1-ol. This
alcohol has been selected to investigate if, even using a shorter lipophilic chain than that of oleic

acid, stable aggregates in water are still obtained. In addition, this functionalization, carrying a
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terminal alkene, would also allow in principle the coupling with a thiol using a “thiol-ene” click
chemistry strategy.!*”®! Therefore, this type of lipid functionalization could be a powerful strategy to
incorporate aminoacyllipidic Ru-complexes in nanoparticles or lipid-based platforms exposing a
thiol functionality on their surface. This design - which will be explored in future studies - could

improve the conveyance and stability of the drug in physiological environments.

3.1.  Results and discussion

3.1.1. Synthesis and characterization of TUGIuRu

For the preparation of TUGIURu, the first step was the esterification of commercially available
Fmoc-Glu(OtBu)-OH with 10-undecen-1-ol. The reaction was carried out under anhydrous
conditions using a little excess of the starting amino acid with respect to the alcohol. HATU/DIPEA
was selected as the best coupling system!*®! after several attempts with other activation methods
(Scheme 3). Desired compound 9, isolated in 81 % vyields after chromatographic purification on a
silica gel column, was then treated with formic acid to remove the tert-butyl group. The mechanism
of this deprotection is based on the release of the stable tert-butyl cation, which then rearranges
forming isobutylene, a volatile compound which can be easily removed by coevaporating the
reaction mixture with dry CH3CN. The reaction went to completion in 2.5 h and, after this simple
work-up, compound 10 could be recovered as a pure species in almost quantitative yields.
Successively, the COOH group in the side chain of 10 was coupled with TEG-OMe, previously
coevaporated several times with dry CH3CN, using HATU/DIPEA as condensing system under
anhydrous conditions, yielding compound 11 in 66 % vyields after chromatographic purification.
This derivative was then treated with a 10 % piperidine solution in CH3CN to remove the Fmoc
protecting group and release the free a-amino group. Amino diester 12, obtained in almost
quantitative yields from TLC analysis of the reaction mixture, was directly reacted, as a crude, with
4-pyridylacetic acid under dry conditions — using HATU/DIPEA as a coupling system — to obtain
the final aminoacyllipid derivative 13.

Desired compound 13 was obtained in 50 % vyields (calculated for the two steps, i.e. Fmoc removal
and 4-pyridyl acetic acid coupling) after chromatographic purification on a silica gel column. This
compound was not stable in solution and decomposed over time, partially losing the TEG-OMe
residue (probably due to an intramolecular attack of the pyridine ring on the carboxylylate group,
which promotes the detachment of the TEG-OMe residue forming a stable six-atom cyclic
intermediate). Therefore, in order to perform the last reaction, 13 was further purified and then
immediately reacted with the Ru(lll) salt to obtain the final target compound TUGIuRu. The
reaction was performed using a stoichiometric amount of Na’ [trans-RuCly(DMSO),] salt,
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synthesized according to reported proceduresi*®*""! (see paragraph 5). The reaction mixture was
left under stirring at 40 °C. After 30 h, TLC monitoring showed the formation of a new product,
attributed to the desired TUGIuRu, recovered as a pure compound by solvent removal under

reduced pressure (Scheme 3).
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Scheme 3. Synthetic procedure for the preparation of the target aminoacyllipid Ru(lll)-based
complex TUGIuRu.

Following this synthetic scheme, the final aminoacyllipidic Ru(lll)-complex TUGIuRu was
obtained in 6 steps and 27 % overall yields. The characterization of all the synthetic intermediates
and of final TUGIuRu has been carried out by NMR spectroscopy and MS spectrometry, which in
all cases confirmed the identity and purity of the target compounds. The signals observed in the *H
NMR spectrum of TUGIuRu (Figure 22) were particularly diagnostic of the effective complex
formation, with a dramatic upfield shift and a broadening of the protonic signals of pyridine and

dimethyl sulfoxide, found at 6=-0.90 and 6= -9.51 ppm, respectively.
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Figure 22. Upfield region expansion of the *H NMR spectrum of TUGIuRu [400 MHz, (CDs),CO].

The ESI-MS spectrum of TUGIuURu, recorded in positive ions mode, did not show the m/z signal
corresponding to the molecular ion, but clusters of signals with the typical isotopic pattern of
ruthenium were observed. In particular, as shown in Figure 23, the adduct with sodium (M+Na")
was found together with other m/z values attributable to ligand exchange species, i.e. (M-2CI°
+2H,0) and (M-CI'+H,0).
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Figure 23. ESI-TOF (positive ions) mass spectrum of TUGIURu.

3.1.2. Synthesis and characterization of TOTyroRu

The synthetic strategy to obtain the aminoacyllipid Ru(l11)-complex TOTyroRu is similar to the one
previously described to obtain TUGIuURu (see paragraph 3.1.1). The only difference resides in the
functionalization of the phenolic OH group in the side chain, for which the best results were
obtained using a Mitsunobu reaction. '8!

As starting material, the commercially available Fmoc-Tyr(tBu)-OH was selected. Its coupling with
the alcohol TEG-OMe using the system HATU/DIPEA as condensing agent gave desired
compound 14 (Scheme 4), recovered in 96 % yields after column chromatography. The successive

deprotection of the phenol group in the side chain was obtained treating compound 14 with formic
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acid, affording desired compound 15 in almost quantitative yields and in pure form simply
removing the volatile by-product isobutylene through coevaporation with dry CH3CN.

Successively, the deprotected phenol OH of tyrosine was reacted with oleic acid to obtain the
corresponding phenyl ester. First experiments were carried out condensing derivative 15 with oleic
acid in the presence of the system HATU/DIPEA as coupling agent. Nevertheless, this reaction
proved to be troublesome, providing the desired compound only after a prolonged reaction time (48
h) under heating, and in low yields. Unfortunately, also testing different conditions, our attempts did
not result in a significant yield enhancement, due to the low nucleophilicity of phenolic OH groups.
Thus, we were intrigued by the possible application of the Mitsunobu reaction to construct the
desired C-O bond and provide phenyl ester 16. Indeed, various protocols based on the Mitsunobu
reaction*®?! have been developed for the coupling of alcohols with phenols, amines or carboxylic
acids. Hence, we exploited this synthetic strategy, screening a variety of reaction conditions. The
best results were obtained on reacting pure compound 15, oleic acid (1 eq.) and triphenylphosphine
(2 eq.) — previously coevaporated three times with dry CH3CN — in dry THF under stirring at r.t. for
10 min. Then DEAD (2 eq.) was added dropwise and the reaction mixture heated at 65 °C under
argon atmosphere. After 24 h, TLC analysis showed the appearance of a new product in the mixture
and the reaction was quenched by solvent removal in vacuo. The resulting white precipitate of
triphenylphosphine oxide was filtered off and the solution was then purified by column
chromatography, affording desired compound 16 in 38 % vyield. Pure compound 16 was
successively treated with a 10 % piperidine solution in dry CH3CN under argon atmosphere. The
obtained free amine 17 was not isolated, but directly treated with 4-pyridylacetic acid in the
presence of HATU and DIPEA in anhydrous conditions, so to obtain the final aminoacyllipid 18.
After 17 h, TLC monitoring showed the complete disappearance of the starting materials and the
reaction was quenched by taking the mixture to dryness. After work-up, the crude product was
purified by column chromatography. The desired compound 18 was obtained in 54 % yields,

calculated for two subsequent steps, i.e. Fmoc removal and coupling with 4-pyridylacetic acid.
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Scheme 4. Synthetic procedure for the preparation of the target aminoacyllipidic Ru(ll1)-complex
TOTyroRu.

The last step of this synthesis was a ligand exchange reaction with a precursor ruthenium salt,
prepared using reported procedures*®'’7 (see paragraph 5), in which pure compound 18 was
treated with stoichiometric amount of Na* [trans-RuCl;(DMSO),]" at 40 °C for 30 h (Scheme 4).
After solvent removal in vacuo, TOTyroRu was recovered as a pure compound in almost
quantitative yields.

Following this synthetic scheme, the final aminoacyllipid Ru(ll1)-complex TOTyroRu was obtained
in 6 steps and 20 % overall yields. All the synthetic intermediates and the final ruthenium complex
have been characterized by NMR spectroscopy and mass spectrometry. In particular, as already
observed for TUGIURu, the *H NMR spectrum of TOTyroRu (Figure 24) showed broadened
signals, attributable to the presence of the paramagnetic Ru(lll) ion. In addition, a dramatic upfield
shift of the protonic signals of pyridine and DMSO, to 6 = -1.48 ppm, and ¢ = -9.18 ppm,

respectively, was observed, particularly diagnostic of the effective complex formation. 8!
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Figure 24. Upfield region expansion of the *H NMR spectrum of TOTyroRu [400 MHz, CDCl5].

The ESI-MS analysis of TOTyroRu, carried out in the positive ions mode, did not show the m/z
signals corresponding to the target compound. However, a cluster of signals with the typical
isotopic pattern of ruthenium have been observed having m/z values attributable to the ligand
exchange species M-CI'+H,0. (Figure 25). This value is attributable to the aquo-complex of the
desired Ru(lll) derivative, obtained after a single hydrolysis event. This undesired process,
however, can be presumably obtained during the LC-MS experiments, requiring a prolonged
contact with the elution ag. solutions, and appears therefore as a MS artefact rather than an effective

degradation of the target compound.
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Figure 25. ESI-TOF (positive ions) mass spectrum of TOTyroRu.

3.1.3. UV-vis studies: absorbance spectra of TUGIURuU

The solution behaviour of the new complex TUGIuURu was first of all analysed by UV-vis
absorbance. Thus, the UV-vis spectrum of TUGIuRu was recorded at 100 uM concentration in
DMSO, and compared with those of AziRu™" and Na* [trans-RuCl,(DMSO),]" under the same
conditions (Figure 26).
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Figure 26. Overlapped UV-vis absorption spectra of Na* [trans-RuCl,(DMSO),], TUGIuRu and
AziRu (from samples freshly dissolved at 100 uM concentration in DMSO).

The UV-vis spectrum of TUGIuRu showed the characteristic band centred at 411 nm, relative to the
ligand-to-metal charge transfer transition (LMCT) for the Ru—Cl bond, in addition to overlapped
bands in the region 250-350 nm, which can be attributed to the metal, pyridine and thymidine
absorptions. Comparing the UV-vis spectra of TUGIuRu and AziRu, the similarity of the band at ca.
400 nm confirmed the same ligands arrangement around the Ru(l11) core. Interestingly, this band is
slightly blue-shifted with respect to the salt Na" [trans-RuCl4(DMSO),]" — precursor of both AziRu
and TUGIuRu — having DMSO as apical ligand in lieu of pyridine (Figure 26).

3.1.4. UV-vis-monitored hydrolysis of TUGIURu in a saline phosphate buffer

The hydrolysis of TUGIuRu was monitored by UV-vis analysis over time in a saline phosphate
solution buffered at pH = 7.3 so to mimic pseudo-physiological conditions. The absorption spectra
showed a band centred at 392 nm, attributed to the LMCT, which gradually diminished over time
disappearing in ca. 3.5 h (Figure 27). In Figure 18 (paragraph 2.1.3.) the absorbance evolution with
time of AziRu under the same conditions showed its conversion into a species having a maximum at
349 nm (presumably, by analogy with the hydrolysis of NAMI-A, the mono-aquo complex),
successively forming a species with a maximum at 305 nm (presumably, the di-aquo complex). In
the case of TUGIURu, the band at 392 nm gradually decreased over time with the concomitant
emergence of a new band at 347 nm after 1 h, which reached its highest value after 3.5 h and then
started decreasing (Figure 27). Unlike AziRu, in the saline phosphate buffer TUGIuURu was only
transformed into the monoaquo-complex and did not produce a diaguo-complex. A concomitant

decrease of the absorbance intensity in the region 250-300 nm was also observed (Figure 27).
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Figure 27. Overlapped UV-vis absorption spectra of TUGIuRu at 50 uM concentration in the saline
phosphate buffer, recorded at different times after dissolution (0—3.5 h). The red circle indicates
the isosbestic point.

In analogy with AziRu, the presence of an isosbestic point is evident in Figure 27 for TUGIuRu,
indicating its transformation into another species during the initial 3.5 h monitoring. Reporting the
Aasgy as a function of time (Figure 28) a t1, = 105 min is obtained, almost twice higher than observed
for AziRu (ty, for AziRu = 45 min). In the time interval 4-72 h an overall raising of the spectrum
baseline was observed, associated with scattering phenomena due to the probable formation of
aggregates. In summary, TUGIuRu showed a slower hydrolysis kinetics than AziRu when analysed
in a pseudo-physiological solution, confirming that the presence of the aminoacyllipid moiety
decorating the Ru(l11)-complex effectively protects it and retards aquo-species formation.
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Figure 28. Asg, values of TUGIuRu as a function of the hydrolysis time in a phosphate buffer.
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4, Synthesis and characterization of a new Ru(lll)-complex, PySSRu,
carrying a disulfide bridge

In addition to amphiphilic Ru(l1l)-complexes, also a new AziRu analog was here prepared, named
PySSRu, characterized by a disulfide bridge. In analogy with the design chosen for LipThyRu, this
moiety is finalized to anchoring the Ru(lll)-based complex onto gold surfaces (e.g., electrodes) in
order to study the properties and oxidation kinetics of AziRu-like ruthenium derivatives through
combined techniques, including cyclic voltammetry and Raman spectroscopy. The immobilization
onto gold platforms can be realized exploiting the high affinity of sulphur for gold, leading to the
formation of a stable covalent bond.

The synthetic procedure adopted for the preparation of PySSRu employs simple manipulations and
easily available starting materials; with the target PySSRu complex obtained in three reaction steps.
Starting from commercially available 2-(4-pyridinyl)ethanethiol hydrochloride, an acid—base
reaction was first performed to convert the hydrochloride salt into 2-(4-pyridinyl)ethanethiol.
Taking into account the pKa values of the pyridinium ion (pKa ca. 5) and the thiol group (pKa ca.
8-9), addition of a base in stoichiometric amount leads to the deprotonation of the pyridinium ion as

the exclusive event under the experimental conditions tested.

SH
NaOH MeOH 202 K1, MeOH
30 min, r.t. 1 h r.t
NH*

PySH PySSPy

2 )
20 Na*

CI/'F\’: el
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o”? ‘//
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s—s z
2Na*
= X
N N
Cl///,,'E wCl CI///,, E \\\\\C|
RU_ ‘Ru
a” v oY g
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Scheme 5. Synthetic procedure for the preparation of the target compound PySSRu.
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The conversion to the desired 2-(pyridin-4-yl)ethanethiol (here called PySH) was thus obtained by
addition of 1 eq. of NaOH in MeOH according to Scheme 5, monitored by pH measurements until
neutral pH was achieved, indicating that the reaction was complete. Then the solvent was removed
in vacuo and the crude product extracted with CH,CIl,/H,0. The extraction - necessary to remove
NaCl formed during the neutralization reaction - provided pure compound 19 as a yellow oil in 82
% isolated yields.

PySH could not be used for the complexation reaction with the ruthenium salt. Indeed, first of all
thiolates are able to strongly coordinate metal ions (including ruthenium) and form stable transition
metal-thiolate complexes. Then, thiols can reduce Ru(lll) to Ru(ll): experimental evidences
indicated that the reaction between PySH and the precursor ruthenium salt cannot be realized
preserving Ru in its +3 oxidation state. In fact, the reaction mixture immediately turned from dark
red to green, diagnostic of the reduction of Ru(l1l) to Ru(ll). Therefore, it was necessary to convert
first the thiol group of PySH to disulfide, using a reported oxidation procedure,™ involving the
treatment with hydrogen peroxide (30 wt. % in H,O solution) as co-oxidant agent, and potassium
iodide as catalyst (Scheme 5). The desired compound 20 (PySSPy) was recovered in almost
quantitative yields after standard work-up with CH,Cl»/H-0.

The last step (Scheme 5) is the ligand exchange reaction with the precursor ruthenium salt Na*
[trans-RuCl4,(DMSO),]’, prepared using reported procedures.*®*""] After 2 h, TLC analysis showed
the formation of a new product, corresponding to the desired ruthenium complex, with the
concomitant complete disappearance of both the starting materials. PySSRu was recovered in 75 %
yields after solvent removal under reduced pressure and subsequent precipitation/centrifugation

steps from CH,CI; solutions.

™ O O ™=O AONINDLM-EHOO
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Figure 29. 'H NMR spectrum of PySSPy (400 MHz, CDCls).

42



Chapter 2

o o
N < @ =X o<
G 0 %) N o M 10
< < N NGO © 0
- bR NNN M o0
% [ —— I
155 140 125 110 95 85 75 65 55 45 35 25

ppm

Figure 30. *C NMR spectrum of PySSPy (100 MHz, CDCls).

Following this synthetic scheme, the final PySSRu complex was obtained in 3 steps and 62 %
overall yields. The identity of the target compounds was then confirmed by 'H and *C NMR

spectroscopy and mass spectrometry data (Figures 29-32).
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Figure 31. MALDI-TOF spectrum (positive ions) of PySSPy.
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Figure 32. Upfield region expansion of the *H NMR spectrum of PySSRu (400 MHz, DMSO-ds).

In analogy with AziRu and all the nucleolipidic and aminoacyllipidic Ru(ll1)-complexes previously
described, the *H-NMR spectrum of PySSRu was particularly diagnostic of the effective Ru(lll)-
complex formation,®"8 with the protonic signals of pyridine and dimethyl sulfoxide at § = -2.4
and ¢ = -13.0 ppm, respectively (Figure 32). In addition, in the 7-8 ppm region, free protonic signals
of pyridine were not present, demonstrating that the complexation of both pyridine ligands with the
ruthenium ion was quantitative.

As a further spectroscopic characterization, the UV and IR spectra of the synthesized compounds
were recorded. In particular, UV analysis of PySH, PySSPy and final PySSRu complex (Figure 33)
was performed on freshly dissolved samples in CH3CN at 100 uM final concentration. Both PySH

and PySSPy compounds showed a main absorption band centred at 256 nm.

PySH
— PySSPy
— PySSRu

398 nm

200 300 400 500 600
Wavelength [nm)]

Figure 33. Overlapped UV-vis absorption spectra of the compounds indicated in the legend, from
samples freshly dissolved at 100 uM concentration in CH3CN.
On the contrary, the UV-vis absorption spectrum of the final PySSRu complex showed the

characteristic band of Ru(lll) ion at 398 nm - attributable to the ligand-to-metal charge transfer
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transition (LMCT) for the Ru-Cl bond - as well as a band centred at 296 nm, attributed to
Ru(11)!%! as well as to pyridine portions. Comparing the UV-vis spectra of PySSRu and that
reported for AziRu,"! the similarity of their bands at ca. 400 nm confirmed the same ligands

arrangement around the Ru(lll) ion.
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Figure 34. IR spectrum of PySSPy.
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Figure 35. IR spectrum of PySSRu.
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5. Synthesis and characterization of the precursor ruthenium salts
The ruthenium complex Na® [trans-RuCls(DMSO),], or sodium trans-bis(dimethyl sulfoxide)

tetrachlororuthenate(I11), was synthesized using reported procedures!:%+""!

starting from ruthenium
trichloride, as follows.

The commercial hydrated RuCl; was first partially dissolved in DMSO and then 37 % aqueous HCI
was added. The mixture was left at 80 °C under vigorous stirring for 20 min, until complete
dissolution of RuCls. The dense and deep dark solution was then heated at 100 °C for 10 min,
gradually turning colour to bright dark red. After cooling, acetone was added and the solution was
left at 4 °C overnight to favour precipitation. Dark-red crystals were obtained; these were filtered

off, then washed with cold acetone and diethyl ether, and vacuum-dried (Scheme 6).

~g=0 | DMSOH?

RUCL « KO DMSO, HCI 37 % Cl., , \Cl
uClge H, > ' Crystallized f
- - SRUL ystallized from
80 °C - 100 °C ¢ . Ta DMSO/Acetone/Diethyl Ether
30 min S,
o7\ m.p.= 120 °C

lNaCI, EtOH(2.5 % H,0), 20 min, r-t.

(-Séo Na* .
Cl.. , «Cl :
Ru

clI” | al Crystallized from Ethanol
=S
o™\ m.p.= 235 °C

Scheme 6. Synthetic procedure for the preparation of [([DMSO),H]" [trans-[Ru(DMS0Q),Cl,]" (21)
and Na" [trans-RuCl4(DMSO0),] (22) salts starting from commercially available RuCls, as reported
by Attia et al.['%*"1 On the right, pictures of samples of the two salts.

Compound 21, i.e. hydrogen trans-bis(dimethylsulfoxide)tetrachlororuthenate(l11) or [(DMSO),H]*
[trans-[Ru(DMSO),Cl,],, was obtained in 60 % vyields. In this complex, the Ru(lll) ion is
coordinated to four chlorides in equatorial positions and two DMSO molecules — through the sulfur
atom — in apical positions; (DMSO),H" is the cationic counterion.

Afterwards, finely ground [(DMSO),H]" [trans-[Ru(DMSO),Cls]” was dissolved in a mixture of
ethanol and water and then aqueous NaCl solution was added (Scheme 6).

The desired compound rapidly precipitated as light-orange microcrystals, which were filtered,
washed with cold ethanol and diethyl ether, and vacuum-dried. In this reaction a change of

counterion was realized. Compound 22, i.e. Na™ [trans-RuCl,(DMSO),]", obtained in 86 % vyields,
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was used in the synthesis of all Ru(lll)-complexes described before (paragraphs 2 for LipThyRu, 3
for TUGIuRu and TOTyroRu and 4 for PySSRu).

Both Ru(l11)-salts 21 and 22 were characterized using spectroscopic techniques (NMR, UV-vis and
IR) and melting point measurements.

The *H NMR spectra of [(DMSO),H]" [trans-[Ru(DMSO),Cl,] and of Na* [trans-RuCl4(DMSO),]
are shown in Figure 36 and 37, respectively. The paramagnetic Ru(lll) nucleus severely shifts and
broadens the NMR signals of coordinated ligands, not allowing a standard assignment procedure.
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Figure 36. Upfield region expansion of the *H NMR spectrum of compound 21 [400 MHz,
(CDs).CQ].

—-9.37
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)

Figure 37. Upfield region expansion of the 'H NMR spectrum of compound 22 [400 MHz,
(CDs),CO].
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In both H spectra, a characteristic broad peak of the S-coordinated protonic signals of DMSO is
observed in the upfield region, diagnostic of a direct binding to the paramagnetic Ru(lll) ion, in

agreement with literature data®*°®*""181 Furthermore, in Figure 36 the presence of two significant
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signals at positive ¢, related to the cationic counterion (DMSO),H", is evident; interestingly, these
signals disappear in the spectrum of compound 22 (Figure 37), in which Na" is the counterion.
Melting point measurements for 21 and 22 were in good agreement with the values reported in
literature™*"). Indeed, for compound 21 a melting range of 118-121 °C was found. For compound
22, a slow and gradual thermal decomposition was found at high temperatures (>230 °C), in
agreement with literature data (235 °C).

Also FTIR-ATR spectra were performed, obtaining signals in agreement with those reported in
literature*®177 Since the FTIR-ATR spectra of ruthenium salts 21 and 22 were very similar, in

Figure 38 only the spectrum of compound 21 was representatively shown.
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Figure 38. FTIR-ATR spectrum: vibrational frequencies (cm™) for the main absorption band of
compound 21, i.e. [([DMSO),H]" [trans-[Ru(DMS0),Cls]" (8 = deformation; v = stretching; p =
rocking).

[(DMSO),H]" [trans-[Ru(DMSO),Cl,]  and Na* [trans-RuCl,(DMSO),]” were further characterized
by UV-vis spectroscopy. These compounds were analysed as freshly dissolved 100 uM solutions in
DMSO (Figure 39). The UV-vis absorption spectra showed the characteristic band of Ru(l1l) ion at
421 nm, attributable to the ligand-to-metal charge transfer transition (LMCT) for the Ru-Cl bond, as
well as a band centred at 272 nm, which can be attributed to Ru(111).1*%*"1 The strong similarity of
these spectra confirmed for both systems the same arrangement and type of ligands around the

ruthenium atom.
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Figure 39. Overlapped UV-vis absorption spectra of compounds [(DMSO),H] * [trans-
[Ru(DMSO0),Cl,] (21) and Na* [trans-RuCl,(DMSO),] (22), from samples freshly dissolved at 100

uM concentration in DMSO.
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6. Experimental section

e Materials and general methods

All the reagents and solvents were of the highest commercially available quality and were used as
received; where anhydrous conditions were required, coevaporations with dry CH3;CN were
performed before use. All the esterification reactions were carried out in the presence of activated
molecular sieves and under argon atmosphere. TLC analyses were carried out on silica gel plates
from Macherey-Nagel (60, F254). Reaction products on TLC plates were visualized by UV-light
and then by treatment with an oxidant acidic solution (acetic acid / water / sulfuric acid, 10:4:5,
v/v). For the column chromatography purifications, silica gel from Macherey-Nagel (Kieselgel 60,
0.063-0.200 mm) was used.
NMR spectra were recorded on Bruker WM-400, Varian Gemini 200 and Varian Inova 500
spectrometers, as specified. All the chemical shifts (8) are expressed in ppm with respect to the
residual solvent signal both for *H NMR [CDCl; = 7.26 ppm, (CD3),CO = 2.05 ppm, MeOD = 3.31
ppm, DMSO-ds= 2.50 ppm] and *C NMR (CDCl; = 76.9 ppm, MeOD = 49.1 ppm). All the
coupling constants (J) are quoted in Hertz (Hz). Peaks assignments were carried out based on
standard *H-'H COSY and HSQC experiments. The following abbreviations were used to explain
the multiplicities: s = singlet; d = doublet; t = triplet; g = quartet; m = multiplet; b = broad.
In order to easily identify the proton and carbon signals of the compounds, letters and numbers were
assigned to their structures; in particular, in TUGIuRu and TOTyroRu derivatives the Fmoc group
was identified with the letters “a-h” starting from the oxygen of the carbamic group. The side chain
of the amino acid was indicated with progressive numbers starting from the CH-a, to which number
2 was assigned. Then, the lipophilic components (10-undecen-1-ol in TUGIuRuU and oleic acid in
TOTyroRu) were indicated with progressive numbers (1°-11" or 2’-18’, according to the carbon
chain length) starting from the ester oxygen or carbonyl group, respectively. Finally, the numbers
1°-7"* were assigned to the protons and carbons of the hydrophilic residue of TEG-OMe, starting
from the ester oxygen.
For the ESI-MS analyses, a Waters Micromass ZQ instrument - equipped with an Electrospray
source - was used in the positive and/or negative mode.
MALDI-TOF mass spectrometric analyses were performed on a TOF/TOF™ 5800 System in the
positive mode, using 2,5-dihydroxybenzoic acid (DHB) as the matrix. For the deposition on
MALDI plate, the droplet spotting method was used: the sample - 1 pug/uL in CH3CN/MeOH, 7:3
(v/v) - was first deposited on the plate followed by DHB deposition - 10 mg/mL in CH3CN/MeOH,
7:3 (v/v) - and proper mixing before drying the components. The mass spectra were recorded in the
range 100-1000 m/z values.
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LC-MS analyses were performed on an Agilent 6230B TOF LC/MS instrument, equipped with a
1260 Infinity HPLC analytical system with binary pump coupled with a 6230 time of flight mass
spectrometer as detector and an Electrospray source; an Agilent ZORBAX C18 column (1.8 um, 50
x 4.6 mm) for reverse phase liquid chromatography was used. Stock solutions of the samples were
prepared at 2 mg/mL concentration in CH3CN, HPLC grade. The injections were carried out at the
final concentration of 4 ng/uL in CH3CN/H,0 (1:1, v/v), using a flow rate of 0.4 mL/min. Column
elution was performed using H,O (A) and CH3CN (B) as eluents; a gradient elution, starting from 5
% B in A and increasing B to 95 % over 5 min, was followed by an isocratic elution at 95 % B in A
for 3 min. The ESI/TOF-MS was operated in positive and/or negative ion mode (100-1500 m/z
values).

The UV-vis measurements were performed on a JASCO V-530 UV-vis spectrophotometer
equipped with Peltier Thermostat JASCO ETC-505T, by using 1 cm path length cuvette. The
spectra were recorded at r.t. in the range 200-600 nm with a medium response, a scanning speed of
100 nm/min and a 2.0 nm bandwidth with the appropriate baseline subtracted.

All the spectra were averaged over 3 scans and each experiment performed in triplicate. All the
target compounds were analysed from samples freshly dissolved at 100 uM concentration in
CH3CN or DMSO or at 50 uM concentration in a saline buffered solution (10 mM phosphate
buffer/100 mM NaCl pH =7.3).

The analysis of crystals was carried out on Zeiss Axioskop (Optical microscope), equipped with
FP82HT Melting Point Systems used for melting point measurements.

For PySSPy and PySSRu, IR spectra were obtained on a Jasco FTIR-4100 spectrometer in the range
4000-400 cm™. For the ruthenium salts 21 and 22, IR spectra were obtained on a Nicolet 5700 FT-
IR spectrometer. The solid-state spectra were recorded in the range 1500-500 cm™. The following
abbreviations were used: ¢ = deformation; v = stretching; p = rocking; m = medium; w = weak; s =

strong; br = broad.

e Synthesis and characterization of LipThyRu
Synthesis of 3-(4-pyridylmethyl)-5’-O-(4,4'-dimethoxytriphenylmethyl)-thymidine (2)
5’-0-(4,4'-dimethoxytriphenylmethyl)thymidine 1 (121 mg, 0.22 mmol) was dissolved in 8 mL of
dry DMF. K,CO3 (92.0 mg, 0.67 mmol) and 4-(bromomethyl)pyridine hydrobromide (84.2 mg,
0.33 mmol) were then added to the reaction mixture, left at 60 °C under stirring. After 4 d, TLC
analysis indicated the presence of the desired product and the reaction was quenched by removing
the solvent under reduced pressure. First, an extraction CH,Cl,/H,O was performed to remove the

excess reagents. Then, the crude product was purified by chromatography on a silica gel column
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using AcOEt/MeOH (97:3, v/v, containing 2 % of TEA), as eluent, giving desired compound 2 in
59 % yield (82.5 mg, 0.13 mmol).

2: oil. R = 0.7 (AcOEt/MeCOH, 95:5, v/v).

'H NMR (400 MHz, CDCls): 6 8.44 (d, J = 5.2, 2H, 2x Ha Py); 7.56 (s, 1H, H-6); 7.34 (d, J = 7.4,
2H, 2x Hp Py); 7.35-7.25 (overlapped signals, 9H, aromatic protons of DMT); 6.77 (d, J = 8.7, 4H,
4 aromatic protons of DMT), 6.35 (t, J = 7.4 and 6.7, 1H, H-1"; 5.05 (s, 2H, -CH,Py); 4.52 (m, 1H,
H-3"; 4.06 (m, 1H, H-4"); 3.72 [s, 6H, 2x (-OCHg3) of DMT group]; 3.52-3.40 (m, 2H, H,-5"); 2.50-
2.29 (m, 2H, H-2"; 1.43 (s, 3H, CH3-Thy).

C NMR (100 MHz, CDClg): § 163.0 (C-4 Thy); 158.4, 144.0, 133.8, 127.9, 127.0 and 113.2
(aromatic carbons of DMT); 150.8 (C-2 Thy); 149.8 (2x Ca Py); 145.3 (Cy Py); 135.0 (C-6 Thy);
123.4 (2x CB Py); 110.7 (C-5 Thy); 87.0 (quaternary carbon of DMT); 85.0 (C-1); 84.0 (C-4"); 74.8
(C-3"; 63.5 (C-5'); 55.1 [2x (OCHz) of DMT]; 43.4 (-CH,Py); 37.9 (C-2"); 12.2 (CHs-Thy).

Synthesis of 3-(4-pyridylmethyl)-3’-O-lipoyl-5’-O-(4,4'-dimethoxytriphenylmethyl)-
thymidine (3)

Alkylated compound 2 (70.0 mg, 0.11 mmol) was dissolved in 2 mL of dry CH,CI, and then
DMAP (40.0 mg, 0.33 mmol), lipoic acid (34.0 mg, 0.16 mmol) and DCC (68.0 mg, 0.33 mmol)
were sequentially added. After stirring for 2 h at r.t., TLC analysis indicated the complete
disappearance of the starting materials. Thus, the reaction mixture was concentrated under reduced
pressure; the crude product was purified by chromatography on a silica gel column using
CHCI3/MeOH (95:5, v/v, containing 2 % of TEA) as eluent, providing desired compound 3 in 77 %
yield (66.0 mg, 0.08 mmol).

3: oil. Rt = 0.8 (AcOEt/MeOH, 95:5, v/v).

'H NMR (400 MHz, CDCls): 6 8.53 (d, J = 5.2, 2H, 2x Ho Py); 7.67 (s, 1H, H-6); 7.39-7.28
(overlapped signals, 11H, 2x HB Py and 9 aromatic protons of DMT); 6.85 (d, J = 8.7, 4H, 4
aromatic protons of DMT); 6.45 (dd, J = 7.4 and 6.7, 1H, H-1); 5.45 (m, 1H, H-3"); 5.12 (s, 2H, -
CH,Py); 4.11 (m, 1H, H-4%; 3.80 [s, 6H, 2x (-OCH3) of DMT]; 3.58 (m, 1H, CH-S); 3.49 (m, 2H,
H,-5; 3.23-3.11 (m, 2H, CH,-S); 2.50-2.46 (m, 3H, H,-2' and CH,a-CH,-S); 2.35 (t, J = 7.4, 2H, -
CH,-C=0 lipoic residue); 1.95-1.90 (m, 1H, CH,b-CH,-S); 1.73-1.46 (m, 6H, 3x CH; lipoic
residue); 1.42 (s, 3H, CHs-Thy).

3C NMR (100 MHz, CDCls): ¢ 172.6 (C=0 lipoic ester); 163.0 (C-4 Thy); 158.6, 133.8, 129.9,
127.9, 127.8, 127.0 and 113.2 (aromatic carbons of DMT); 150.8 (C-2 Thy); 149.8 (2x Ca Py);
145.3 (Cy Py); 135.1 (C-6 Thy); 123.3 (2x CB Py); 110.7 (C-5 Thy); 87.0 (quaternary carbon of
DMT); 85.0 (C-1'); 83.9 (C-4"); 75.0 (C-3"); 63.5 (C-5); 56.1 (CH-S); 55.1 [2x (OCHj3) of DMT];
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43.4 (-CH,Py); 40.0 (CH,-S); 38.3 (CH2-C=0 lipoic residue); 37.9 (C-2; 34.7, 28.5, 26.1, 24.5
(overlapped signals, 4 aliphatic carbons of lipoic residue); 12.2 (CH3-Thy).
ESI-MS (positive ions): calculated for C45H49N30sS,, 823.3; found m/z: 862.49 [M+K™].

Synthesis of 3-(4-pyridylmethyl)-3°-O-lipoyl-thymidine (4)

Compound 3 (237 mg, 0.29 mmol) was dissolved in 2 mL of a 1 % TCA solution in CH,Cl,. Upon
addition of the acid, the reaction mixture acquired an intense yellow-orange colour, typical of the
trityl cation, and was left under stirring at r.t.. After 1 h, TLC monitoring showed the complete
disappearance of the starting compound. Thus the reaction was quenched by adding few drops of
MeOH until complete decoloration, and finally TEA was added to neutralize the solution. Then the
reaction mixture was concentrated in vacuo and purified by chromatography on a silica gel column
eluted with CHCI3/MeOH (99:1, v/v), giving the desired compound 4 in almost quantitative yields
(155 mg, 0.29 mmol).

4: yellow oil. Rf = 0.4 (CHCI3/MeOH, 95:5, v/v).

'H NMR (400 MHz, CDCl3,): 6 8.52 (d, J = 5.2, 2H, 2x Ha Py); 7.65 (s, 1H, H-6); 7.35 (d, 2H, 2x
Hp Py); 6.34 (dd, J = 7.4 and 6.7, 1H, H-1); 5.37 (m, 1H, H-3"); 5.12 (s, 2H, -CH,Py); 4.10 (m, 1H,
H-4"; 3.93 (m, 2H, H,-5"); 3.59 (m, 1H, CH-S); 3.22-3.12 (m, 2H, CH,-S); 2.48 (m, 1H, CHza-
CH,-S); 2.40-2.32 (m, 4H, H,-2', CH,-C=0 lipoic residue); 1.92 (m, 1H, CH,b-CH,-S); 1.68 (m,
4H, 2x CH;, lipoic residue); 1.49 (m, 2H, CH,-CH-S); 1.42 (s, 3H, CH3-Thy).

3C NMR (100 MHz, CDCls): § 171.9 (C=0 lipoic ester); 164.5.0 (C-4 Thy); 148.7 (2x Ca Py);
144.5 (C-2 Thy); 133.7 (Cy Py); 122.3 (2x CB Py); 113.7 (C-6 Thy); 109.4 (C-5 Thy); 85.2 (C-1Y);
84.2 (C-4Y); 73.7 (C-3"; 61.3 (C-5; 56.1(CH-S); 43.4 (-CH,Py); 40.1 (CH,-S); 38.3 (CH,-C=0
lipoic residue); 37.9 (C-2); 34.7-24.5 (overlapped signals, 4 aliphatic carbons of lipoic residue);
12.2 (CHs-Thy).

ESI-MS (positive ions): calculated for CysH31N306S,, 521.17; found m/z: 522.34 [M+H']; 972.38
[M+K].

Synthesis of 3-(4-pyridylmethyl)-3’-O-lipoyl-5’-O-(benzyloxy)hexaethylene glycol acetyl-
thymidine (5)

To compound 4 (35.0 mg, 0.07 mmol), dissolved in 1 mL of dry CH,Cl,, DMAP (16.4 mg, 0.13
mmol), BnO-HEG acetic acid 8 (43.0 mg, 0.10 mmol) and DCC (28.0 mg, 0.14 mmol) were
sequentially added, and the resulting reaction mixture was left under stirring at r.t.. After 1 h TLC

analysis indicated the formation of a new product, so the solvent was removed under reduced
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pressure and the crude product was purified by chromatography on a silica gel column eluted with
CHCI3/MeOH (95:5, v/v), giving the desired compound 5 in 74 % yield (48.4 mg, 0.05 mmol).

5: 0il. Ry = 0.8 (CHCI3/MeOH, 9:1, v/v).

'H NMR (400 MHz, CDCls): 6 8.51 (d, J = 5.2, 2H, 2x Ha Py); 7.30-7.26 (overlapped signals, 8H,
H-6, 2x HB Py and 5 aromatic protons of Bn); 6.34 (dd, J =7.4 and 6.7, 1H, H-1"; 5.15 (m, 1H, H-
3"); 5.08 (s, 2H, -CH,Py); 4.48 (s, 2H, -CH,Ph); 4.41 (m, 2H, H,-5"); 4.21-4.12 (overlapped signals,
3H, H-4" and -OCH,COO0-C5”); 3.72-3.57 [overlapped signals, 25H, 6x (-O-CH,-CH,-O-) and CH-
S]; 3.23-3.15 (m, 2H, CH,-S); 2.37-2.32 (overlapped signals, 5H, H,-2', CH,-C=0 lipoic residue
and CHa-CH>-S); 1.92 (s, 3H, CHs-Thy); 1.90 (m, 1H, CH,b-CH,-S); 1.65 (m, 4H, 2x CH; lipoic
residue); 1.45 (m, 2H, CH,-CH-S lipoic residue).

3C NMR (100 MHz, CDCls): § 171.7 (C=0 lipoic ester); 168.7 (C=0O HEG ester); 163.0 (C-4
Thy); 149.7 (C-2 Thy); 148.8 (2x Ca Py); 144.2 (Cy Py); 137.0 (quaternary carbon of Bn); 132.4
(C-6 Thy); 127.2, 126.4 (aromatic carbons of Bn); 122.3 (2x CB Py); 109.7 (C-5 Thy); 84.4 (C-1";
80.9 (C-4Y; 73.2 (C-3Y); 72.1 (-CH,Ph); 70.0, 69.4 (O-CH,-CH,-OHEG); 68.3 (-OCH,COO0-C5);
63.0 (C-5"; 55.1(CH-S); 42.5 (-CH2Py); 49.1 (CH,-S); 37.3 (CH»-C=0 lipoic residue); 35.9 (C-2";
33.4-23.3 (overlapped signals, 4 aliphatic carbons of lipoic residue); 12.1 (CHs-Thy).

ESI-MS (positive ions): calculated for CssHg3sN3014S,, 933.38; found m/z: 935.28 [M+H"]; 972.38
[M+K™].

Synthesis of LipThyRu

Nucleolipid 5 (46.0 mg, 0.05 mmol) was dissolved in 2.5 mL of acetone and then Na* [trans-
RuCl4(DMSO),]" (21.0 mg, 0.05 mmol) was added under stirring at 40 °C. After 4 h the reaction,
monitored via TLC, indicated the complete disappearance of both starting products and the
concomitant formation of a more polar product. After removing the solvent under reduced pressure,
the obtained solid was exhaustively washed with AcOEt, able to solubilize only the target complex
LipThyRu, which was thus recovered in 71 % isolated yields as a pure compound (45.4 mg, 0.03
mmol).

LipThyRu: yellow oil. Rf = 0.3 (CHCI3/MeCQOH, 9:1 v/v).

'H NMR [400 MHz, (CD3),CO]: significant signals at § -1.75 (very broad signal, Py protons); -12.7
(very broad signal, CH3 of DMSO).

ESI-MS (positive ions): calculated for C47HgeClsN3NaO1sRuS;", 1276.16; found m/z: 1255.22 [(M-
Na*)+2H"].
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e Synthesis and characterization of BnO-HEG acetic acid
Synthesis of (monobenzyloxy)hexaethylene glycol (6)
Hexaethylene glycol (2.0 g, 7.10 mmol) was dissolved in 8 mL of dry THF and NaH 60 % p.p. (170
mg, 4.25 mmol) and then benzylbromide (3.37 mL, 22.8 mmol) were sequentially added. The
reaction mixture was stirred at r.t. for 12 h, then MeOH (1 mL) was added and the solvent removed
in vacuo. The crude product was dissolved in CHCI3, filtered on celite and then purified by
chromatography on a silica gel column using AcCOEt/MeOH (9:1, v/v) as eluent, yielding the
desired compound 6 in 65 % vyields (1.7 g, 4.60 mmol).
6: oil. Rf = 0.5 (AcOEt/MeOH, 9:1, v/v).
'H NMR (200 MHz, CDCls): 6 7.34-7.33 (overlapped signals, 5H, aromatic protons of Bn); 4.56 (s,
2H, -CH,Ph); 3.66-3.60 [overlapped signals, 24H, 6x (-O-CH,-CH,-O-)].
3C NMR (50 MHz, CDCl3): ¢ 138.2, 128.3, 127.7 and 127.6 (aromatic carbons); 73.2 (-CH,Ph);
72.5,70.6, 70.2 and 69.4 [5x (-O-CH,-CH;-0-) and (-O-CH,-CH,-OH)]; 61.7 (O-CH,- CH,-OH).
ESI-MS (positive ions): calculated for C1gH3,07, 372.2; found m/z: 373.2 [M+H"]; 395.1 [M+Na'].

Synthesis of tert-butyl (monobenzyloxy)hexaethylene glycol acetate (7)

Alcohol 6 (155 mg, 0.42 mmol) was dissolved in 1 mL of dry THF and NaH 60 % p.p. (33.0 mg,
0.83 mmol) and tert-butyl bromoacetate (154 uL, 1.01 mmol) were sequentially added. The reaction
mixture was stirred at r.t. for 12 h, then few drops of MeOH were added and the solvent removed in
vacuo. The crude product was dissolved in CHCIs, filtered on celite and then purified by
chromatography on a silica gel column eluted with AcOEt, yielding the desired compound 7 in 86
% yields (175 mg, 0.36 mmol).

7: 0il. Ry = 0.6 (AcOEt/MeOH, 95:5, v/v).

'H NMR (200 MHz, CDCls): 6 7.34-7.32 (overlapped signals, 5H, aromatic protons); 4.56 [s, 2H, -
CH,Ph]; 4.01 (s, 2H, -CH,COQO tert-butyl); 3.69-3.64 [overlapped signals, 24H, 6x (-OCH,-CH,-
0-)]; 1.46 [s, 9H, 3x (CHa tert-butyl)].

3C NMR (50 MHz, CDCls): 6 169.6 (C=0); 138.3, 128.3, 127.7 and 127.5 (aromatic carbons of
Bn); 81.4 (quaternary carbon of tert-butyl); 73.2 (-CH,Ph); 70.6 and 69.4 [6x (-O-CH,-CH,-O-)];
69.0 (-CH,COO-t-Bu); 28.1 [3x (CHg tert-butyl)].

ESI-MS (positive ions): calculated for CosH4,0, 486.3; found m/z: 509.2 [M+Na']; 525.2 [M+K™].
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Synthesis of (monobenzyloxy)hexaethylene glycol acetic acid (8)

Ester 7 (95.0 mg, 0.19 mmol) was dissolved in 1.5 mL of HCOOH and stirred at r.t. for 2 h. The
solvent was then removed in vacuo and the residue was coevaporated three times with CHCl3 (3 x 3
mL), yielding the desired compound 8 in almost quantitative yields (82.0 mg, 0.19 mmol).

8: oil. Rf= 0.2 (AcOEt/MeOH, 95:5, v/v).

'H NMR (200 MHz, MeOD): ¢ 7.36-7.33 (overlapped signals, 5H, aromatic protons); 4.55 [s, 2H, -
CH,Ph]; 4.12 (s, 2H, -CH,COOQOH); 3.66-3.62 [overlapped signals, 24H, 6x (-O-CH,-CH»-0-)].

3C NMR (50 MHz, MeOD): § 174.0 (C=0); 139.7, 129.4, 129.0 and 128.7 (aromatic carbons);
74.1 (-CH,Ph); 71.7, 71.6 and 70.6 [6X (-O-CH,-CH,-0O-)]; 69.1 (-CH,COOQOH).

ESI-MS (positive ions): calculated for Cy;H340g, 430.2; found m/z: 431.1 [M+H"]; 453.1 [M+Na'];
459.1 [M+K™].

e Synthesis and characterization of TUGIURu
Synthesis of 2-[(9H-fluoren-9-yl) methoxy] carbonylamino, 5-tert-butyl, 1-undec-10-enyl
pentanedioate (9)
Commercially available Fmoc-Glu(OtBu)-OH (300 mg, 0.71 mmol) was dissolved in 2.0 mL of dry
DMF and then HATU (402 mg, 1.06 mmol), DIPEA (246 pL, 1.41 mmol) and 10-undecen-1-ol (80
uL, 0.42 mmol) were sequentially added. The reaction mixture was stirred at r.t. under argon
atmosphere. After 4 h, TLC analysis indicated the presence of one main product in the reaction
mixture and the complete disappearance of the starting alcohol. The solvent was removed in vacuo
and the residue filtered and washed with CH,Cl,. The crude product was purified by
chromatography on a silica gel column eluted with CH,CI, containing 2 % of TEA (v/v). The
desired compound 9 was obtained in 81 % vyields (199 mg, 0.34 mmol).
9: yellow oil. R = 0.7 (n-hexane/acetone, 8:2, v/v).
'H NMR (400 MHz, CDCls): 6 7.75 (d, J = 7.5 Hz, 2H, CH-d Fmoc); 7.59 (t, J = 6.4 and 4.0 Hz,
2H, CH-e Fmoc); 7.38 (t, J = 7.4 Hz, 2H, CH-f Fmoc); 7.30 (t, J = 7.4 Hz, 2H, CH-g Fmoc); 5.85-
5.75 (m, 1H, CH-10%); 5.62 (bd, J = 8.0 Hz, 1H, NH); 4.96-4.91 (m, 2H, CH,-11"); 4.43-4.36
(overlapped signals, 3H, CH,-a Fmoc and CH a); 4.21 (t, J = 7.0 Hz, 1H, CH-b Fmoc); 4.14 (t, J =
6.6 Hz, 2H, CH,-1"); 2.36-2.25 (m, 2H, CH,-4); 2.20-2.14 (m, 1H, CH-3a); 2.04-2.00 (m, 2H, CH,-
9”); 1.99-1.93 (m, 1H, CH-3b); 1.63-1.51 (m, 2H, CH,-2’); 1.45 (s, 9H, tBu); 1.28 (overlapped
signals, 12H, 6x CH»-3",4°,5°,6’,7°, 8").
3C NMR (50 MHz, CDCls): 6 172.0 (overlapped signals, 2x C=0 undecenyl ester and COOtBuU);
155.9 (C=0ONH); 143.8, 143.7 (CH-c Fmoc); 141.3 (overlapped signals, CH-h Fmoc); 139.2 (CH-
10%); 127.7 (CH-d Fmoc); 127.0 (CH-g Fmoc); 125.1 (CH-e Fmoc); 119.9 (CH-f Fmoc); 114.1
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(CH2-11"); 80.8 (quaternary carbon of tBu); 67.0 (CH;-a Fmoc); 65.8 (CH,-1"); 53.5 (CH «a); 47.1
(CH-b Fmoc); 33.8 (CH2-9%); 32.4 (CH,-2"); 31.4 (CH,-4); 29.4 (3x CH3 of tBu); 29.1, 28.9, 28.5,
28.0 (overlapped signals, 5x CH,-4’, 5°, 6, 77, 8°); 27.6 (CH,-3); 25.8 (CH-3").

MALDI-MS (positive ions): calculated for CssHssNOg, 577.34; found m/z: 600.25 [M+Na'];
616.22 [M+K™].

Synthesis of 4-[(9H-fluoren-9-yl) methoxy] carbonylamino-pentandioic acid, 5-(undec-10-enyl)
mono ester (10)

Compound 9 (105 mg, 0.18 mmol) was dissolved in 1.0 mL of formic acid and the reaction mixture
was stirred at r.t. for 2.5 h. Formic acid was then removed in vacuo and the resulting residue was
coevaporated three times with dry CH3CN (3 x 5 mL), yielding the desired compound 10 in almost
quantitative yields (95.2 mg, 0.18 mmol).

10: pale yellow oil. R¢ = 0.3 (n-hexane/acetone, 8:2, v/v); 0.4 (CH,CI,).

'H NMR (400 MHz, CDCls): 6 7.75 (d, J = 7.5 Hz, 2H, CH-d Fmoc); 7.59 (d, J = 7.0, 2H, CH-e
Fmoc); 7.39 (t, J = 7.4 and 7.5 Hz, 2H, CH-f Fmoc); 7.30 (t, J = 7.4 Hz, 2H, CH-g Fmoc); 5.84-
5.77 (m, 1H, CH-10"); 5.55 (bd, J = 8.0 Hz, 1H, NH);5.02-4.92 (m, 2H, CH,-11"); 4.44-4.37
overlapped signals, 3H, CH,-a Fmoc and CH a); 4.21 (t, J = 6.8 and 6.9 Hz, 1H, CH-b Fmoc); 4.14
(t, J =4.0 and 8.0 Hz, 2H, CH;-17); 2.50-2.41 (m, 2H, CH,-4); 2.25-2.20 (m, 1H, CH-3a); 2.06-
1.95 (overlapped signals, 3H, CH,-9’ and CH-3b); 1.63-1.61 (m, 2H, CH,-2’); 1.37-1.22
(overlapped signals, 12H, 6x CH,-3°,4°,5°, 6, 7°, 8°).

3C NMR (50 MHz, CDCls): 6 177.3 (COOH); 171.8 (C=O undecenyl ester); 155.9 (C=ONH);
143.7, 143.6 (CH-c Fmoc); 141.2 (overlapped signals, CH-h Fmoc); 139.1 (CH-10"); 127.7 (CH-d
Fmoc); 126.9 (CH-g Fmoc); 124.9 (CH-e Fmoc); 119.9 (CH-f Fmoc); 114.1 (CH,-117); 67.0 (CH,-
a Fmoc); 65.9 (CH-1"); 53.1 (CH «); 47.1 (CH-b Fmoc); 33.7 (CH2-9); 29.7 (CH-2"); 29.3, 29.0,
28.9, 28.8 (overlapped signals, 5x CH»-4’, 5°, 6°, 7°, 8”); 28.5 (CH2-4); 27.5 (CH;-3); 25.6 (CH,-
3%).

MALDI-MS (positive ions): calculated for CzHsgNOg, 521.28; found m/z: 544.18 [M+Na'];
560.15 [M+K™].

Synthesis of 5-{2-[2-(2-methoxyethoxy)ethoxy]ethyl}, 1-undec-10-enyl, 2-(9H-fluoren-9-

yl)methoxycarbonylamino-pentanedioate (11)

Compound 10 (17.7 mg, 0.03 mmol) was dissolved in 0.7 mL of dry DMF and then HATU (19.4

mg, 0.05 mmol), DIPEA (11.8 uL, 0.07 mmol) and triethylene glycol monomethyl ether (6.52 pL,

0.04 mmol) - previously coevaporated three times with dry CH3CN (3 x 5 mL) - were sequentially
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added. The reaction mixture was left at r.t. under stirring and argon atmosphere. After 18 h, TLC
analysis indicated the appearance of a new product. The reaction was quenched by removing the
solvent under reduced pressure; the resulting crude was filtered and washed several times with
CHCl,. Finally, it was purified by chromatography on a silica gel column using n-hexane/acetone
(8:2, viv) as eluent, which provided pure compound 11 with 66 % yields (13.8 mg, 0.02 mmol).

11: oil. Rf = 0.6 (n-hexane/acetone, 7:3, v/v).

'H NMR (400 MHz, CDCls): 6 7.76 (d, J = 8.0 Hz, 2H, CH-d Fmoc); 7.60 (bd, J = 4.0, 2H, CH-e
Fmoc); 7.40 (t, J = 8.0, 2H, CH-f Fmoc); 7.31 (t, J = 7.3 and 7.1 Hz , 2H, CH-g Fmoc); 5.85-5.75
(m, 1H, CH-10"); 5.50 (d, J = 8.0 Hz, 1H, NH); 5.01-4.91 (m, 2H, CH,-11"); 4.42-4.37 (overlapped
signals, 3H, CH,-a Fmoc and CH «); 4.24-4.20 (overlapped signals, 3H, CH-b Fmoc and CH,-1"’);
4.14 (bt, J = 4.6 and 6.7 Hz, 2H, CH,-1"); 3.68 (t, J = 4.8 and 4.7 Hz, CH,-2"’); 3.64-3.52
(overlapped signals, 8H, 4x CH,-3"’, 4>°, 5°°,6"); 3.36 (s, 3H, OCHj3); 2.47-2.39 (m, 2H, CH,-4);
2.23-2.21 (m, 1H, CH-3a); 2.05-2.00 (overlapped signals, 3H, CH,-9’ and CH-3b); 1.65-1.58 (m,
2H, CH,-2%); 1.36-1.27 (overlapped signals, 12H, 6x CH»-3,4°,5°,6°, 7, 8°).

3C NMR (100 MHz, CDCls): 6 172.4 (C=0 TEG ester); 171.7 (C=0 undecenyl ester); 155.8
(C=ONH); 143.7, 143.6 (CH-c Fmoc); 141.2 (overlapped signals, CH-h Fmoc); 139.0 (CH-10");
127.5 (CH-d Fmoc); 126.9 (CH-g Fmoc); 124.9 (CH-e Fmoc); 119.8 (CH-f Fmoc); 114.0 (CH,-
117); 71.8, 70.4, 68.9 (overlapped signals, 5x CH,-2"’, 3°°, 4*, 5, 6"); 67.0 (CH,-a Fmoc); 65.7
(CH2-17); 63.6 (CH,-1""); 58.8 (OCHg); 53.3 (CH a); 47.1 (CH-b Fmoc); 33.6 (CH2-9”); 30.1 (CH-
4); 29.2, 29.0, 28.9, 28.7, 28.4 (overlapped signals, 6x CH,-2’,4’, 5%, 6°, 7°, 8”); 27.5 (CH,-3); 25.6
(CH2-3%).

MALDI-MS (positive ions): calculated for CzgHssNOo, 667.37; found m/z: 690.27 [M+Na'];
706.24 [M+K™].

Synthesis of 5-{2-[2-(2-methoxyethoxy)ethoxy]ethyl}, 1-undec-10-enyl, 2-aminopentanedioate
(12)

Isolated product 11 (42.7 mg, 0.06 mmol) was dissolved in 1.0 mL of a 10 % piperidine solution in
CH3CN. After 20 min under stirring at r.t.,, TLC analysis indicated the complete removal of the
Fmoc group. Then the solvent was removed in vacuo and the residue was coevaporated three times
with dry CH3CN (3 x 5 mL), obtaining the desired compound in almost quantitative yields (28.5
mg, 0.06 mmol). Derivative 12 was not isolated, but directly reacted to obtain the final

aminoacyllipidic scaffold.
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Synthesis of 5-{2-[2-(2-methoxyethoxy)ethoxy]ethyl}, 1-undec-10-enyl, 2-(2-(pyridin-4-
yl)acetamido)pentanedioate (13)

Crude product 12 (35.4 mg, 0.08 mmol) was dissolved in 1.0 mL of dry DMF and then HATU (45.0
mg, 0.12 mmol), DIPEA (27.5 uL, 0.16 mmol) and 4-pyridylacetic acid hydrochloride (13.7 mg,
0.08 mmol) were sequentially added. The reaction mixture was left under stirring and argon
atmosphere at r.t.. After 5 h, TLC monitoring indicated the formation of a new compound and the
reaction was quenched by removing the solvent in vacuo. The resulting crude was filtered, washed
with CH,CI, and purified by chromatography on a silica gel column eluted with n-hexane/acetone
(3:2, v/v). The desired product 13 was obtained in 50 % yields (20.0 mg, 0.04 mmol), calculated for
two steps starting from pure 11.

13: oil. R = 0.7 (CH,Cl,/MeOH, 93:7, v/v).

'H NMR (400 MHz, CDCl3): 6 8.64 (bd, J = 17.8 Hz, 2H, 2x Ha. Py); 7.65 (bd, J = 4.3 Hz, 2H, 2x
Hp Py); 7.14 (d, J = 7.5 Hz, 1H, NH); 5.83-5.76 (m, 1H, CH-10"); 5.00-4.90 (m, 2H, CH,-11);
4.59-4.54 (m, 1H, CH «); 4.26-4.08 (overlapped signals, 4H, CH,.1”’ and CH»-1"); 3.76 (s, 2H, -
CH,Py); 3.69-3.62 (overlapped signals, 10H, 5x CH,-2"’, 3°°, 4, 5°°, 6°"); 3.34 (s, 3H, OCHj3);
2.47-2.33 (m, 2H, CH,-4); 2.25-2.17 (m, 1H, CH-3a); 2.08-2.02 (overlapped signals, 3H, CH,-9’
and CH-3b); 1.63-1.60 (m, 2H, CH»-2"); 1.36-1.25 (overlapped signals, 12H, 6x CH,-3’, 4°, 5°, 6°,
7°,8%).

3C NMR (100 MHz, CDCls): § 172.7 (C=0 TEG ester); 171.4 (C=0 undecenyl ester); 168.1
(C=ONH); 150.3 (Cy Py); 144.8 (2x Co. Py); 139.0 (CH-10"); 126.4 (2x CB Py); 114.0 (CH,-11");
71.8, 70.4, 68.9 (overlapped signals, 5x CH,-2"’, 37, 4>, 5, 6”’); 65.8 (CH,-17); 63.6 (CH,-1"");
58.8 (OCHj3); 52.2 (CH av); 42.2 (-CH3Py); 33.6 (CH2-9%); 30.3 (CH,-4); 29.5, 29.3, 29.0, 28.9, 28.7
(overlapped signals, 6x CH-2’,4°,5°, 6, 7°, 8”); 26.6 (CH,-3); 25.6 (CH,-3").

MALDI-MS (positive ions): calculated for CsoHsgN2Og, 564.34; found m/z: 587.24 [M+Na'];
603.21 [M+K™].

Synthesis of TUGIURu
Aminoacyllipid 13 (2.40 mg, 4.22 umol) was dissolved in 750 pL of dry CH,Cl, and then Na*
[trans-RuCl4(DMSO0),] (1.78 mg, 4.22 umol) was added. The reaction mixture was stirred at 40 °C.
After 30 h the reaction, monitored via TLC, indicated the complete disappearance of both starting
products and the formation of a new product, attributed to the desired ruthenium complex,
recovered - by simple solvent removal under reduced pressure - in almost quantitative yields (3.82
mg, 4.22 umol).
TUGIuRu: orange powder: Rs = 0.3 (CH,CIl,/MeOH, 93:7, v/v).
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'H NMR [400 MHz, (CD3),CO]: significant signals at  -0.90 (very broad signal, Py protons); -9.51
(very broad signal, CH3; DMSO).

LC-MS (positive ions): calculated for Cs,Hs4CI4N2NaOgRuUS™, 907.12; found m/z (tgr = 6.89 min):
874.15 [M-CI'+H"]; 890.12 [M-CI'+H,0]; 931.15 [M+Na"].

e Synthesis and characterization of TOTyroRu
Synthesis of 2-[2-(2-methoxyethoxy)ethoxy]ethyl, 2-[(9H-fluoren-9-yl)methoxy
carbonyl]amino-3-(4-(tert-butoxy)phenyl)propanoate (14)
Commercially available Fmoc-Tyr(tBu)-OH (117 mg, 0.25 mmol) was dissolved in 1.5 mL of dry
DMF and then HATU (145 mg, 0.38 mmol), DIPEA (88.5 uL, 0.51 mmol) and triethylene glycol
monomethyl ether (122 uL, 0.76 mmol) - previously coevaporated three times with dry CH3CN (3 x
5 mL) - were sequentially added. The reaction mixture was left at r.t. under stirring and argon
atmosphere. After 3 h, TLC monitoring indicated the presence of a new product in the reaction
mixture and the complete disappearance of the starting amino acid. Then the solvent was removed
in vacuo and the residue was filtered and washed with CH,Cl,; the crude product was purified by
chromatography on a silica gel column eluted with CH,Cl,/MeOH (95:5, v/v) containing 2 % of
TEA (v/v). The desired compound 14 was obtained in 96 % yields (146 mg, 0.24 mmol).
14: yellow oil. R = 0.7 (CH,CIl,/MeOH, 98:2, v/v).
'H NMR (400 MHz, CDCls): 6 7.76 (d, J = 7.4 Hz, 2H, CH-d Fmoc); 7.56 (bd, J = 6.2 Hz, 2H,
CH-e Fmoc); 7.39 (t, J = 7.3 Hz, 2H, CH-f Fmoc); 7.31 (t, J = 7.3 and 7.1 Hz, 2H, CH-g Fmoc);
7.01 (d, J = 7.7 Hz, 2H, CH-5 Ph); 6.88 (d, J = 7.6 Hz, 2H, CH-6 Ph): 5.35 (bd, J = 7.8 Hz, 1H,
NH); 4.66 (m, 1H, CH «); 4.45-4.31 (m, 2H, CH,-a Fmoc); 4.27 (m, 2H, CH-1""); 4.20 (t, J = 6.9
and 6.6 Hz, 1H, CH-b Fmoc); 3.74-3.52 (overlapped signals, 10H, 5x CH,-2"’, 3”’, 4°, 5, 6”°);
3.34 (s, 3H, OCHj3); 3.11-3.07 (m, 2H, CH,-3); 1.31 (s, 9H, tBu).
3C NMR (100 MHz, CDCls): ¢ 171.3 (C=0 TEG ester); 155.4 (C=ONH); 154.3 (quaternary
carbon 7 of Ph); 143.7, 143.6 (CH-c Fmoc); 141.2 (overlapped signals, CH-h Fmoc); 130.3
(quaternary carbon 4 of Ph); 129.7 (CH-5 Ph); 127.6 (CH-d Fmoc); 126.9 (CH-g Fmoc); 124.9
(CH-e Fmoc); 123.9 (CH-6 Ph); 119.8 (CH-f Fmoc); 78.2 (quaternary carbon of tBu); 72.3 (CH»-
2°%); 71.7 (CH2-6"); 70.5, 70.4, 70.3 (overlapped signals, 3x CH»-3"*,4"°, 5°"); 68.6 (CH,-a Fmoc);
64.3 (CH2-1""); 61.6 (OCHg); 58.8 (CH a); 47.0 (CH-b Fmoc); 38.5 (CH,-3); 28.6 (3x CHj of tBu).
LC-MS (positive ions): calculated for C3sH43NOg, 605.30; found m/z (tg = 9.37 min, C18 column):
606.37 [M+H], 628.37 [M+Na']; 644.32 [M+K].
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Synthesis of 2-[2-(2-methoxyethoxy)ethoxy]ethyl, 2-[(9H-fluoren-9-yl)methoxy carbonyl]
amino)-3-(4-hydroxyphenyl)propanoate (15)

Compound 14 (146 mg, 0.24 mmol) was dissolved in 3.5 mL of formic acid. The reaction mixture
was stirred at r.t. for 7 h. Formic acid was removed under reduced pressure and the residue
coevaporated three times with dry CH3CN (3 x 5 mL), yielding the desired compound 15 in almost
quantitative yields (132 mg, 0.24 mmol).

15: oil. R = 0.2 (n-hexane/acetone, 7:3, v/v) and R¢ = 0.2 (CH,ClIy).

'H NMR (400 MHz, CDCls): 6 7.76 (d, J = 7.4 Hz, 2H, CH-d Fmoc); 7.58 (d, J = 6.4 Hz, 2H, CH-
e Fmoc); 7.39 (t, J =7.2 and 7.3 Hz, 2H, CH-f Fmoc); 7.30 (t, J = 7.2 and 7.1 Hz, 2H, CH-g Fmoc);
6.96 (d, J = 7.8 Hz, 2H, CH-5 Ph); 6.76 (d, J = 7.9 Hz, 2H, CH-6 Ph); 5.43 (bd, J = 8.2 Hz, 1H,
NH); 4.62 (m, 1H, CH «); 4.43-4.36 (m, 2H, CH,-a Fmoc); 4.32 (t, 2H, J = 4.5 and 5.7 Hz, CH,-
1°"); 4.20 (m, 1H, CH-b Fmoc); 3.74 -3.40 (overlapped signals, 10H, 5x CH»-2"*, 3>, 4”°, 5", 6”’);
3.37 (s, 3H, OCHj3); 3.09-3.07 (m, 2H, CH,-3).

3C NMR (100 MHz, CDCls): ¢ 171.6 (C=0 TEG ester); 160.9 (quaternary carbon 7 of Ph); 155.4
(C=ONH); 143.6, 143.5 (CH-c Fmoc); 141.1 (overlapped signals, CH-h Fmoc); 130.3 (CH-5 Ph);
127.6 (CH-d Fmoc); 126.9 (CH-g Fmoc); 126.6 (quaternary carbon 4 of Ph); 125.0, 124.9 (CH-e
Fmoc); 119.8 (CH-f Fmoc); 115.5 (CH-6 Ph); 71.8 (CH,-2""); 71.7 (CH2-6"’); 70.4, 70.3, 70.1
(overlapped signals, 3x CH,-3"’, 4, 5°°); 68.7 (CHz-a Fmoc); 64.5 (CH»-1""); 58.7 (OCHzs); 54.9
(CH a); 46.9 (CH-b Fmoc); 37.6 (CH,-3).

LC-MS (positive ions): calculated for C3;H3sNOg, 549.24; found m/z (tg = 7.67 min, C18 column):
550.33 [M+H]; 572.24 [M+Na']; 588.30 [M+K™].

Synthesis of 4-{13-[(9H-fluoren-9-yl)methoxy carbonyl]amino}-12-ox0-2,5,8,11-
tetraoxatetradecan-14-yl)phenyl oleate (16)

Pure compound 15 (76.0 mg, 0.13 mmol), oleic acid (41.6 uL, 0.13 mmol) and triphenylphosphine
(72.8 mg, 0.28 mmol) - previously coevaporated three times with dry CH3CN (3 x 2 mL) - were
dissolved in 5.0 mL of dry THF and stirred at r.t. for 10 min. Then DEAD (43.4 uL, 0.28 mmol)
was added dropwise and the reaction mixture was heated to reflux at 65 °C under argon atmosphere
overnight. After 24 h, TLC analysis showed the appearance of a new product in the reaction
mixture, thus the solvent was removed under reduced pressure. The resulting residue was filtered
and washed several times with CH,Cl, and then purified by chromatography on a silica gel column
eluting with n-hexane/AcOEt (7:3, v/v). The desired compound 16 was obtained in 38 % yields
(36.4 mg, 0.05 mmol).

15: oil. R = 0.4 (n-hexane/AcOEt, 1:1, v/v).
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'H NMR (400 MHz, CDCls): 6 7.79 (d, J = 7.5 and 7.8 Hz, 2H, CH-d Fmoc); 7.60 (bd, J = 6.9 Hz,
2H, CH-e Fmoc); 7.43 (t, J = 7.4 and 7.5 Hz, 2H, CH-f Fmoc); 7.34 (t, J = 7.4 Hz, 2H, CH-g
Fmoc); 7.16 (d, J = 8.0 Hz, 2H, CH-5 Ph); 7.02 (d, J = 8.3 Hz, 2H, CH-6 Ph); 5.40-5.36
(overlapped signals, 3H, NH and CH-9°, 10’); 4.71 (m, 1H, CH «); 4.49-4.38 (m, 2H, CH5-a
Fmoc); 4.36-4.33 (m, 2H, CH,-1""); 4.31 (m, 1H, CH-b Fmoc); 3.65-3.40 (overlapped signals, 10H,
5x CH2-27,37, 47,57, 6); 3.38 (s, 3H, OCHj3); 3.15 (m, 2H, CH,-3); 2.56 (t, J = 7.4 and 7.5 Hz,
2H, CH,-2"); 2.04 (overlapped signals, 4H, 2x CH,-8’, 11°); 1.80-1.72 (m, 2H, CH,-3"); 1.41
(overlapped signals, 4H, 2x CH»-7’, 127); 1.29 (overlapped signals, 16H, 8x CH,-4’, 5°, 6°, 13’,
14°,15°,16°,17°);0.90 (t, J = 6.6 and 6.9 Hz, 3H, CH3-18").

¥C NMR (100 MHz, CDCls): 6 172.2 (C=0O oleic ester); 171.3 (C=O TEG ester); 160.9
(quaternary carbon 7 of Ph); 155.6 (C=ONH); 143.9, 143.8 (CH-c Fmoc); 141.3 (overlapped
signals, CH-h Fmoc); 133.2 (quaternary carbon 4 of Ph); 130.4, 130.1 (overlapped signals, 2x CH-
9’, 10%); 129.7 (CH-5 Ph); 127.7 (CH-d Fmoc); 127.1 (CH-g Fmoc); 125.1 (CH-e Fmoc); 121.6
(CH-6 Ph); 120.0 (CH-f Fmoc); 71.9 (CH,-2"); 70.6, 70.5, 68.8, 68.7 (overlapped signals, 4x CH,-
37, 47,57, 6”); 67.0 (CHz-a Fmoc); 63.1 (CH2-1""); 62.2 (OCHj3); 59.0 (CH «); 47.2 (CH-b
Fmoc); 37.5 (CH,-3); 34.4 (CH,-2%); 31.9, 31.8 (overlapped signals, 2x CH,-7°, 12°); 29.7, 29.5,
29.3, 29.2, 29.1, 29.0, 28.9 (overlapped signals, 7x CH,-4’, 5°, 6°, 13, 14°, 15°,16”); 27.2, 26.7
(overlapped signals, 2x CH»-8’, 11°); 24.9 (CH,-3’); 22.6 (CH,-17’); 14.1 (CH3-18).

LC-MS (positive ions): calculated for C49Hg7NOg, 813.48; found m/z (tg = 11.8 min, C18 column):
812.59 [M"]; 852.59 [M+K™].

Synthesis of 4-(13-amino-12-ox0-2,5,8,11-tetraoxatetradecan-14-yl)phenyl oleate (compound
17)

Isolated compound 16 (36.4 mg, 0.04 mmol) was dissolved in 1.0 mL of a 10 % piperidine solution
in dry CH3CN. After 30 min under stirring and argon atmosphere at r.t., TLC analysis showed the
complete removal of the Fmoc group. Then the solvent was removed under reduced pressure and
the residue was coevaporated three times with dry CH3;CN (3 x 5 mL), obtaining the desired
compound in almost quantitative yields (26.5 mg, 0.04 mmol). Derivative 17 was not isolated, but

directly reacted to obtain the final aminoacyllipidic scaffold.

Synthesis of  4-{12-o0x0-13-[2-(pyridin-4-yl)acetamido] 2,5,8,11-tetraoxatetradecan-14-
yl}phenyl oleate (18)

Crude derivative 17 (26.5 mg, 0.04 mmol) was dissolved in 1.0 mL of dry DMF and then HATU
(25.5 mg, 0.07 mmol), DIPEA (15.5 uL, 0.09 mmol) and 4-pyridylacetic acid hydrochloride (7.76
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mg, 0.04 mmol) were sequentially added. The reaction mixture was left under stirring and argon
atmosphere at r.t.. After 17 h, TLC monitoring showed the complete disappearance of the starting
materials and the reaction was quenched by removing the solvent in vacuo. The crude product was
filtered, washed several times with CH,Cl, and purified by chromatography on a silica gel column
using CH,ClI; as eluent. The desired product 18 was obtained in 54 % yields (17.1 mg, 0.02 mmol),
calculated for two subsequent steps starting from 16.

18: oil. Ry = 0.7 (CH,CI,/MeOH, 93:7, v/v).

'H NMR (400 MHz, CDCls): 6 8.55 (d, J = 5.5 Hz, 2H, 2x Ha Py); 7.64 (d, J = 5.5 Hz, 2H, 2x Hp
Py); 7.15 (d, J = 8.2 Hz, 2H, CH-5 Ph); 6.94 (d, J = 8.2 Hz, 2H, CH-6 Ph); 5.34-5.29 (overlapped
signals, 3H, NH and CH-9°, 10); 4.81-4.77 (m, 1H, CH a); 4.34-4.23 (m, 2H, CH,-1); 3.73-3.71
(m, 2H, -CH,Py ); 3.69-3.53 (overlapped signals, 10H, 5x CH,-2"’, 3, 4>*, 5°°, 6"); 3.36 (s, 3H,
OCH3); 3.16-3.12 (m, 2H, CH,-3); 2.54 (t, J = 7.4 and 7.5 Hz, 2H, CH,-2"); 2.01-2.00 (overlapped
signals, 4H, 2x CH,-8’, 11°); 1.48 (m, 2H, CH,-3"); 1.33 (overlapped signals, 4H, 2x CH,-7’, 12°);
1.29 (overlapped signals, 16H, 8x CH»-4’, 5°, 6°, 13°, 14°, 15°, 16’, 17°); 0.88-0.85 (m, 3H, CH3-
18).

3C NMR (100 MHz, CDCl3): 6 172.5 (C=ONH); 172.2 (C=0 oleic ester); 170.9 (C=0 TEG ester);
162.6 (quaternary carbon 7 of Ph); 149.6 (2x Ca Py); 143.1 (quaternary Cy Py); 133.8 (quaternary
carbon 4 of Ph); 130.3, 129.9 (overlapped signals, 2x CH-9’, 10°); 122.3 (2x CB Py); 121.6 (CH-5
Ph); 121.4 (CH-6 Ph); 72.2, 71.6, 70.3, 70.1, 68.6 (overlapped signals, 5x CH,-2"’, 3°°, 4>°, 57,
6’); 64.3 (CH2-1""); 61.5 (OCHj3); 58.7 (CH a); 43.0 (-CH,Py); 36.6 (CH;-3); 34.2 (CH,-2); 31.7
(overlapped signals 2x CH,-7°, 12°); 29.6, 29.5, 29.3, 29.2, 29.1, 28.9 (overlapped signals, 7x CH,-
3,4, 5,6, 13, 14°, 15, 16°); 27.1, 27.0 (CH,-8’, 117); 24.8 (CH2-3"); 22.6 (CH2-17’); 14.0
(CH3-18>).

LC-MS (positive ions): calculated for C41Hg,N2Os, 710.45; found m/z (tg = 5.56 min, C18 column):
711.57 [M+H]; 733.51 [M+Na"].

Synthesis of TOTyroRu

Aminoacyllipid 18 (16.5 mg, 0.02 mmol) was dissolved in 750 pL of dry CH,Cl, and then Na*
[trans-RuCl4(DMSO0),]" (8.48 mg, 0.02 mmol) was added. The reaction mixture was stirred at 40 °C
for 30 h. TLC monitoring showed the complete disappearance of the starting reagents and the
formation of a new product, attributed to the desired ruthenium complex, recovered in almost
quantitative yields after solvent removal in vacuo (24.1 mg, 0.02 mmol).

TOTyroRu: orange powder. Rt = 0.3 (CH,Cl,/MeOH, 93:7, v/v).
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'H NMR (400 MHz, CDCls): significant signals at ¢ -1.48 (very broad signal, Py-Ru); -9.18 (very
broad signal, CH; DMSO).

LC-MS (positive ions): calculated for C4sHesClsN2NaOgRUS™, 1053.23; found m/z (tr = 7.03 min,
C18 column): 1036.32 [M-CI'+H,Q].

¢ Synthesis and characterization of PySSRu
Synthesis of 2-(pyridin-4-yl)ethanethiol (19, PySH)
Commercially available 2-(4-pyridinyl)ethanethiol hydrochloride (502 mg, 2.86 mmol) and NaOH
(114 mg, 2.86 mmol) were dissolved in 13 mL of MeOH, and then left under stirring at r.t.. The
reaction, monitored by pH measurements, after ca. 30 min was quenched by solvent removal under
reduced pressure and the crude product was extracted with CHCI3/H,0. The desired compound was
recovered in the organic phases, which were dried upon addition of anhydrous Na,SQ,, filtered and
concentrated under reduced pressure. The pure compound 19 was obtained in 82 % isolated yields
(327 mg, 2.35 mmol).
19: yellow oil. Rf = 0.8 (CH,Cl,/MeOH, 8:2, v/v).
'H NMR (500 MHz, CDCls,): 6 8.52 (d, J = 5.5 Hz, 2H, 2x Ha Py ); 7.12 (d, J = 5.5 Hz, 2H, 2x Hp
Py); 2.91 (t, J = 7.5 Hz, 2H, CH,CH,SH); 2.79 (g, 2H, CH,SH); 1.38 (t, J = 8.0 Hz 1H, SH).
C NMR (125 MHz, CDCl3): § 149.8 (2x Co. Py); 148.3 (Cy Py); 123.8 (2x CB Py); 39.2
(CH,CH,SH); 24.6 (CH,SH).

Synthesis of 1,2-bis[2-(pyridin-4-yl)ethyl]disulfane (20, PySSPy)

Pure product 19 (100 mg, 0.72 mmol) was dissolved in 500 pL of MeOH and then H,O; (90 uL of a
30 wt. % in H,0 solution, 0.80 mmol) and Kl (11.6 mg, 0.07 mmol) were sequentially added to the
reaction mixture, left under stirring at r.t.. After 1 h, TLC analysis indicated the appearance of a
new product, with concomitant disappearance of the starting material. Thus, the reaction was
guenched by addition of few drops of H,O, the solvent was removed in vacuo and the crude product
was extracted with CH,Cl,/H,0. The desired compound was recovered in the organic phases, which
were dried over anhydrous Na,SO,, filtered and then taken to dryness, giving compound 20 in
almost quantitative yields (98.0 mg, 0.35 mmol).

20: yellow oil. R = 0.6 (CH,Cl,/MeOH, 95:5, v/v).

'H NMR (400 MHz, CDCls,): 6 8.50 (d, J = 5.5 Hz, 4H, 2x Ha Py); 7.10 (d, J = 5.5 Hz, 4H, 2x Hp
Py); 2.99 — 2.89 (m, 8H, 2x CH,CH,S).

C NMR (100 MHz, CDCly): ¢ 149.7 (2x Ca Py); 148.3 (2x Cy Py); 123.8 (2x CB Py); 38.4
(CH,CH,SH); 34.5 (CH,SH).
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MALDI-MS (positive ions): calculated for C14H15N>S,, 276.08; found m/z: 276.86 [M+H"]; 298.89
[M+Na']; 314.94 [M+K™].

IR: cm™ 1595 (s), 1557 (m) [C=N)]; 1416 (s), 1215 (m) 991 (m), [CH,]; 798 (s) [C-S]; 575 (m),
500 (m), [S-S].

Synthesis of PySSRu

Pure compound 20 (10.0 mg, 0.04 mmol) was dissolved in 10 mL of dry acetone and then [trans-
RuCl4(DMSO0),]" Na* (25.3 mg, 0.06 mmol) was added to the reaction mixture, left under stirring at
r.t.. After 2 h, TLC monitoring indicated the complete disappearance of both starting materials and
the formation of a new product. The desired ruthenium complex PySSRu was recovered in 75 %
isolated vyields (28.9 mg, 0.03 mmol) by solvent removal under vacuum followed by
precipitation/centrifugation in CHCl,.

PySSRu: orange powder: R = 0.3 (CH,Cl,/MeOH, 85:15, v/v).

'H NMR (400 MHz, DMSO-dg): significant signals at ¢ -2.40 (very broad signal, Py protons); -13.0
(very broad signal, CH3 of DMSO).

IR: cm™ 1705 (s), 1610 (m) [C=N)]; 1422 (s), 1363 (m) 1222 (m), [CH.]; 1089 (m), 1022 (m)
[(S=0) (DMS0)]; 815 (s) [C-S]; 530 (m) [S-S].

e Synthesis and characterization of the precursor ruthenium salts
Synthesis of hydrogen trans-bis(dimethylsulfoxide) tetrachlororuthenate(l11):
[(DMSO),H][trans-Ru(DMSO),Cl,] (21)
A 1.5 g amount of hydrated RuCls (7.23 mmol) was partially dissolved in 7 mL of DMSO and 1 mL
of 37 % aqueous HCI was added. The mixture was left at 80 °C under vigorous stirring until
complete dissolution of RuCls. The dense, deep dark solution was then heated at 100 °C for 10 min.
It gradually became more fluid and its color turned to bright dark red. After cooling, 30 mL of
acetone were added to the solution, then left at 4 °C overnight. Large dark-red crystals were formed
and were filtered off, washed with cold acetone and diethyl ether and vacuum-dried. The desired
product 21 was obtained in 60 % yields (2.3 g, 4.34 mmol).
'H NMR [400 MHz, (CD5;),CO]: significant signals at 6 9.11 (very broad signal, DMSOH"); 2.94
(very broad signal, CH; DMSOH); -9.17 (very broad signal, CH; DMSO).
M.p.: 118-121 °C.
FTIR-ATR: cm™ 1395.8 (w), 1287.0 (W) [6 (CHa3)]; 1108.0 (s), 1096.0 (s) [v (S=O) (DMSO)];
1011.4 (s), 953.9 (m) [p (CHg3)]; 718.0 (w), 670.0 (w) [v (C-9)].
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Sodium trans-bis(dimethylsulfoxide)tetrachlororuthenate(l11): Na® [trans-Ru(DMSO),Cls]
(22)

1.12 g of finely ground [(DMSO);H] [trans-[Ru(DMSO),Cls] (2.02 mmol) were dissolved in a
mixture of 50 mL of ethanol and 700 pL of water. To the clear solution, NaCl (176 mg, 3.02
mmol), dissolved in 500 pL of water, was added. The desired product rapidly precipitated from the
solution as light-orange microcrystals, which were filtered off, washed with cold ethanol and
diethyl ether, and vacuum-dried. The target compound was obtained in 86 % yields (735 mg, 1.74
mmol).

'H NMR [400 MHz, (CDs),CO)]: significant signals at  -9.37 (very broad signal, CH; DMSO).
M.p. (slow and gradual thermal decomposition): >230 °C.

FTIR-ATR: cm™ 1395.8 (w), 1287.0 (W) [6 (CHa)]; 1108.0 (s), 1096.0 (s) [v (S=O) (DMSO)];
1011.4 (s), 953.9 (m) [p (CHg3)]; 718.0 (w), 670.0 (w) [v (C-9)].
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Chapter 3
NOTA chelators

1. Molecular imaging: introduction

In the treatment of diseases and in particular of cancer, it is essential to deliver the therapeutic
agents to the target site, at the right time, correct concentration and in a minimally invasive
manner.[**81 On the other hand, also the early diagnosis of the disease is important to identify
functional abnormalities which precede morphological changes, and to this aim molecular imaging
may contribute to the reduction of morbidity and mortality.!*®!

The field of molecular imaging, “the visualization, characterization and measurement of biological
processes at the molecular and cellular levels in humans and other living systems”,™* has
expanded tremendously over the last decade. ‘Molecular imaging’ is based on the biomedical
imaging methods which allow visualizing specific biomarkers or processes in the living body at the
molecular level, introducing suitable probes able to measure the expression of these markers at
different stages of the disease.'™! This approach presents several advantages over traditional
diagnostic methods: it can give whole-body readout in an intact system which is much more
relevant and reliable than in vitro/ex vivo assays; reduce the workload and speed up the drug
development process; aid in lesion detection in patients and help in individualized treatment
monitoring and dose optimization.**'%! Non-invasive detection of various molecular markers of
diseases can allow for much earlier diagnosis, earlier treatment, and better prognosis that could

eventually lead to personalized medicine.[*¥%4

Positron emission tomography

Computer tomography Magnetic resonance imaging

|

Optical imaging

Figure 40. Main in vivo imaging techniques. Pictures reproduced from Kizek et al.[**!
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Imaging techniques are playing an increasingly important role in the investigation of the
biodistribution and pharmacokinetics of drugs or drug delivery systems in cancer, and research
progresses in medical imaging may be beneficial for the complete health and disease management
process.*®® Medical imaging covers many different imaging modalities: X-ray-based methods such
as radiography and Computed Tomography (CT), Magnetic Resonance Imaging (MRI), Ultrasound
(US), nuclear medicine with Positron Emission Tomography (PET) and Single Photon Emission
Computed Tomography (SPECT), and several optical imaging methods (Figure 40).[46:186195-1%]
The relative advantages and limitations of these imaging modalities have been elaborately discussed
in several recent review articles.!*#6197-1%

Among these methods, PET and optical imaging are considered quantitative or semi-quantitative
imaging modalities that employ radiotracers or optical tracers to image biodistribution of the
labeled drugs or probe loaded delivery systems in the body, while CT and MRI are normally used
for anatomical imaging purposes.?®”

PET and SPECT techniques exploit, respectively, positron and gamma emitting radionuclides for
the generation of the signal that results in a whole-body scan in a single examination. They provide
fast and non-invasive evaluation of physiological and pathological processes, and together with
external and internal radiotherapy can be used for theranostic applications, which is considered as

the main step towards personalized medicine.[*#20%:20%

1.1. PET imaging

PET has become an established method for medical research and clinical routine diagnostics
because of its ability to diagnose a disease in early stages and monitor therapeutic
responses.[197'203'2°4]

The major application domain of PET analyses is oncology; however, potential has been
demonstrated for imaging of myocardial and pulmonary perfusion and ventilation, as well as
inflammation and infection. Imaging of general biological properties and processes such as
proliferation, apoptosis, hypoxia, glycolysis, and angiogenesis have also been investigated.*

In a typical scenario of PET imaging (Figure 41), a suitable compound is radiolabeled with
positron-emitting radionuclides such as *®F, ®*Cu, ®Ga, or ®Zr and administered to a patient.!**"!
When the radioactive isotope incorporated into the PET tracer decays, a positron is emitted and
immediately collides with an electron. The collision results in annihilation of both particles and
release two y photons (with an energy of 511 keV), which are approximately 180° apart.[ZOG]

The photons can be detected by a ring of detectors configured in the coincidence mode in the PET
camera. When a sufficient number of decays have been detected, a computer converts the signal
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relative to the decay events into a three-dimensional image, which provides information on the
spatial distribution of the radioactivity as a function of time in the living subject.'®”) In fact, the
colour of each pixel is correlated with the radioactivity concentration or some derivative thereof.!?%®!
The major advantage of PET is that it not only enables the in vivo visualization of physiological
processes at a molecular level in real time, but also quantifies them by measuring the spatial
concentration of the radiation source./® The widespread opinion is that PET is a costly technique,
but indeed the total cost of the otherwise required examinations, hospitalization and risks associated
with biopsy - as well as possible false diagnosis leading to futile surgery cost and patient distress -
is much higher. In particular, the biopsy results might be misleading since the tumour diagnosis and
staging is conducted ex vivo on invasively collected tissues. The sampled tissue is commonly
heterogenic and thus might not be representative, while PET may provide non-invasively more
detailed and accurate information on the heterogeneity of the whole tumour in a single

examination.?%

electrical signal resulting

photon detector crystal from photon pair

selection unit
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Figure 41. Schematic illustration of a general PET acquisition process.

PET also plays an important role in the process of drug development and evaluation, whereby
understanding the mechanism of action of a drug and establishing its optimal dosage regimens and
treatment strategies are most crucial.[2°" 21

Positron-emitting radionuclides of elements such as C, N, O can replace the stable analogues in
drugs and biomolecules, and hence it is possible to synthesize PET probes with the same chemical
structure as the parent unlabeled molecules without altering their biological activity.[*”? The most
common radionuclides relevant for the labelling procedure of radiopharmaceuticals for PET,
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SPECT, and radiotherapy are presented in Table 6. The majority are metals typically involved in
coordination chemistry. Only few radionuclides are produced in generator systems. Factors as their
production mode as well as physical and chemical features determine the choice of a radionuclide.
Two gallium isotopes, *®Ga (ti» = 9.5 h) and *®Ga (t, = 68 min), decay by *-emission and are
therefore suitable for PET imaging, ®'Ga (ty, = 78 h) decays by electron capture with concomitant
y-emission and is used for SPECT imaging. Examples of clinically used radionuclides include also
U, 18 ey, 8zr, ¥MTc, Mn, 124114721 The propagation of PET techniques is greatly stimulated
by the widespread use of [*®F]-fluorodeoxyglucose ([*®F]-FDG) for many indications in oncology.
FDG is a non-metabolized glucose analog that is a substrate both for the dedicated glucose
transporters on the cell membrane and the cytoplasmic enzyme hexokinase responsible for
phosphorylation. After phosphorylation, FDG is not a substrate for further pathways and is

effectively trapped in cells.*%%2%!

Radionuclide Half-life Emax (keV) Radiation Production

Positron emitters

nc 20.3 min 961 B~ (100%) Cyclotron

I8F 110 min 634 B+ (97%) Cyclotron

“Cu 128 h 656 B*(19%) Cyclotron

%Ga 95h 4153 B (56%) Cyclotron

%Ga 67.6 min 1899,770  B*(89%) Generator

897Zr 784 h 900 B*(23%) Cyclotron

124] 417d 2100 B*(23%) Cyclotron

Gamma emitters

“Ga 78.26 h 91,93,185, vy Cyclotron
296, 388

“aTeq 6.0h 141 % Generator

In 679 h 245,172 % Cyclotron

Therapeutic radionuclides

A 64.0h 2270 B- Generator

121 60d 350 Auger elec- Reactor

trons
B 8.0d 1810 B Fission
77Lu 6.71d 500 B- Reactor

Table 6. Selected radionuclides used in clinical PET, SPECT and radiotherapy, their production

mode and decay properties.?*

Despite [*®F]FDG is widely used in many cancer forms as a biomarker of the glucose transport, it

fails in diagnosis of slowly growing tumours and in differentiating tumours from processes as

inflammation, infection, reactive lymph nodes, tuberculosis and sarcoidosis.?*'?!

Many cancer forms rely on glucose for energy production and growth and tend to have enhanced

expression of glucose transporters and hexokinase, resulting in an elevated accumulation of FDG

when studied with PET in vivo. The high uptake in normal organs, particularly in brain and gut,

results in poor contrast in those areas and potential failure in lesion detection.’”] Thus alternative
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imaging agents with specific binding capability to e.g. receptors, antigens, enzymes are highly
desirable and in this context ®Ga-complexes have particularly emerged.!?*!
%Ga can be used for the labelling of small organic compounds, biological macromolecules as well

as nano- and microparticles, thus largely expanding the potential of PET.[205:213214]

1.2.  Chemistry of gallium

Gallium is the third element of Group 13 of the Periodic Table and in aqueous solutions the only
stable oxidation state of this metal is +3. Its chemistry is largely influenced by pH changes: the
optimal pH is 3-5, while at pH >5 it tends to precipitate as Ga(OH)z.2**#®! The isotope *®Ga is a
positron emitter with a physical half-life of 67.71 min, which is compatible with the
pharmacokinetics of most radiopharmaceuticals of low molecular weight as antibody fragments,
peptides, aptamers and oligonucleotides. It can be produced from a generator system where %Ge is
absorbed on a chromatographic column with either inorganic or organic matrix.[?**27:28 The
generators are eluted with HCI solutions of various molarity (from 0.05 to 5.5 M, 5-7 mL) offering
®®Ga in a cationic form suitable for the subsequent labelling. The generators can be eluted
repeatedly during the day.!”® The benefits of ®®Ga, in comparison with the other radionuclides
mentioned above, can be summarized as follows: it is produced from a long shelf-life and cost-
effective generator;!**#2'% the half-life of ®Ga permits the production and immediate application of
the resulting agents, and the labelling synthesis is amenable to automation and kit-type preparation;
in addition, it provides sufficient levels of radioactivity for high quality images, short scanning time
(which determines a fast patient examination) and minimized radiation doses for the patient and
personnel, also allowing fast dischargement of the patient; finally, it allows repetitive examinations
within the same day.? Various *®Ga-based imaging agents have already been tested in humans.
The Ga** ion is classified as a hard Lewis acid, forming thermodynamically stable complexes with
ligands that are hard Lewis bases. These are ligands containing oxygen, nitrogen and sulfur donor
atoms, such as carboxylate, phosphonate, hydroxamate and amine, but also softer functional groups
such as phenolate and thiol groups were found to be appropriate.® The hard acid Ga** can form
tetra-, penta-, and hexa-coordinated complexes. The latter ones are the most stable species with
octahedral coordination sphere.[?*3281

The coordination reaction requires buffering, first of all, to ensure the suitable pH for the
deprotonation of the coordinating positions, and secondly, to maintain Ga®" in solution that might
otherwise form Ga(OH)s and precipitate at pH 3-7.**! Unlike other PET radioisotopes, like **F or
¢, ionic Ga®* cannot be directly bound to targeting vectors but must be conjugated to a target
vector using a bifunctional chelating agent, such as the macrocyclic chelators NOTA (1,4,7-
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triazacyclononane-1,4,7-triacetic acid) and DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid), which can form within 10 min very stable complexes with Ga>* at pH 3.5 at r.t. in
high chelation efficiency (>95%).12 2?4l The thermodynamic stability constant of the Ga>* complex
with the chelator DOTA is much lower (logK = 21.33)?%! than that of the chelator NOTA (logK =
30.98)2%°! due to the larger size of its cavity.

T A
L”l Lu

DOTA NOTA
Figure 42. Chemical structures of DOTA (left) and NOTA (right) macrocycles.

DOTA has 8 binding sites available for complexing with metals, and NOTA has only 6 (Figure 42);
thus, no free binding sites are left on NOTA after gallium complexation, which requires all the 6
binding sites. However, it has been shown that amide oxygen or nitrogen can bind gallium{®"! and
as a result, various amino acid derivatives conjugated with NOTA have been developed for cancer
imaging.?®?%°! Remarkbly, different syntheses of bifunctional NOTA derivatives have been
reported recently by several groups®®#Y Their approaches included intra- or intermolecular
cyclization strategy as key steps, affording NOTA derivatives functionalized on a carbon of the
macrocyclic ring. Harsh conditions for deprotection and reduction are required in order to use these
compounds for coupling to biomolecules. A bifunctional NOTA derivative, functionalized on the —

CH,- group of one of the acetic acid arms, was proposed for conjugation to proteins.[?*?

1.3.  Dual-modality imaging with radiolabeled nanoparticles

As mentioned above, various imaging modalities are successfully employed to investigate the
anatomic or functional dissemination of tissues in the body. However, no single imaging modality
allows overall structural, functional, and molecular information, as each imaging modality has its
own unique strengths and weaknesses.***2*3 For example, MRI has high resolution, yet it suffers
from low sensitivity; PET imaging has very high sensitivity but relatively poor resolution.”*4 The
combination of multiple molecular imaging modalities offers the prospect of improved diagnostic
and therapeutic monitoring abilities, with remarkable synergistic advantages over any modality
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alone, overcoming the shortcomings of the individual modalities and providing complementary
information, especially in vivo, on cellular and molecular functions.[%%!

For example, with dual function probes for PET/MRI, the high sensitivity of PET can be used as a
whole body screen to identify regions of interest, thereby reducing the volume of tissue that needs
to be scanned; this reduces scan time required for high-resolution imaging by MR1.[2%5:2%!

The idea of combining imaging technologies moved to the mainstream with the advent of the first
successful commercial fused instruments. The first fused PET/CT instrument, developed in 1998 by
Townsend and colleagues in collaboration with Siemens Medical, was available commercially in
2001.1°%] The next wave of innovation has been in PET/MRI-fused instruments, which have
generated much hope for improved patient safety and imaging capability over PET/CT. Although
research on PET/MRI instruments was initiated at approximately the same time as PET/CT, the
economic and engineering challenges of merging the two modalities slowed development, and the
first commercial PET/MRI prototype for a human scale hybrid scanner was not unveiled until
2007.%7]

Multimodality imaging using a small molecule-based probe is very challenging, but nanoparticles
(NPs) can be very useful to this purpose.?®® In fact, they can be intrinsically superparamagnetic —
as in the case of SPIONs (Superparamagnetic Iron Oxide Nanoparticles) - and therefore useful for
MRI imaging™*'? or having large surface areas they can be used as platforms for the
incorporation of multifunctional agents for multimodality molecular imaging.[2%-2%

In particular, lipid-based vectors,'?**2*1 nanoparticles®®®! or nanomaterials™®*® are being specially
investigated due to the fact that the mechanical, chemical, electrical, optical, magnetic, electro-
optical and magneto-optical properties of these systems are different from their bulk properties and
depend on the particle size.!”*?*") Nanoparticle probes can endow imaging techniques with enhanced
signal sensitivity, better spatial resolution, and the ability to relay information about biological
systems at the molecular and cellular levels.”**?*®! |n particular, PET radionuclide-labeled
nanoparticles have been extensively used in both preclinical and clinical studies as tools to
explorethe in vivo pharmacokinetics, imaging capability, and theranostic potential of
nanoparticles.®>?4°252 Recently, the development of a nanoparticle-based dual-modality diagnostic
instrument for PET/MRI has been demonstrated,[3+240-2422522541 anq for this aim iron oxide NPs

are considered as favourite platforms.
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2. Design, synthesis and characterization of a mini-library of NOTA

derivatives
Many novel radio-pharmaceuticals have been recently proposed in the literature to improve tumour

identification and localization.**#%*]

In this context, we here describe the synthesis and
characterization of a mini-library of lipophilic derivatives of NOTA (1,4,7-triazacyclononane-1,4,7-
triacetic acid) to be used as *®Ga chelator in PET analyses.!?3*2%2

NOTA: 1,4,7- triazacyclononane-1,4,7-triacetic acid

- 1 .
COOH

H
HOOC / \ N
\N re \/\N—R
H

N
10s
N R= lipophilic component

NOTA-OL: R = oleyl residue
9 COOH ) NOTA-Lip: R = lipoyl residue
NOTA-Bio: R = biotinyl-6-aminocaproyl residue

Figure 43. General design used for the preparation of NOTA derivatives.

The here described NOTA analogs (as shown in the general scheme in Figure 43) share a common
design, based on a polar NOTA moiety and a flexible linker (1,2-diaminoethane), and differ for the
lipophilic component, which is a residue of oleic acid, lipoic acid or a biotin moiety (NOTA-OL,
NOTA-Lip and NOTA-Bio, respectively, Figure 44). The lipophilic tails inserted have been chosen
for their proven biocompatibility for in vivo applications, and for the possibility of subsequent
anchoring on differently decorated nanoparticles or nanoplatforms, to be used as PET analysis
probes. In the specific case of previously described phosphocholine-decorated SPIONs, the
insertion of NOTA-OL in their coating would allow performing bimodal “two-in-one” imaging
investigations, i.e. MRI and PET analysis.!**+233236.2%6257] gejc acid has an 18-carbon atoms chain
which allows its immobilization onto lipid-functionalized NPs or liposome platforms through
hydrophobic interactions. The disulfide bond of lipoic acid, thanks to its high affinity for metals,
provides covalent bonds with the surface of metal or metal-oxide NPs. Finally, biotin is useful to
functionalize avidin or streptavidin-coated NPs exploiting the exceptionally high affinity of these
proteins for biotin. As a successive development of this work, in collaboration with specialized
laboratories, we intend to label the NOTA-conjugated nanoparticles with ®Ga in order to obtain the

effective labelled probes and evaluate their efficiency as diagnostic agents in animal models.
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Figure 44. Novel NOTA derivatives here realized.

2.1.  Results and discussion

2.1.1. Synthesis and characterization of lipophilic NOTA derivatives

The assembly of the three parts of the NOTA derivatives has been based on the formation of amide
bonds between NH, and COOH groups, which can be easily obtained in high yields using standard
condensing agents. Notably, these bonds are chemically stable under a wide range of conditions,
and particularly in the acid conditions used in our synthetic plan for the protective groups removal.
For the preparation of all the final NOTA analogs, a similar synthetic protocol has been adopted,
differing only for the kind of carboxylic acid used in the second step. In particular, the key
intermediate in the preparation of the final derivatives is compound 24, whose synthesis has been
realized starting from commercially available 1,2-diaminoethane (compound 23). The mono-
protection of compound 23 was performed to simplify the successive condensation step: in fact, in
all our initial attempts to directly couple 23 with a carboxylic acid (either of the lipophilic
component or of the protected NOTA derivative) a very complex mixture was always obtained,
with prevalence of dimeric products. For this reason, a 4-monomethoxytrityl (MMT) protective
group was introduced at one end of the diamine, so to have a unique reactive amino group available
at the other end and thus simplify the successive reaction and related purification. In fact, the MMT
moiety presents a high molar absorption coefficient, which allows an easy UV monitoring of the

new formed product during the reaction and its chromatographic purification by silica gel column.
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The tritylation reaction was hence performed using 4-methoxytriphenylmethyl chloride (MMT-CI),
an excess of 1,2-diaminoethane (20 eq.) and catalytic amounts of DMAP (0.2 eq.) in dry pyridine
(Scheme 7). The excess of compound 23 was necessary in order to exclusively obtain the mono-
alkylated product and was then removed from the reaction mixture through a CH,Cly/H,0
extraction. Then, desired compound 24 was isolated in 75 % yields via a chromatographic
purification on a silica gel column. Successively, this was reacted with commercially available
carboxylic acids (oleic, lipoic or biotinyl-6-aminocaproic acid) in the presence of DCC (3 eq.) and
DMAP (2 eg.) as condensing agents. Pure compound 25, isolated in a pure form by silica gel
column chromatography, was then reacted for 1 h at r.t. with an acidic solution of TCA 2 % in
CH,CI;, for the MMT removal. Compound 26 was then conjugated with the macrocycle NOTA
using the commercially available, tert-butyl protected derivative NODA-Ga(tBu)s {4-[4,7-bis(2-
tert-butoxy-2-oxoethyl)-1,4,7-triazonan-1-yl]-5-tert-butoxy-5-oxopentanoic acid} in the presence of
the condensing system DCC/DMAP under anhydrous conditions. After chromatographic
purification on a silica gel column, compound 27 was obtained in a pure form and finally treated
with an acidic solution of 10 % TFA in CH,Cl, in order to remove the tert-butyl protecting groups.
After reaction completion, the solvent was removed under reduced pressure and the crude product
coevaporated several times with isopropanol in order to remove acid traces. The use of strong acidic
conditions causes the removal of the tert-butyl cation, which rearranges by B-elimination forming
isobutylene, a volatile compound easily removed by repeated coevaporations with dry solvents.

The complete tert-butyl removal from NOTA derivatives was checked by *H NMR of the reaction
mixture, monitoring the disappearance of the typical signal of the tert-butyl protons. The final
compound was recovered in almost quantitative yields in all cases (95 %).

Following this synthetic scheme, the final NOTA-OL, NOTA-Lip and NOTA-Bio were obtained in
5 steps in 29, 19 and 32% overall yields, respectively. All the synthetic intermediates and the final
NOTA derivatives were characterized using monodimensional (*H, **C) and bidimensional (*H-'H
COSY) NMR, as well as by ESI-MS data. As a representative example, the MS spectrum of
NOTA-OL is shown in Figure 45.

For the subsequent immobilization onto liposomes or nanoparticles, NOTA-OL has been further
purified by HPLC on C18 analytical column using a linear gradient of B (50 to 100 % in 14 min) in
A solutions (Solution A: H,0 0.1% TFA; Solution B: CH30H 0.1 % TFA) and UV detection at A =
218 nm (tg = 11.6 min).
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Scheme 7. Synthetic procedure for the preparation of the NOTA derivatives NOTA-OL, NOTA-Lip

and NOTA-Bio.
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Figure 45. MALDI-TOF spectrum (positive ions) of NOTA-OL.
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2.2. Experimental section

e Materials and general methods
All the reagents and solvents were of the highest commercially available quality and were used as
received. TLC analyses were carried out on silica gel plates from Macherey-Nagel (60, F254).
Reaction products on TLC plates were visualized by UV-light and then by treatment with an
oxidant acidic solution (acetic acid / water / sulfuric acid, 10:4:5, v/v). For column chromatography,
silica gel from Macherey-Nagel (Kieselgel 60, 0.063-0.200 mm) was used.
NMR spectra were recorded on Bruker WM-400, Varian Gemini 200 and Varian Inova 500
spectrometers, as specified. All the chemical shifts (o) are expressed in ppm with respect to the
residual solvent signal both for *"H NMR (CDCl3 = 7.26 ppm, MeOD = 3.31 ppm) and *C NMR
(CDCl3 = 76.9 ppm, MeOD = 49.1 ppm). All the coupling constants (J) are quoted in Hertz (Hz).
Peaks assignments have been carried out based on standard *H-'H COSY and HSQC experiments.
The following abbreviations were used to explain the multiplicities: s = singlet; d = doublet; t =
triplet; g = quartet; m = multiplet; b = broad.
In order to easily identify the proton and carbon signals of the compounds, letters and numbers were
assigned to the structures. For MMT and NOTA moieties, the used letters and numbers are shown
in accompanying pictures. The lipophilic components (oleyl and biotinyl-6-aminocaproy! residues)
were indicated with progressive numbers (1°-18 or 1°’-14"’, according to the carbon chain length)
starting from the carbonyl group.
MALDI-TOF mass spectrometric analyses were performed on a TOF/TOF™ 5800 System in the
positive mode, using 2,5-dihydroxybenzoic acid (DHB) as the matrix. For the deposition on
MALDI plate, the droplet spotting method was used: the sample - 1 ug/ulL in CH3CN/CH30H, 7:3
(v/v) - was first deposited on the plate followed by DHB deposition - 10 mg/mL in CH3CN/CH3OH,
7:3 (v/v) - and proper mixing before drying the components. The mass spectra were recorded in the
range 200-1000 m/z values.
For the ESI-MS analyses, a Waters Micromass ZQ instrument — equipped with an Electrospray
source — was used in the positive and/or negative mode.
HPLC chromatographic analyses and purifications were performed using an Agilent HPLC system,
equipped with a UV/vis detector. A Kinetex C18 column (Phenomenex, 250 x 4.60 mm; flow rate

0.8 mL min™) and UV detection at 218 nm were used for the purification.
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e Synthesis of NOTA-OL
Synthesis of N-1-[(4-methoxyphenyl)diphenylmethyl]ethane-1,2-diamine (24)
Commercially available 1,2-diaminoethane (1.07 mL, 16 mmol) was dissolved in 3.5 mL of dry
pyridine and then MMT-CI (248 mg, 0.80 mmol) and catalytic amounts of DMAP (19.6 mg, 0.16
mmol) were sequentially added to the reaction mixture, left under stirring at r.t.. After 2 h, TLC
analysis indicated the formation of the desired product and the reaction was quenched by addition
of few drops of MeOH. The reaction mixture was concentrated in vacuo, then the crude product was
extracted with CH,Cl,/H,O. The desired compound was recovered in the organic phases, which
were dried upon addition of anhydrous Na,SO,, filtered and then concentrated under vacuum. The
obtained residue was purified by chromatography on a silica gel column eluted with CH,Cl,/MeOH
(95:5, viv), containing 2 % of TEA (v/v), necessary to avoid even partial, undesired removal of the
MMT protecting group promoted by silica. Target compound 24 was obtained in 75 % yields (200
mg, 0.60 mmol).
24: pale yellow oil. Rf = 0.6 (CH,CIl,/MeOH, 9:1, v/v).
'H NMR (400 MHz, CDCls): 6 7.48 (d, J = 7.7 Hz, 4H, 4x Ha);
7.39 (d, J = 8.6 Hz, 2H, 2x Ha’); 7.26 (t, J = 7.4 and 7.6 Hz, 4H,
4x HP); 7.17 (d, J = 7.1 Hz, 2H, 2x Hy); 6.80 (d, J = 8.6 Hz, 2H,
2x HP’); 3.74 (s, 3H, -OCHg); 2.78 (t, J =5.8 Hz, 2H, -CH,;NH));
2.22 (t, J=5.8 Hz, 2H, -CH,NH MMT).
3C NMR (100 MHz, CDCls): § 157.6 (C-8); 146.1 (2x C-1);
138.0 (C-5); 129.5 (2x C-6); 128.3 (4x C-2); 127.5 (4x C-3); 125.9
(2x C-4); 112.8 (2x C-7); 69.9 (quaternary carbon of MMT); 54.8
(-OCHj3); 46.0 (-CH2NH,); 42.4 (-CH,NH MMT).

Synthesis of N-2-[(4-methoxyphenyl)diphenylmethylamino]ethyl oleamide (25a)

Commercially available oleic acid (85 pL, 0.27 mmol) was dissolved in 3 mL of dry CH,Cl, and
then treated with DMAP (66.7 mg, 0.55 mmol) and DCC (169 mg, 0.82 mmol). After 1 h,
compound 24 (99.7 mg, 0.30 mmol) was added to the reaction mixture, which was taken at r.t.
under stirring. After 15 h, TLC analysis indicated the complete transformation of oleic acid in a
more apolar compound. Thus, the reaction mixture was quenched by addition of MeOH and the
solvent was removed under reduced pressure. The crude product was purified by chromatography
on a silica gel column using n-hexane/AcOEt (8:2, v/v), containing 2 % of TEA as eluent, yielding
desired compound 25a in 59 % yields (96.7 mg, 0.16 mmol).

25a: pale yellow oil. R; = 0.6 (n-hexane/AcOEt 3:2, v/v).
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'H NMR (400 MHz, CDCly): 6 7.44 (d, J = 7.6 Hz, 4H, 4x Ho); 7.35 (d, J = 8.6 Hz, 2H, 2x Ha);
7.27 (t, J=7.4 and 7.5 Hz, 4H, 4x HP); 7.19 (d, J = 7.1 Hz, 2H, 2x Hy); 6.81 (d, J = 8.5 Hz, 2H, 2x
Hp’); 5.98 (bs, 1H, NH); 5.35 (s, 2H, CH-9’, 10°); 3.77 (s, 3H, -OCHj3); 3.35 (bd, 2H, -CH,;NH);
2.33 (bt, 2H, -CH,NH MMT); 2.18 (t, J = 7.5 and 7.6 Hz, 2H, CH,-2"); 2.01 (overlapped signals,
4H, 2x CH,-8’, 117); 1.66-1.63 (m, 2H, CH,-3"); 1.31-1.28 (overlapped signals, 20H, 10x CH,-4’,
5°,6°,7,12°,13°,14°,15°, 16, 17°); 0.89 (t, J = 6.0 and 6.8 Hz, 3H, CH3-18").

13C NMR (100 MHz, CDCls): § 173.3 (C=0 oleic); 158.0 (C-8); 145.6 (2x C-1); 137.5 (C-5); 129.9
(overlapped signals, 2x CH-9°, 10%); 129.7 (2x C-6); 128.3 (4x C-2); 127.8 (4x C-3); 126.4 (2x C-
4); 113.1 (2x C-7); 70.5 (quaternary carbon of MMT); 55.1 (-OCHy); 43.7 (-CH2;NH); 39.5 (-
CH;NH MMT); 36.8 (CH»-2); 31.8, 29.6, 29.4, 29.2, 29.0, 22.5 (overlapped signals, 10x CH,-, 4°,
5,6, 7, 12°, 13, 14°, 15°, 16°, 17°); 27.1 (overlapped signals, 2x CH»-8, 11°); 25.7 (CH,-3");
14.0 (CHs-18").

ESI-MS (positive ions): calculated for CsHssN2O,, 596.43; found m/z: 597.97 [M+H']; 619.79
[M+Na']; 635.59 [M+K™].

MALDI-MS (positive ions): calculated for CgHssN2O,, 596.43; found m/z: 347.23 [M-
MMT+Na']; 363.20 [M-MMT+K"].

Synthesis of N-(2-aminoethyl)oleamide (26a)

Compound 25a (40.1 mg, 0.07 mmol) was dissolved in 2 mL of a 2 % TCA solution in CH,Cl,.
Upon addition of TCA, the reaction mixture showed an intense yellow-orange colour, typical of the
MMT cation. After 1 h, TLC analysis indicated the complete disappearance of the starting material
and the appearance of a new, more polar compound. To quench the reaction, MeOH was added
until disappearance of the orange colour, and then TEA until neutralization. The crude product was
extracted with CH,Cl,/H,0 and the residue purified by chromatography on silica gel column using
CH,CIl,/MeOH (98:2, v/v) as eluent, also containing 2 % of TEA, yielding desired compound 26a
in 98 % isolated yields (22.3 mg, 0.07 mmol).

26a: pale yellow oil. R = 0.5 (CH,CIl,/MeOH, 8:2, v/v).

'H NMR (400 MHz, CDCls): 6 6.55 (bs, 1H, NHC=0 oleic); 5.32 (s, 2H, CH-9°, 10°); 3.27 (bs,
2H, -CH,NH oleic); 3.06 (bs, 2H, NHy); 2.90 (bt, 2H, -CH,;NH,); 2.19 (t, J = 7.4 and 7.3 Hz, 2H,
CH»-2%); 1.98 (overlapped signals, 4H, 2x CH,-8’, 11°); 1.60 (m, 2H, CH-3"); 1.28-1.19
(overlapped signals, 20H, 10x CH.-4’, 5°, 6, 7°, 12°, 13°, 14°, 15°, 16>, 17°); 0.86 (bt, 3H, CHa-
18).

3C NMR (100 MHz, CDCls):  174.7 (C=0 oleic); 129.5, 129.4 (overlapped signals, 2x CH-9’,
10%); 39.9 (-CH,NH oleic); 36.7 (-CH2NH,); 36.1 (CH»-2%); 31.5, 29.4, 28.9, 22.3 (overlapped
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signals, 10x CH»-4’, 5°, 6°, 7°, 12°, 13°, 14°, 15°, 16°, 17°); 26.9 (overlapped signals, 2x CH-8’,
117); 25.3 (CH2-3"); 13.8 (CH3-18°).

MALDI-MS (positive ions): calculated for C,oHsN20, 324.31; found m/z: 347.17 [M+Na'];
363.19 [M+K™].

Synthesis of (Z)-di-tert-butyl 2,2'-[7-(1-tert-butoxy-5-2-oleamidoethylamino-1,5-dioxopentan-
2-yl)-1,4,7-triazonane-1,4-diyl]diacetate (27a)

Commercially available NOTA derivative {4-[4,7-bis(2-tert-butoxy-2-oxoethyl)-1,4,7-triazonan-1-
yl]-5-tert-butoxy-5-oxopentanoic acid} — here indicated as NOTA-(COOtBu); - (42 mg, 0.08
mmol) was dissolved in 3 mL of dry CH,Cl,; then DMAP (18.5 mg, 0.15 mmol) and DCC (47 mg,
0.23 mmol) were added to the resulting solution. The reaction mixture was left under stirring and
argon flow at r.t. for ca. 1 h. After complete activation of the carboxylic group of NOTA, compound
26a was added in slight stoichiometric excess (31.2 mg, 0.10 mmol). After 15 h the reaction,
monitored via TLC, indicated the complete disappearance of both starting products and the
appearance of a new product. The reaction was quenched by addition of MeOH; the solvent was
removed under reduced pressure and the crude product was purified by chromatographic column
eluting with CHCI3/MeOH (95:5, v/v). This purification procedure was not satisfactory to
completely remove all the impurities and therefore a second chromatographic purification, using a
column eluted with AcOEt/MeOH (95:5, v/v), was carried out, affording pure compound 27a with
68% isolated yields (46.3 mg, 0.05 mmol).

NOTA-(COOtBu);: 'H NMR (400 MHz, CDCls): ¢ 3.41
(overlapped signals, 4H, CHz-d and CH,-€); 3.34 (m, 1H, CH-c); o
3.05-2.91 (overlapped signals, 12H, -NCHCHyN- of '
macrocycle); 2.51 (m, 2H, CH,-a); 1.96 (m, 2H, CHy-b); 1.44 (s, N NC ¢
27H, CHj3 of -tBu). QNJ
3C NMR (100 MHz, CDCls): 6 176.2 (COOH); 171.0, 170.7 ekﬁo

(overlapped signals, 3x COOtBu); 81.6, 81.1 (overlapped signals, o 7<

3x quaternary carbons of tBu); 68.3 (CH-c); 58.5 (overlapped signals, CH,-d and CH,-e); 54.9,
54.3, 52.3 (overlapped signals, -NCH,CHN- of the macrocycle); 33.6 (CH-a); 28.1 (CHj3 of -tBu);
24.9 (CH,-b).

27a: yellow oil. R = 0.9 (CH,Cl,/MeOH, 8:2, v/v).

'H NMR (400 MHz, CDCls): 6 6.48 (s, 1H, NH); 5.33 (s, 2H, CH-9, 10°); 3.75 (m, 2H, -CH,NH
oleic); 3.65 (overlapped signals, 4H, CH,-d and CH,-e); 3.38 (overlapped signals, 3H, CH-c, -
CH;,NH oleic); 3.23-2.80 (overlapped signals, 14H, -NCH,CH,N- of the macrocycle, CH;NH);
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2.38 (m, 2H, CH,-a); 2.20 (bt, 2H, CH,-2"); 1.99 (overlapped signals, 6H, 2x CH,-8’, 11°, CH,-b);
1.59 (m, 2H, CH,-3"); 1.47 (s, 27H, CH3; of -tBu); 1.28-1.26 (overlapped signals, 20H, 10x CH,-4’,
5°,6°,7,12°,13°,14°,15°, 16, 17°); 0.87 (bt, 3H, CH3-18").

3C NMR (100 MHz, CDCls): § 174.6 (overlapped signals, C=O NOTA, C=0 oleamide); 172.8
(overlapped signals, 3x COOtBu); 129.8, 129.7 (2x CH-9’, 10”); 82.8 (overlapped signals, 3x
quaternary carbons of tBu); 63.8 (CH-c); 55.9 (overlapped signals, CH,-d and CH»-e); 54.3, 53.9,
51.7 (overlapped signals, -NCH,CH;N- of the macrocycle); 39.9 (-CH,NH oleamide); 39.5 (-
CH2;NH NOTA); 36.4 (CH,-2"); 32.7 (CH,-a); 31.8, 29.7, 29.5, 29.2, 29.1, 22.6 (overlapped signals,
10x CH-4’, 5, 6°,7°,12°,13°, 14, 15, 16°, 17°); 27.9 (CHj3 of -tBu); 27.1 (overlapped signals, 2x
CH,-8’, 117); 25.6 (CH3-b); 25.3 (CH-3"); 14.0 (CH3-18°).

ESI-MS (positive ions): calculated for C47Hg;NsOg, 849.66; found m/z: 850.59 [M+H"]; 883.55
[M+Na'].

Synthesis of NOTA-OL

Compound 27a (20.1 mg, 0.02 mmol) was dissolved in dry CH,Cl, (1 mL) and then 1 mL of a 10 %
TFA solution in CHCI3; was added. The reaction mixture was left under stirring at r. t. and checked
by TLC until the disappearance of the starting compound. After 15 h, the crude reaction was
concentrated in vacuo to remove the solvent. Subsequently, in order to remove even traces of
trifluoroacetic acid, the resulting product was coevaporated three times with dry n-isopropanol and
then taken several hours at the oil pump. In this way, without further purification steps, the final
product NOTA-OL was recovered in a pure form with 95% yields (13.1 mg, 0.02 mmol).
NOTA-OL.: oil. R = 0 (CH,Cl,/MeOH, 8:2, v/v).

'H NMR (400 MHz, CDCls): 6 5.33 (s, 2H, CH-9’, 10°); 4.01-3.36 (overlapped signals, 5H, CH,-d,
CH,-e, CH-c,); 2.97 (overlapped signals, 4H, -CH,NH oleamide, -CH,NH NOTA); 2.85
(overlapped signals, 14H, -NCH,CH;,N- of the macrocycle, CH,-2’); 2.40 (m, 2H, CH,-a); 2.01-
1.83 (overlapped signals, 6H, 2x CH»-8’, 11°, CH,-b); 1.56 (m, 2H, CH,-3"); 1.25-1.23 (overlapped
signals, 20H, 10 x CH,-4’, 5°,6°, 7°, 12°, 13, 14°, 15°, 16°, 17°); 0.87 (bt, 3H, CH3-18").

3C NMR (100 MHz, CDCls): 6 175.3 (3x COOH); 172.0 (C=0 NOTA); 171.4 (C=0 oleic); 129.9,
128.2 (overlapped signals, 2x CH-9’, 10°); 65.6 (CH-c); 56.3 (overlapped signals, CH,-d and CH-
e); 53.8, 52.2, 49.4 (overlapped signals, -NCH,CH,N- of the macrocycle); 39.2 (-CH,NH
oleamide); 38.5 (CH,-2"); 36.5 (-CH,NH NOTA); 34.6 (CH,-a); 31.8, 29.7, 29.6, 29.4, 29.2, 22.6
(overlapped signals, 10x CH»-4", 5, 6°, 7°, 12°, 13, 14°, 15°, 16°, 17°); 27.1 (overlapped signals, 2x
CH,-8’, 11°); 26.6 (CH,-3"); 24.5 (CH,-b); 14.0 (CH5-18").
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MALDI-MS (positive ions): calculated for C3sHg3NsOsg, 681.47; found m/z: 682.39 [M+H"]; 704.38
[M+Na*]; 720.35 [M+K].

e Synthesis of NOTA-Lip
Synthesis of  5-{1,2-dithiolan-3-yl-N-2-[(4-methoxyphenyl)  diphenylmethylaminoethyl]}
pentanamide (25b)
Commercially available lipoic acid (101 mg, 0.49 mmol) was dissolved in 4.5 mL of dry CH,CI,
and then treated with DMAP (120 mg, 0.98 mmol) and DCC (305 mg, 1.48 mmol). After 1 h
compound 24 was added to the reaction mixture in a little stoichiometric excess (179.2 mg, 0.54
mmol). After stirring for 15 h at r. t. TLC analysis indicated the complete transformation of oleic
acid into a more apolar product. Thus, the reaction mixture was stopped adding MeOH and the
solvent was removed under reduced pressure. The crude product was purified by chromatography
on a silica gel column using n-hexane/AcOEt (6:4, v/v) as eluent, containing 2 % of TEA, affording
desired compound 25b in 80 % yields (204 mg, 0.40 mmol)
25b: yellow oil. Rf = 0.7 (CH,CIl,/MeOH, 95:5, v/v).
'H NMR (400 MHz, CDCls): § 7.52 (d, J = 7.6 Hz, 4H, 4x Ha); 7.42 (d, J = 8.5 Hz, 2H, 2x Ha);
7.35(t, J=7.3and 7.4 Hz, 4H, 4x HB); 7.27 (d, J = 7.1 Hz, 2H, 2x Hy); 6.89 (d, J = 8.5 Hz, 2H, 2x
HP’); 5.91 (bs, 1H, NH); 3.85 (s, 3H, -OCHa); 3.62 (m, 1H, CH-S); 3.43 (g, 2H, -CH,NH lipoic);
3.41-3.19 (m, 2H, CH,-S); 2.55-2.49 (m, 1H, CH,a-CH,-S); 2.39 (t, J = 5.7 and 5.6 Hz, 2H, -
CH;NH MMT); 2.28 (t, J = 7.1 and 7.2 Hz, 2H, -CH,-C=0 lipoic); 2.01-1.93 (m, 1H, CH;b-CH,-
S); 1.81-1.53 (m, 6H, 3x CHy, lipoic).
3C NMR (100 MHz, CDCls): ¢ 172.6 (C=0 lipoic); 157.8 (C-8); 145.8 (2x C-1); 137.7 (C-5);
129.6 (2x C-6); 128.3 (4x C-2); 127.8 (4x C-3); 126.3 (2x C-4); 113.0 (2x C-7); 70.1 (quaternary
carbon of MMT); 56.3 (CH-S); 55.0 (-OCHg); 43.3 (-CH2NH lipoic); 40.1 (CH,-S); 39.9 (-CH,NH
MMT); 38.3 (CH,-C=0 lipoic); 36.5, 34.5, 28.7, 25.3 (overlapped signals, 4 aliphatic carbons of
lipoic).
ESI-MS (positive ions): calculated for CagHzsN20,S,, 520.22; found m/z: 543.75 [M+Na'].
MALDI-MS (positive ions): calculated for CgzoHzsN20,S,, 520.22; found m/z: 271.60 [M-
MMT+Na']; 287.08 [M-MMT+K™].

Synthesis of N-2-aminoethyl-5-(1,2-dithiolan-3-yl)pentanamide (26b)
Compound 25b (200 mg, 0.38 mmol) was dissolved in 3 mL of a 2 % TCA solution in CH,Cl,.
Upon addition of TCA, the reaction mixture showed an intense yellow-orange coloration, typical of

the MMT cation. After 1 h, TLC analysis indicated the complete disappearance of the starting
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material and the appearance of a new, more polar compound. To quench the reaction, MeOH was
added until disappearance of the orange colour, followed by TEA until neutralization. The crude
product was extracted with CH,Cl,/H,0, recovering the desired compound in the aqueous phases.
Then the solvent was removed under vacuum and the residue purified by chromatography on a
silica gel column using CH,Cl,/MeOH (9:1, v/v) as eluent containing 2 % of TEA, giving desired
compound 26b in 58 % isolated yields (53.8 mg, 0.22 mmol).

26b: yellow oil. R; = 0.4 (CH,CI,/MeOH, 8:2, v/v).

'H NMR (400 MHz, CDCl3): 6 5.93 (bs, 1H, NH); 3.57 (m, 1H, CH-S); 3.30 (m, 2H, -CH,NH
lipoic); 3.20-3.08 (m, 2H, CH,-S); 2.83 (t, J = 5.9 and 5.8 Hz, 2H, -CH,;NH); 2.50-2.42 (m, 1H,
CH,a-CH,-S); 2.20 (t, J = 7.2 and 7.5 Hz, 2H, -CH,-C=0 lipoic); 1.97-1.86 (m, 1H, CH,b-CH-S);
1.77-1.41 (m, 6H, 3x CHj lipoic).

3C NMR (100 MHz, CDCl3): 6 172.8 (C=0 lipoic); 56.3 (CH-S); 41.8 (-CH.NH lipoic); 41.2
(CH2-S); 40.1 (-CH,NH MMT); 38.4 (CH,-C=0 lipoic); 36.4, 34.5, 28.7, 25.3 (overlapped signals,
4 aliphatic carbons of lipoic).

ESI-MS (positive ions): calculated for C1oH20N20S,, 248.10; found m/z: 249.24 [M+H]; 272.16
[M+Na'].

Synthesis of di-tert-butyl 2,2'-7-5-{2-[5-(1,2-dithiolan-3-yl)pentanamido ethylamino]-1-tert-
butoxy-1,5-dioxopentan-2-yl}-1,4,7-triazonane-1,4-diyl diacetate (27b)

Commercially available NOTA derivative NODA-Ga(tBu); (40.1 mg, 0.07 mmol) was dissolved in
3 mL of dry CH,CI,; then DMAP (17.8 mg, 0.15 mmol) and DCC (45.0 mg, 0.22 mmol) were
added to the resulting solution. The reaction mixture was left under stirring and argon flow at r. t.
for ca. 1 h. After complete activation of the carboxylic group of NOTA, compound 26b was added
to the reaction mixture in slight stoichiometric excess (20.9 mg, 0.08 mmol). After 15 h the
reaction, monitored via TLC, indicated the complete disappearance of both starting products and the
appearance of a new product. So the reaction was quenched by addition of MeOH; the solvent was
removed under reduced pressure and the crude product purified by chromatographic column eluting
with CHCI3/MeOH (98:2, v/v), affording pure compound 27b with 58% isolated yields (31.4 mg,
0.04 mmol).

27b: oil. Rf = 0.8 (CHCI3/MeOH, 8:2, v/v).

'H NMR (400 MHz, CDCls): ¢ 3.65 (m, 1H, CH-S); 3.35-321 (overlapped signals, 9H, -CH,NH
lipoic, CH-c, CH,-d, CH,-e, CH,-S); 3.04 (overlapped signals, 12H, -NCH,CH;N- of the
macrocycle); 2.91-2.74 (overlapped signals, 4H, CHz-a, -CH,NH NOTA); 2.57 (m, 1H, CH,a-CH,-
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S); 1.73-1.13 (overlapped signals, 11H, -CH,-C=0 lipoic, CH,-b, CH,b-CH-S, 3x CHj, lipoic);
1,44 (s, 27H, CH; of -tBu).

3C NMR (100 MHz, CDCls): ¢ 172.7 (overlapped signals, C=O NOTA, C=0 lipoic); 171.1
(overlapped signals, 3x COOtBu); 80.9 (overlapped signals, 3x quaternary carbons of tBu); 66.4
(CH-c); 59.0 (overlapped signals, CH,-d and CHj,-e, CH-S); 55.3, 49.9 (overlapped signals, -
NCH,CH,;N- of the macrocycle); 41.6 (overlapped signals, -CH,;NH lipoic, CH,-S); 39.2
(overlapped signals, -CH,NH NOTA, CH,-C=0 lipoic); 32.5, 30.7, 26.2, 25.5 (overlapped signals,
4 aliphatic carbons of lipoic, CH»-a); 28.1 (CHj3 of -tBu); 24.8 (CH,-b).

MALDI-MS (positive ions): calculated for Cs;HeNsOgS,, 773.44; found m/z: 774.41 [M+H'];
796.39 [M+Na'].

Synthesis of NOTA-LIP

Compound 27b (18.0 mg, 0.02 mmol) was dissolved in 1 mL of dry CH,Cl, and then 1 mL of a 10
% TFA solution in CH,CI, was added. The reaction mixture was left under stirring at r. t. and
checked by TLC until disappearance of the starting compound. After 15 h, the crude product was
concentrated in vacuo and then coevaporated three times with dry n-isopropanol and successively
taken at the oil pump for several hours. Without further purification steps, the final product NOTA-
Lip was recovered in a pure form with 95% vyields (11.5 mg, 0.02 mmol).

NOTA-LIP: oil. R = 0 (CH,CIl,/MeOH, 8:2, v/v).

'H NMR (400 MHz, CDCls): ¢ 3.74-3.36 (overlapped signals, 10H, CH-S, -CH,NH lipoic, CH-c,
CH,-d, CH,-e, CH,-S); 3.07 (overlapped signals, 12H, -NCH,CH;N- of the macrocycle); 2.70-2.63
(overlapped signals, 4H, CH;-a, -CH,NH NOTA); 2.33-2.16 (overlapped signals, 12H, CH;a-CH-
S, -CH,-C=0 lipoic, CH2-b, CH;b-CH,-S, 3x CH; lipoic).

3C NMR (100 MHz, CDCls): § 174.0 (3x COOH); 172.7 (overlapped signals, C=O NOTA, C=0
lipoic); 66.4 (CH-c); 59.0 (overlapped signals, CH,-d and CH,-e, CH-S); 55.3, 49.9 (overlapped
signals, -NCH,CH,N- of the macrocycle); 40.7 (overlapped signals, -CH,NH lipoic, CH,-S); 33.7
(overlapped signals, -CH,NH NOTA, CH,-C=0 lipoic); 27.4, 27.0, 26.5 (overlapped signals, 4
aliphatic carbons of lipoic, CH,-a); 24.8 (CH,-b).

ESI-MS (positive ions): calculated Co5H43N50gS,, 605.26; found m/z: 606.67 [M+H"].
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e Synthesis of NOTA-Bio
Synthesis of N-{2-(4-methoxyphenyldiphenylmethylamino)ethyl-6-[5-(2-oxo-hexahydro-1H-
thieno[3,4-d]imidazol-4-yl]pentanamido}hexanamide (25c)
Commercially available biotinyl-6-aminocaproic acid (43.4 mg, 0.12 mmol) was dissolved in 6 mL
of dry DMF and then DMAP (29.7 mg, 0.24 mmol) and DCC (75.1 mg, 0.36 mmol) were added.
After 1 h compound 24 was added to the reaction mixture in a little stoichiometric excess (43.2 mg,
0.13 mmol). After stirring for 15 h at r. t. TLC analysis indicated the complete transformation of the
starting biotinyl-6-aminocaproic acid into a more apolar product. Thus, the reaction mixture was
quenched by addition of MeOH and the solvent was removed under reduced pressure. The crude
product was purified by chromatography on a silica gel column using CH,Cl,/MeOH (95:5, v/v) as
eluent, containing 2 % of TEA, giving desired compound 25c in 83 % vyields (69.8 mg, 0.10 mmol).
25c: pale yellow oil. R = 0.4 (CH.Cl,/MeQOH, 95:5, v/v).
'H NMR (400 MHz, CDCls): 6 7.35 (d, J = 7.6 Hz, 4H, 4x Ha); 7.25 (d, J = 8.7 Hz, 2H, 2x Ha);
7.19 (t, J = 7.4 Hz, 4H, 4x HP); 7.08 (d, J = 7.1 Hz, 2H, 2x Hy); 6.71 (d, J = 8.7 Hz, 2H, 2x Hp");
6.60 (bs, 1H, NHC=0); 6.54 (s, NHC=ONH); 5.63 (s, 1H, NHC=ONH); 4.36 (m, 1H, CH-13"");
4.21 (bt, 1H, CH-12); 3.68 (s, 3H, -OCHs); 3.36 (m, 1H, CH-11""); 3.23 (q, 2H, CH-6""); 2.91
(bt, 2H, -CH,NH biotin); 2.75-2.65 (m, 2H, CH»-14""); 2.18 (bt, 2H, -CH,NH MMT); 2.13-2.10
(overlapped signals, 4H, CH,-2"’, 7°°); 1.64-1.21 (m, 12H, 6x CH»-3*,4°*,5°, 8,9, 10”").
¥C NMR (100 MHz, CDCls): 6 173.4 (overlapped signals, NHC=0, C=0 biotin); 163.7
(NHC=0ONH); 157.7 (C-8); 145.9 (2x C-1); 137.8 (C-5); 129.5 (2x C-6); 128.2 (4x C-2); 127.6 (4x
C-3); 126.0 (2x C-4); 112.9 (2x C-7); 70.0 (quaternary carbon of MMT); 61.6 (CH-12""); 59.9 (CH-
13°%); 55.4 (CH-11""); 54.9 (-OCHg); 43.3 (-CHyNH biotin); 40.2 (-CH,NH MMT); 39.8 (CH,-
14°%); 38.9 (CH2-6"); 36.1 (CH2-2""); 35.5 (CHy-77"); 28.7 (CHx-57"); 27.7, 26.1, 26.0, 25.4, 25.0
(overlapped signals, 5x CH»-3"", 4, 6°°,9”°, 10”").
MALDI-MS (positive ions): calculated for CsgHsoNs0,S, 671.35; found m/z: 670.36 [M+H];
694.36 [M+Na']; 400.25 [M-MMT+H"]; 422.24 [M-MMT+Na']; 438.20 [M-MMT+K™].

Synthesis of N-(2-aminoethyl)-6-{5-(2-oxo0-hexahydro-1H-thieno[3,4-d]imidazol-4-yl)
pentanamido}hexanamide (26c¢)

Compound 25c¢ (85.0 mg, 0.13 mmol) was dissolved in 4 mL of a 2 % TCA solution in CH,Cl,.
Upon addition of TCA, the reaction mixture showed an intense yellow-orange coloration, typical of
the MMT cation. After 1 h, TLC analysis indicated the complete disappearance of the starting
material and the appearance of a new, more polar compound. To quench the reaction, MeOH was

added until disappearance of the orange colour, followed by TEA until neutralization. The crude
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product was extracted with CH,Cl»/H,0, recovering the desired compound in the aqueous phases.
Then, in order to recover the desired compound in a pure form, another extraction was performed
using MeOH/H,0 providing compound 26¢ in the organic solvent in 77 % isolated yields (40.1 mg,
0.10 mmol).

26¢: pale yellow oil. Rf = 0.3 (CHCI3/MeOH, 7:3, vIv).

'H NMR (400 MHz, MeOD): 6 4.43 (m, 1H, CH-13"’); 4.33 (bt, 1H, CH-14""); 3.29 (bt, J = 5.6
and 5.5 Hz, 2H, -CH,NH,); 3.14 (m, 1H, CH-11""); 3.07 (q, 2H, CH,-6""); 2.78 (bt, J = 5.7 and 5.5
Hz, 2H, -CH,NH biotin); 2.75-2.55 (m, 2H, CH»-14""); 2.11-2.02 (overlapped signals, 4H, CH»-2"’,
7°%); 1.53-1.25 (m, 12H, 6x CH,-3",4°°, 5, 8%,9”, 10”).

3C NMR (100 MHz, MeOD): ¢ 177.4 (C=0 biotin); 176.0 (NHC=0); 166.2 (NHC=ONH); 63.4
(CH-12); 61.7 (CH-13""); 57.0 (CH-11""); 41.1 (-CH,NH,); 40.9 (-CH,NH biotin); 40.2 (CH,-
14°%); 38.3 (CH,-6""); 36.8 (CH2-2""); 30.2 (CH,-7""); 29.7 (CH»-5); 29.5, 27.6, 26.9, 26.3
(overlapped signals, 5x CH»-3", 4°, 8°°,9°, 10”").

MALDI-MS (positive ions): calculated for CigH33NsO3S, 399.23; found m/z: 400.25 [M+H];
422.23 [M+Na']; 438.20 [M+K™].

Synthesis of di-tert-butyl 2,2'-{7-[2,2-dimethyl-4,8,13,20-tetraoxo-24-(2-oxo-hexahydro-1H-
thieno[3,4-d]imidazol-4-yl)-3-oxa-9,12,19-triazatetracosan-5-yl]-1,4,7-triazonane-1,4-
diyl}diacetate (27¢)

Commercially available NOTA derivative NODA-Ga(tBu); (39.0 mg, 0.07 mmol) was dissolved in
3 mL of dry DMF; then DMAP (17.1 mg, 0.14 mmol) and DCC (43.3 mg, 0.21 mmol) were added
to the resulting solution. The reaction mixture was left under stirring and argon flow at r. t. for ca. 1
h. After activation of the carboxylic group of NOTA, compound 26¢c was added in slight
stoichiometric excess (32.0 mg, 0.08 mmol) dissolved in 5 mL of dry DMF. After 15 h the reaction,
monitored via TLC, indicated the complete disappearance of both starting products and the
appearance of a new product. So the reaction was quenched by addition of MeOH; the solvent was
removed under reduced pressure and the crude product was purified by chromatographic column
eluting with CHCI3/MeOH (95:5, v/v), affording pure compound 27c with 71 % isolated yields
(46.3 mg, 0.05 mmol).

27c: yellow oil. Rf = 0.6 (CHCI3/MeOH, 8:2, v/v).

'H NMR (400 MHz, MeOD): ¢ 4.43 (m, 1H, CH-13"); 4.33 (bt, 1H, CH-12""); 3.92-3.89
(overlapped signals, 7H, -CH,NH NOTA, CH,-d, CH,-e, CH-c); 3.54-3.46 (overlapped signals,
15H, -NCH,CH,N- of macrocycle, CH-11"’, CH,-6""); 2.96-2.76 (overlapped signals, 4H, -
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CH,NH-biotin, CH,-14""); 2.43-1.96 (overlapped signals, 8H, CH,-a, CH,-b, CH,-2"’, CH,-7"’);
1,43 (s, 27H, CH; of -tBu); 1.46-1.27 (m, 12H, 6x CH,-3",4°°, 5,87, 9”°, 10”’).

3C NMR (100 MHz, MeOD): ¢ 171.6 (overlapped signals, C=0 biotin, NHC=0, C=0 NOTA);
171.1 (overlapped signals, 3x COOtBu); 164.6 (NHC=ONH); 81.6, 81.1 (overlapped signals, 3x
quaternary carbons of tBu); 63.5 (overlapped signlas, CH-c, CH-12"’, CH-13"); 57.0 (CH-11"");
55.7 (overlapped signals, CH,-d and CH-e); 55.6, 49.9, 46.6, 45.7 (overlapped signals, -
NCH,CH,N- of the macrocycle); 41.1 (-CH,NH biotin); 40.9 (-CH,NH NOTA); 40.2 (CH»-14"");
38.3 (CH2-6"); 36.8 (CH,-2"); 32.4 (CHy-a); 32.3 (CH,-7""); 31.7 (CH,-5""); 30.8, 29.6, 28.0, 27.9
(overlapped signals, 5x CH»-3", 4°, 8°*,9”*, 10°”), 28.1 (CH3 of -tBu); 25.2 (CH,-b).

MALDI-MS (positive ions): calculated for C45HgoNgO10S, 924.57; found m/z: 925.85 [M+H"].

Synthesis of NOTA-Bio

Compound 27¢ (12.1 mg, 0.01 mmol) was dissolved in 2 mL of CH,CI, dry and then 1 mL of a 10
% TFA solution in CH,Cl, was added. The reaction mixture was left under stirring at r. t. and was
checked by TLC until the disappearance of the starting compound. After 15 h, the crude reaction
was concentrated in vacuo to get rid of the solvent. Subsequently, in order to remove even traces of
trifluoroacetic acid, the crude product was coevaporated three times with dry n-isopropanol and
then taken at the oil pump for several hours. In this way, without further purification steps, NOTA-
Bio was recovered with 95% yields (7.20 mg, 9.5 umol).

NOTA-Bio: oil. R = 0 (CH,Cl,/MeOH, 8:2, v/v).

'H NMR (400 MHz, MeOD): ¢ 4.43 (m, 1H, CH-13"); 4.33 (bt, 1H, CH-12""); 3.93-3.76
(overlapped signals, 7H, -CH,NH NOTA, CHy-d, CH,-e, CH-c); 3.63-3.46 (overlapped signals,
15H, -NCH,CH;N- of macrocycle, CH-11"’, CH,-6"); 2.92-2.84 (overlapped signals, 4H, -CH,NH
biotin, CH,-14""); 2.25-1.96 (overlapped signals, 8H, CH,-a, CH,-b, CH,-2"’, CH,-7""); 1.52-1.21
(m, 12H, 6x CH,-3", 4>, 5>°,8°,9°, 10”).

3C NMR (100 MHz, MeOD): § 175.5 (3x COOH); 172.5 (overlapped signals, C=O biotin,
NHC=0, C=0 NOTA); 164.6 (NHC=0ONH); 64.6 (overlapped signals, CH-c, CH-12"’, CH-13"");
55.6 (overlapped signals, CH,-d and CH,-e); 57.0 (CH-11""); 56.3, 49.9, 46.6, 45.7 (overlapped
signals, -NCH,CH,N- of the macrocycle); 41.1 (-CH,NH biotin); 40.9 (-CH,NH NOTA); 40.2
(CH2-14"); 38.3 (CH2-6"’); 36.8 (CH2-2"); 33.7 (CHy-a); 33.0 (CH2-7""); 32.5 (CH,-5"’); 32.1,
29.6, 27.5, 27.0 (overlapped signals, 5x CH»-3"", 4, 8”°,9°°, 10*”), 26.5 (CHz-b).

MALDI-MS (positive ions): calculated for Ca3sHssNgO10S, 756.38; found m/z: 757.65 [M+H"].
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Aptamers as targeting ligands

1. G-quadruplex-based aptamers: introduction

Nucleic acid aptamers are single-stranded DNA or RNA molecules, generally 25 to 60 bases in
length, identified from pools of random- sequence oligonucleotides (ONs) by an in vitro selection
process called SELEX (Systematic Evolution of Ligands by EXponential enrichment),?*®]
introduced in the early 90s independently by the research groups of Gold and Szostak.!?*%1
Thanks to their unique three-dimensional folding, aptamers can recognize a wide range of
molecular targets including proteins, small molecules, ions, whole cells and even entire organisms,
such as viruses or bacteria, with affinities, expressed in terms of dissociation constants (Kg), ranging
from picomolar (pM) to micromolar (uM).[262-2%4]

The high affinity and selectivity for the target, as well as the multiplicity of possible target types,
make aptamers a valid alternative to antibodies in a wide variety of applications, from therapeutics
(as drugs or drug-delivery systems) to diagnostic and sensing devices.!?%>2"2

Nucleic acid aptamers exhibit significant advantages over antibodies, such as smaller size, lower
immunogenicity, remarkable stability in a wide range of pH (= 4-9) and temperature; in addition,
aptamers allow an easy control of their folding processes, which, even after prolonged denaturation,
are typically reversible upon restoring the native conditions. In addition, once selected,
oligonucleotide-based aptamers can be easily synthesized. Chemical synthesis allows also easily
introducing ad hoc tailored chemical modifications that can increase the aptamer stability and bring

the production costs well below those of antibodies.?"*2™!

1.1. SELEX technology

As mentioned before, aptamer development generally exploits the SELEX methodology which
involves an in vitro iterative selection procedure consisting of three main steps: (i) binding
(capture), where a random ODN library is incubated with the desired target molecule under defined
conditions; (ii) partitioning, in which the target-bound ODN aptamers are separated from unbound
ones; and (iii) amplification, where the enriched pool of selected aptamers is amplified before being
used in the successive round of selection. During these processes, the best aptamers for the selected
target are enriched and the initial ODN library complexity is decreased (Figure 46, left side). The
starting pool, whose appropriate choice represents a crucial point for the success of the SELEX
method, can contain 10'2-10"® DNA or RNA single strands, each with an internal randomized

sequence of usually 30-80 nucleotides and terminal fixed sequences, complementary to pre-defined
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primers used in the amplification step. Aptamer libraries can be derived from chemical synthesis,
genomic DNA,”™! or transcriptomic sources,?”® and can be realized with deoxyribo-, ribo-, or
modified nucleotides.!”’”?°! Modified nucleotides are primarily used to increase the chemical and
enzymatic stability of aptamers, but can also contribute to broaden their chemical diversity,

improving their binding affinity and specificity for a selected target.
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Figure 46. Schematic representation of the SELEX process.

After incubation of the library with the selected target, partition of bound from unbound sequences
can be obtained using different strategies (Figure 46, right side), such as filtration, affinity
chromatography, or (iii) magnetic beads-based separation.”®™ Following partitioning, the target-
bound oligonucleotides are eluted from the target and amplified by PCR (DNA SELEX) or reverse
transcription PCR (RNA SELEX) to give an enriched pool of selected oligonucleotides, which is
used in the successive SELEX round. With increasingly stringent conditions (shorter incubation
times, higher temperatures, higher ODN/target ratios) in successive rounds of SELEX, the high-
affinity oligonucleotides are enriched. Traditionally, enriched aptamer pools from the SELEX
experiments are cloned into a plasmid and a few hundred individual clones, at most, have to be
sequenced to identify high affinity aptamers. However, the recent applications of next-generation
sequencing (NGS) combined with bioinformatic analysis of the growing aptamer populations allow
greatly improving the SELEX procedure.’® Next steps for obtaining functional aptamers are
structure- and sequence- guided molecular engineering that include truncations and/or mutations of
the sequence(s) to develop the shortest aptamer(s) with the highest affinity and specificity.?*® Once
identified, the putative aptamers can be synthesized and analysed to determine the target affinity

and specificity of binding vs. other possible targets.
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Despite the remarkable success of aptamers, their commercial application remains relatively
undeveloped, probably because of the overwhelming antibody-based market and a certain degree of
hesitation to move to new products. To date, Macugen (pegaptanib sodium), selected against the
vascular endothelial growth factor (VEGF), is the only existing aptamer-based drug, approved by
the US Food and Drug Administration for the treatment of neovascular age-related macular
degeneration (AMD), also undergoing clinical trials for the treatment of diabetic macular
[272,284]

oedema.?®®] Nevertheless, new aptamer-based candidate drugs are undertaking clinical trials,

and plausibly more aptamers will be approved as drugs in the next future.

1.2.  G-quadruplex (G4) motifs in oligonucleotide aptamers

Among the combinatorially selected aptamers endowed with significant bioactivity, many are G-
rich oligomers sharing a common structural feature, i.e. the ability to fold into stable G-quadruplex
(G4) conformations under physiological conditions and recognize very different protein
targets.[>?% This can be easily explained considering the extremely high polymorphism of G4
structures, non-canonical nucleic acid conformations in which the core unit is the guanine tetrad, a
cyclic planar arrangement of four guanines linked through Hoogsteen-type hydrogen bonds (Figure
47). Stacking of two or more guanine tetrads generates a G4 motif, which is further stabilized by
cations hosted in the central cavity of the G4.[287:2%

The apparently rigid G4 structure is indeed rather plastic and can fit into widely different nucleic
acid architectures. Multiple elements participate in conferring G4 structures a high level of
adaptability: 1) the intramolecular or intermolecular character of the system; 2) the parallel or
antiparallel direction of the guanine-rich tracts in the G4 assembly; 3) the length, sequence and
direction of the loops; 4) the syn or anti guanine orientation around the N-glycosidic bonds; and 5)
the number of consecutive G-quartets formed. Furthermore, other individual differentiating
elements can be additionally present in the G4-based aptamers, such as bulges,?®®) mixed G:A:G:A,
G:T:G:T and G:C:G:C tetrads,****™ G-vacancies,[®® A-tetrads sandwiched between G-tetrads®*!
or A:G4 pentads.® An additional level of structural diversity is related to the possibility of raising
both DNA and RNA G4-based aptamers.2%:2%!
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Figure 47. Schematic representations of: a) a G-tetrad stabilized by a metal ion in the central
cavity; b) some possible topologies for simple tetramolecular, bimolecular and unimolecular G4s
(strand polarities are indicated by arrows); c) examples of unimolecular G4s that differ in strand
orientation within the G4 core; and d) types of loops that join G-rich tracts in the G4 structure.

1.3. G4-forming aptamers in therapeutic applications
In the last two decades, aptamers proved to be very attractive as therapeutic agents mainly for their
enhanced cellular uptake, non-immunogenicity and lower production costs.””*”! Several aptamers

against different human pathologies, such as neurodegenerative diseases,’*® age-related macular

[299] [300] [301] [285] [302,303]

degeneration, inflammation, thrombosis, diabetes, cancer, human

immunodeficiency virus (HIV)®! and coagulation®®®! have been discovered and evaluated. Their
properties, targets of interest and current clinical evaluation have been recently reviewed in
detail.2%
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2. Fluorescent TBA-tagged nanoparticles for an efficient and reversible

control of thrombin activity

The 15-mer G-rich oligonucleotide TBA (Thrombin Binding Aptamer or TBAjs) is the best
characterized aptamer of thrombin, a “trypsin-like” serine protease involved in coagulation
processes able to convert soluble fibrinogen into insoluble strands of fibrin.E%2731 TBA has been
proposed as a valuable alternative to classical thrombin inhibitors used in clinic, such as heparin,
warfarin and bivalirudin, showing severe side effects or suffering from narrow therapeutic
windows.*231! Upon folding into an antiparallel, chair-like G-quadruplex structure, TBA can
strongly and selectively recognize the fibrinogen-binding exosite | of human thrombin,?*3
inhibiting its key function in the coagulation cascade.*

Due to its intrinsic instability to nucleases in physiological media, TBA did not progress to
advanced clinical trials, being blocked after Phase I studies. To overcome these drawbacks, several
TBA analogues have been proposed in the literature, carrying either backbone modifications®2%32!
or specific conjugations (with PEGP?!! or different kinds of nanoparticles®?®2*), aimed at
improving its pharmacokinetic profile and reducing the enzymatic degradation by nucleases.***3
TBA and its variants are important not only for their therapeutic potential, but also for possible
applications as biotechnological and bioanalytical tools. Noteworthy is the possibility to label these
aptamers with fluorescent probes, 30234341341 \which in principle allow monitoring their correct
folding and, following their turn-off/turn-on fluorescence responses, the target recognition
processes, particularly crucial for sensitive thrombin detection.

Thus, with the aim of optimizing the in vivo performance of TBA, a new tris-conjugated TBA (here
named tris-mTBA, Figure 48) containing an environment-sensitive fluorescent probe has been
prepared, characterized and then incorporated into silica nanoparticles (commercially available as
Sicastar®). Tris-mTBA has been designed to carry a dansyl group at the 3’-, and a B-cyclodextrin
and a biotin moiety at the 5’-end. The host-guest system dansyl/p-cyclodextrin - based on the well-
known inclusion properties of cyclodextrins,2*+34-3%2] aple to capture the dansyl fluorescent group -
has been selected to monitor the correct G-quadruplex folding of the aptamer decorating the
nanoparticle surface via simple fluorescence measurements. In fact, when TBA is unfolded, the
dansyl probe, very sensitive to external stimuli,*>**! is exposed to bulk water and only basal
fluorescence is observed. In turn, when TBA is structured into an antiparallel, unimolecular G-
quadruplex, the 5’ and 3’ ends of the oligonucleotide strand are in close proximity, favouring the
encapsulation of the dansyl group into the hydrophobic cyclodextrin cavity. Under these conditions
a marked fluorescence enhancement is observed, as demonstrated in our previous work,

investigating as a model system the parent bis-modified TBA, derivatized with a dansyl group at the
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3°- and a B-cyclodextrin at the 5’-end.**! TBA has been here conjugated with an additional tag,
inserting a biotin residue to allow its rapid and efficient binding to streptavidin-coated Sicastar®
nanoparticles (NPs), exploiting the high affinity and specificity between this ligand and the surface-
bound protein.P%¢3%7 Notably, the streptavidin-biotin complex is stable in a broad range of pH,
ionic strength and temperature,®*®3 and thus ensures a very stable TBA decoration on the

nanoparticles.
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Figure 48. Molecular structure of the trissmTBA. The TBA oligonucleotide sequence and the
dansyl moiety are highlighted in yellow and green, respectively.

Among the commercially available streptavidin-coated NPs, streptavidin-coated Sicastar® NPs with
hydrodynamic diameter of 50 nm have been selected. According to the literature, NPs of this size
seem to be the best compromise between optimization of the in vivo NP biodistribution and
preservation of the biotin-streptavidin interactions.

As far as the NP pharmacokinetic profile is concerned, it is generally accepted that very small NPs
(hydrodynamic radius < 5 nm) are rapidly excreted from the body through extravasation or renal
clearance,*%% while NPs in the pm range can easily accumulate in the body, especially in liver,
spleen and bone marrow.®23%3 On the contrary, NPs with hydrodynamic radius in the 50-100 nm
range, though showing a characteristic biodistribution and cellular uptake behaviour critically
depending on the specific cell type,®****! in most cases are trapped by mechanical filtration
operated by sinusoids in the spleen and then rapidly removed from the bloodstream by the

reticuloendothelial system (RES) cells.*®
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Concerning the preservation of the biotin-streptavidin interactions on the silica NP surface, a typical
stability trend has been observed as a function of the NP size: on increasing their hydrodynamic
radius from 50 to 200 nm, the affinity (in terms of K ) between biotin and streptavidin is
progressively reduced.®*”) This effect, probably due to steric constraints or diffusion limitations,
negatively affecting the ligand-receptor interactions, leads to conclude that NPs suitable for
bioanalytical applications should not exceed the 50-100 nm size.

Then, as for the kind of NP core here used, we specifically selected silica nanoparticles, rather than
metal or metal oxide-based platforms, for their low cytotoxicity, high biocompatibility, and, mainly,
for not causing fluorescence quenching or general interference with the properties of TBA.F%-37]
The synthesis and purification of this modified aptamer has been realized by dr. Francois Morvan
and his group at Institut des Biomolécules Max Mousseron in Montpellier. Then, we have
investigated it by means of UV, CD and fluorescence spectroscopy to get information on its
conformational behaviour under different solution conditions. Finally, tris-smTBA has been
immobilized onto Sicastar® nanoparticles, obtaining the corresponding functionalized Sicastar®
system. These nanoparticles have been characterized — in collaboration with the research group of
prof. Luigi Paduano at Department of Chemical Sciences of University of Napoli Federico Il - using
a combined approach including dynamic and static light scattering (DLS and SLS), gel
electrophoresis and fluorescence spectroscopy analyses. The inhibitory activity of the TBA-
conjugated silica nanoparticles towards human a-thrombin has been evaluated by means of light
scattering experiments, following the conversion of fibrinogen into fibrin promoted by the protein,
and compared with free trissmTBA and unmodified TBA. Control experiments with the
oligonucleotide sequence complementary to TBA (cTBA), carried out on the tris-mTBA both in
free form and conjugated to the silica nanoparticles, allowed verifying that — exploiting the higher
thermodynamic stability of a duplex structure vs. the corresponding G-quadruplex + single strand
system — the anticoagulant activity of these TBA-functionalized NPs can be reversed and blood

clotting restored, by simply using cTBA as an antidote.

2.1. Results and discussion

2.1.1. Synthesis of tris-mTBA

Tris-mTBA 35 was prepared in three main steps, as described in Scheme 8. First, dansyl azide
derivative 29%7® was immobilized via a Cu(l)-catalyzed azide-alkyne cycloaddition protocol
(CUAAC)E""371 on alkyne-functionalized solid support 285! using the CuSO4/sodium ascorbate
catalytic system under microwave irradiation®” for 1 h at 60 °C. Then, the resulting solid support
30 was used for the solid phase assembly of the TBA oligonucleotide sequence
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d(GGTTGGTGTGGTTGG) on a DNA synthesizer using standard phosphoramidite chemistry.
Once the desired sequence was assembled, two additional couplings were performed: the first one
with the DMTr-THME propargyl phosphoramidite 31,2 introducing an alkyne moiety in the

oligonucleotide, and the second one with the commercially available biotin phosphoramidite 32.

a) \= DANS o
! OO \ DMTrO o<
] ]
' (22:q) i
0 “\_0=8=0-
DMTro\/I\\,o—( Sk Nﬁ/

HN. A~ N, N=N
o CuSo, (0.4 eq)
Sodium ascorbate (2eq) DAN S—H 30
Yy 28 CH;OH/H,0 (48:52, viv) .
(1eq) 1h. 60 °C b) SPOS with:
(i) dG-CE* and T-CE amidites
\
(ii) ﬁ
ﬂ/\ N(iPr),
DMTrO 0P
(iii) JOL BN
DMTN™ “NH 31
H (PR
i / ) N\WO_P‘ ,\:CN
HN” “NH €) NH,OH o 33 o)
H Q Q (o}
N~ 1
s o-F-o 0-B-0-c6 1T 66 TETGE TTGE-0-P-0 OH
0 o o &

N, \ 33 /\H

o ﬁ\;a = (HPLC purification)

M N Wt

HO. o
DANS
N3 d)

Ho oH " OH CuSQy, (5 eq)

Pon 4 ] o = Sodium ascorbate (25 eq)

o u © H,0/CH,OH/DMSO (75:22:3, viviv)

0 o o 1 34 1.5h, RT
(3.5eq) v
HN" 'NH
H o] o (IZI)
S T TN T P — _P-0—
s o if‘ o o) #Il 0—GG TT GG TGT GG TT GG—0-P-0 OH
o) o o 3
fo) (o]
35
. cod
CPG solid support Nay N=N
DMTr 4 4'-Dimethoxytriphenylmethyl
. _ . _ B DANS-
SPOS Solid Phase Oligonuclectide Synthesis

G*  N-isobutyryl dG-CE phosphoramidite
Scheme 8. Synthetic scheme for the preparation of tris-mTBA 35.

After final DMTr removal, followed by standard ammonia deprotection of the functionalized solid
support, the 5’-biotin, 3'-dansyl TBA 33 was released in solution, purified by reverse-phase HPLC
96



Chapter 4

and then characterized by MALDI-TOF MS. Finally, B-cyclodextrin, in the form of mono-azide
derivative 34,% was coupled in solution with the alkyne-containing oligonucleotide 33 through
Cu(l)-promoted cycloaddition for 1.5 h at r.t., yielding the target tris-mTBA 35. The desired
oligomer was purified by gel filtration and characterized by MALDI-TOF MS (Figure 49).
Successively, 35 was converted into the corresponding potassium salt by treatment with a 1 M KCI

ag. solution and then desalted using size exclusion chromatography.
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Figure 49. a) HPLC profile and b) MALDI-TOF MS spectrum of pure tris-mTBA 35. Linear
gradient: 10 to 30 % B in A for 20 min, 35 tg: 14.6 min.

2.1.2. Spectroscopic properties of tris-mTBA in solution

The conformational behaviour in solution of tris-mTBA was investigated combining UV, CD and
fluorescence data. The spectra collected with the different techniques were obtained from a
phosphate buffered solution containing 80 mM K" ions (10 mM KH,PQO4, 70 mM KCI, 0.2 mM
EDTA, pH 7.0), in analogy with the previous study performed on the bis-conjugated TBA
derivativel®**! (here named bis-mTBA), used as a model to evaluate the host-guest system dansyl/B-
cyclodextrin on this G-quadruplex forming oligonucleotide.

The CD spectrum of tris-mTBA at 10 °C shows two positive bands with maxima centred at 295 and
246 nm and a negative band with minimum at 266 nm (Figure 50a). These spectral features are
consistent with those reported for the unmodified TBA, forming a chair-like antiparallel G-
quadruplex structure;*2%823871 thys confirming that the conjugation with the three sterically
hindered reporter groups (i.e., dansyl, B-cyclodextrin and biotin) does not impair the G-quadruplex
formation of TBA nor affects the topology of its conformation.

The CD melting profile, monitoring at 295 nm, provided a melting temperature of 39 °C in the
selected buffer (Figure 50b). No hysteresis was observed on comparing the heating and cooling

profiles, indicating that, under the studied experimental conditions, the system is at equilibrium.
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Figure 50. CD spectrum registered at 10 °C (a) and CD melting profile recorded at 295 nm
(temperature scan rate = 1 °C/min) (b) of a 5 uM tris-mTBA solution in 10 mM KH,PQO,4, 70 mM
KCI, 0.2 mM EDTA (pH 7.0).

-10

The CD spectrum of trissmTBA was also recorded in PBS, the buffer solution here used for the
successive functionalization of Sicastar® nanoparticles (see below), containing a lower K*
concentration with respect to the previously used buffer (4.5 vs. 80 mM), and a high content of Na*
ions (157 mM). Also under these conditions, tris-mTBA maintains the same CD profile as in the 80
mM K*-buffer, with the positive CD band having the maximum at 295 nm (Figure 51) diagnostic of

an antiparallel G-quadruplex structure.

20 - — Potassium buffer solution

PBS
| - Hzo

CD[mdeg]
S

o

220 240 260 280 300 320
Wavelength [nm]

Figure 51. Overlapped CD spectra of trissmTBA at 5 uM concentration in different solution
conditions: 80 mM K™-buffer solution (red line), PBS (green line), pure water (blu line).

In PBS solution tris-mTBA has a lower structuration degree than in the phosphate buffer containing
only K" as cation, as expected considering that this species can stabilize G-quadruplex structures

better than Na*.*882° The CD spectrum of tris-mTBA in pure water proves that in the absence of
stabilizing cations, this aptamer is very poorly structured.
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Figure 52. a) UV spectrum and b) UV melting profile (15-85 °C, temperature scan rate = 1 °C/min)
of trissmTBA, both recorded in a 10 mM KH,POy4, 70 mM KCI, 0.2 mM EDTA (pH 7.0) solution at
5 UM concentration.

Next, the UV spectrum of tris-mTBA, registered at 5 uM concentration in the 10 mM KH,PO,, 70
mM KCI, 0.2 mM EDTA (pH 7.0) buffer solution, revealed the characteristic absorption of TBA,
with the double-hump band between 230 and 300 nm (Figure 52a). As determined from comparison
with the unmodified TBA under the same concentration and solution conditions, the contribution of
the dansyl, B-cyclodextrin and biotin moieties can be considered negligible with respect to the
oligonucleotide absorbance. From the UV-melting curve recorded at 295 nm,386:323%1 4 T of 39
°C was derived (Figure 52b), in perfect accordance with the T, from the CD melting registered at
the same wavelength. Even in this case, no significant hysteresis was observed on comparing the
heating and cooling processes (data not shown), indicating a fully reversible process.

The thermal denaturation of trissmTBA was also analysed by monitoring the changes of the
fluorescence emission of the dansyl group, upon excitation at 327 nm, as a function of the
temperature on an annealed aptamer solution. On increasing the temperature, a gradual, marked
decrease in the fluorescence intensity, as well as an emission maximum shift from 534 to 551 nm,
were observed (Figure 53a). These fluorescence features clearly indicate that the dansyl group
experiences dramatically different environments upon temperature-induced unfolding. These
findings are consistent with the dansyl residue being encapsulated inside the B-cyclodextrin ring in
the folded state (low temperature) and pointing outside, exposed to the aqueous solution, in the
unfolded state (high temperature), as already observed in the case of bis-mTBA.*

The fluorescence-monitored melting curve was obtained reporting the wavelength at the
fluorescence emission maximum as a function of the temperature (Figure 53b).***! The obtained Ty,
value (40 °C) is, within the experimental error, in good accordance with the results obtained from
CD and UV data, indicating that the dansyl group is thrown out from the cyclodextrin cavity in
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concomitance with the unfolding of the whole G-quadruplex structure. Also in this case, the heating

and cooling profiles were essentially superimposable (data not shown).
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Figure 53. a) Overlapped emission fluorescence spectra (Aex = 327 nm) of tris-mTBA, recorded at 2
MM concentration in a 10 mM KH,;PO4, 70 mM KCI, 0.2 mM EDTA (pH 7.0) buffer solution, on
increasing the temperature from 20 to 80 °C; b) fluorescence melting profile obtained reporting the
wavelength at the fluorescence emission maximum as a function of temperature (range 20-80 °C).

In summary, these results show that tris-mTBA qualitatively behaves as bis-mTBAP*! and the
unmodified TBA.[F203843853871 Aq expected, the presence of three bulky conjugating groups affects
the apparent Ty, of tris-mTBA, which is ca. 10 °C lower than that of TBA and of bis-mTBA (39 vs.
49 °C), showing a marked loss in thermal stability in the explored conditions. However, these data
also confirm that, in a pseudo-physiological solution, tris-mTBA is mainly present as a G4
structure. It can be also speculated that the G4 structuring of tris-mTBA should be further enhanced
when conjugated to the NPs, if other interfering surface processes do not intervene. In fact, once the
biotin residue of tris-mTBA is captured by the streptavidin coating of the NPs, any competition is
prevented between the dansyl and biotin for cyclodextrin recognition (which is however possible in
tris-mTBA in solution since the binding constants for their complexes with -cyclodextrin are in the

same order of magnitude (Ka ~10° M %)#**3%! and could disturb the correct G4 folding).

2.1.3. CD experiments with cTBA sequence

Reversibility of binding between inhibitors and coagulant factors is essential in drug treatments. In
fact, in case of clinical complications, such as haemorrhage, physicians need rapidly and safely
reversing coagulation inhibition. The 15-mer d(CCAACCACACCAACC), here indicated as cTBA,
complementary to the TBA sequence and able to hybridize it forming a duplex structure, can
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profitably modulate the activity of TBA, reversing its anticoagulation activity.***! Thus TBA and

CTBA can be considered a very effective drug/antidote pair for thrombin.!*"!
In this frame, the ability of tris-mTBA to form a duplex structure with cTBA was investigated by

CD measurements and compared with the unmodified TBA. The CD experiments were carried out
using a tandem cell, a quartz cuvette composed of two distinct compartments, which allows
recording the sum and mix spectra of two components (i.e. the spectrum obtained by maintaining

the cCTBA and TBA as separate systems, and the one obtained after mixing the two solutions).
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Figure 54. CD spectra registered as sum (red lines) and mix (blue lines) of tris-smTBA/cTBA (a)
and unmodified TBA/CTBA (b) systems in a tandem cell. Each oligonucleotide was analysed at 2.5

uM concentration in PBS solution.
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Figure 55. CD melting curves for the mix solutions of tris-mTBA/cTBA (a) and unmodified
TBA/CTBA (b), recorded in a tandem cell in PBS solution at 268 nm (scan rate = 1 °C/min).

In both cases the sum (red lines) and mix (blue lines) spectra were not superimposable, denoting the
rapid interaction of the two strands (Figure 54). Thus, for tris-mTBA the formation of a duplex

structure upon cTBA addition efficiently competes with the G-quadruplex, in analogy with the
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unmodified TBA behaviour. After mixing the solutions and stabilization of the CD signal, a
denaturation curve was recorded at 268 nm for each duplex (Figure 55), showing similar T, values
for the two systems (62 and 60 °C for tris-mTBA/CcTBA and TBA/cTBA, respectively). An end-
stacking stabilizing effect produced by the dansyl moiety could account for the slightly higher T, of
the duplex structure containing tris-mTBA. The CD melting curves were almost superimposable to
the corresponding annealing profiles, not evidencing hysteresis phenomena.

These data clearly indicate that the residues inserted at the ends of tris-mTBA do not perturb its
ability to bind its complementary strand, forming a stable duplex under pseudo-physiological

conditions, necessary pre-requisite for using tris-mTBA/cTBA as an anticoagulant/antidote couple.

2.1.4. Preparation of the tris-mTBA-functionalized Sicastar® nanoparticles
Once having fully characterized the behaviour of tris-mTBA in solution, this aptamer was

conjugated to Sicastar® NPs as schematically represented in Figure 56.
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Figure 56. Schematic representation of the Sicastar® functionalization with the tris-mTBA.

The functionalization of the streptavidin-coated silica nanoparticles with tris-mTBA is based on the
high affinity of streptavidin/biotin recognition (Kgq ~10™* M).* Thus, by simply mixing in an
eppendorf tube the Sicastar® NPs and tris-mTBA both in PBS buffer (using a biotin/streptavidin 1:1
ratio) under gentle stirring for 1 h, the conjugated tris-mTBA/Sicastar® NPs were obtained. The

functionalization protocol was optimized on the basis of DLS results. In fact, specific
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functionalization conditions were necessary to obtain a single NP population (see below), which

was then analysed using different techniques.

2.1.5. Dynamic and Static Light Scattering analysis of functionalized Sicastar® NPs

In order to characterize the tris-mTBA-functionalized Sicastar® NPs, dynamic light scattering
analyses were carried out on the nanoparticles before and after the functionalization with the
aptamer. The streptavidin-coated Sicastar® NPs — analysed as received from the commercial
supplier - showed a well-defined, single population, with hydrodynamic radius of ca. 50 nm,
accounting for more than 95% of the scattering intensity, accompanied by a very small population
of higher size. Analysis of the tris-mTBA-functionalized NPs samples showed that when the
functionalization was performed mixing Sicastar® NPs and tris-mTBA so to have a 1:1 or 1:0.9
streptavidin/biotin ratio, with short incubation times, only a single monodispersed NP population
was obtained. On the contrary, DLS curves of the functionalized NPs obtained using high
biotin:streptavidin ratios or long incubation times showed, in addition to the main population, also
detectable amounts of larger species, likely aggregates (data not shown).

As expected, due to the negligible size of the aptamer with respect to the streptavidin-coated silica
NPs, no effect on the overall dimensions of the Sicastar® system was detected after
functionalization with tris-mTBA, as determined by DLS.

Static light scattering analysis and Zimm plot elaboration were also exploited to characterize the
tris-mTBA/Sicastar® NPs system, providing the molecular weight of the NPs before and after
functionalization. Notably, unfunctionalized NPs showed a molecular weight of the same order of
magnitude as the tris-mTBA-functionalized Sicastar® NPs (5.4x10° vs. 5.3x10° Da before and after
functionalization, respectively). As in the case of the overall size determined by DLS, also in terms
of molecular weight the contribution of tris-mTBA, upon conjugation to the Sicastar® NPs, is
negligible: indeed, the expected increase in molecular weight after the functionalization falls within
the uncertainty of the method, which allows a molecular weight evaluation with an error of ca.
+10%. However, a quite unexpected and remarkable finding is the different slope of the Zimm plots
relative to the NPs before and after the functionalization (Figure 57a and 57b). In the former case a
positive slope was observed, indicating a good NP system-solvent interaction, while the latter
system showed a negative slope, indicating that the interactions among the NPs are favoured over
the NPs-solvent ones, and therefore an intrinsic tendency of the tris-mTBA/Sicastar® NPs to self-
aggregate should be considered.

Moving from this result, DLS was further employed to check the stability over time of Sicastar®
NPs before and after the tris-mTBA functionalization. Remarkably, no detectable change in the
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DLS profiles of unfunctionalized Sicastar® NPs in PBS solution was observed over a period of
several months. In contrast, in the case of functionalized NPs, DLS analysis showed the appearance
of new, even if very small, populations of bigger aggregates starting from ca. 4 weeks from the
functionalization procedure, in close agreement with the results of the Zimm plot analysis (Figure
57c). However, despite their inherent tendency to aggregate with time, these data prove that the
functionalized tris-mTBA/Sicastar® NPs can be considered stable in pseudo-physiological solutions
for ca. one month, a time range well beyond that needed for biomedical applications.
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Figure 57. Zimm plot of Sicastar® NPs before (a) and after (b) the functionalization with tris-
mTBA. c) Overlapped DLS profiles of the tris-mTBA/Sicastar® NPs in PBS solution, registered at
t=0, 1 week, 2 weeks, 3 weeks or 4 weeks after their preparation.

2.1.6. Gel electrophoresis analysis

Gel electrophoresis analysis was used to further characterize the modified aptamer and the Sicastar®
NPs in solution. In Figure 58 the photograph of a representative 1 % agarose gel, run under native
conditions, is reported. A detectable difference in electrophoretic mobility was observed for the
unmodified TBA and tris-mTBA, both previously annealed in PBS, proving that the three bulky,
pendant groups here introduced on tris-mTBA somehow affected the migration ability of TBA.
Interestingly, upon UV visualization, the tris-mTBA band showed a different colour with respect to
the unmodified TBA, probably conferred by the dansyl group (cfr. lanes 3 and 4 in Figure 58,

respectively). As far as the nanoparticles are concerned, both the unfunctionalized and tris-mTBA-

104



Chapter 4

functionalized Sicastar® NPs loaded on the gel (lanes 1 and 2, respectively) showed retarded bands
with respect to the free aptamers in solution. They revealed the same mobility under the used
conditions, clear evidence that the TBA functionalization of the Sicastar® NPs did not alter their
migration on an agarose gel, i.e. their overall size and shape, as expected considering the relative
weight of the streptavidin-coated NPs and of tris-mTBA and in accordance with the DLS and SLS
analyses. Remarkably, the functionalized NPs loaded on the gel (lane 2) did not show detectable
bands in correspondence of the free tris-mTBA. Taking into account that gel electrophoresis is a
low resolution technique, these results however provide an indication that, within the detection limit

of the method, the functionalized NPs do not contain unbound tris-mTBA.

Figure 58. 1% agarose gel electrophoresis under native conditions of the analysed TBA and NP
systems; Lane 1: Sicastar® NPs (2.5 mg/mL); Lane 2: tris-mTBA/Sicastar® (2.5 mg/mL); Lane 3:
tris-mTBA (3.3 puM); Lane 4: unmodified TBA (3.3 pM); Lane 5: tris-mTBA (2.0 uM).

2.1.7. Fluorescence spectroscopy analysis of free and NP-conjugated tris-mTBA

Fluorescence measurements allowed monitoring the fluorescence emission of the dansyl group.
Since this fluorescent probe is extremely sensitive to its environment, the persistence of substantial
fluorescence emission, with the same maximum as observed in the G4-structured tris-mTBA
solution before the NPs functionalization, can provide evidence of complete encapsulation of dansyl
within the cyclodextrin cavity even in the NP-immobilized aptamer. As demonstrated in solution
studies, this event is strictly connected with the correct G4-structuring of tris-mTBA and can thus
provide information on the effective conformation adopted by the aptamer on the NP surface after
the functionalization procedure. In Figure 59 overlapped fluorescence spectra of tris-mTBA and
tris-mTBA/Sicastar® in PBS solution at the same aptamer concentration are reported, after
subtracting the contributions of the buffer and of Sicastar® NPs alone. These spectra are
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qualitatively similar, with a fluorescence difference of less than 20%. The perfect coincidence of the
fluorescence maxima proved that, after immobilization onto Sicastar®, tris-mTBA maintained its
original fluorescence features. It can be thus deduced that the peculiar G4 conformation of tris-

mTBA, essential for thrombin recognition, is overall preserved on the functionalized Sicastar® NPs.
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Figure 59. Overlapped fluorescence spectra of tris-mTBA and tris-mTBA/Sicastar® NPs (black and
red curves, respectively) in PBS solution, with the emission maximum marked for each spectrum.

2.1.8. Anticoagulant activity

The anticoagulant activity of tris-mTBA and tris-mTBA/Sicastar® NPs was evaluated following the
conversion of fibrinogen in fibrin induced by thrombin by means of light scattering experiments,
and compared with the activity of free TBAs. A rapid increase of the scattered intensity with time
indicated the progression of fibrin formation in samples only containing fibrinogen and thrombin
(Figure 60). The addition of the aptamers, TBA or tris-mTBA, caused a marked decrease of the
scattered intensity with respect to the untreated samples, evidencing the inhibition of thrombin
coagulation activity. The observed anticoagulant effect was significantly influenced by the
conjugating groups on TBA. Indeed, tris-mTBA was ca. 10 times more effective than TBA itself
under the same experimental conditions, probably as a result of its higher affinity for thrombin
imparted by the presence of the pendant groups. Upon treatment with the tris-mTBA/Sicastar® NPs,
no increase of the scattered intensity over time was detected, indicating that the coagulation process
was completely blocked by the functionalized NPs, proving to be much more efficient as
anticoagulant than both the free TBAs.

Finally, we verified if the anticoagulant activity of tris-mTBA could be controlled by addition of the
antidote of TBA (i.e., cCTBA) even when the aptamer was bound on the NP surface. A 10-fold

excess of cTBA was added to the tris-mTBA/Sicastar® NPs and the scattered intensity of the
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resulting mixture monitored over time. A significant increase of the scattered intensity was detected
about 30 minutes after the cTBA addition, indicating that the antidote is effectively able to reverse
the triss-mTBA anticoagulant activity even when the aptamer is immobilized on the NP surface
(Figure 60).
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Figure 60. Coagulation curves of fibrinogen in the presence of thrombin and different anticoagulant
agents (TBA; tris-mTBA, tris-mTBA/Sicastar® NPs and cTBA).

Control experiments performed in the presence of not functionalized Sicastar® show an almost
sudden increase of the light scattered intensity, which does not change further with time, in apparent
contrast with the coagulation of fibrinogen. Thus to get a further insight into the process, we also
analysed the autocorrelation functions obtained for the different systems at different times. Indeed,
the analysis of the normalized autocorrelation function gives us a direct information on the size of
the species in the system, a different experimental view of the coagulation process.

As emerges from Figure 61a, in the presence of thrombin, a shift of the curves with respect to pure
fibrinogen (fibr t=0) occurs at increasing times because of the formation of fibrin. Remarkably, the
autocorrelation curves at the end of the coagulation experiment (t=t;) differ depending on the
anticoagulant agent. When no anticoagulant is present, the curve does not reach zero even at very
long times, clearly indicating the formation of very big aggregates. In the presence of TBA the
strong noise at long times also points towards the formation of big species; while, in the case of tris-
MTBA, the position of the curve and the flat region at long times indicate that only soluble, smaller
species are present. Finally, in the presence of tris-mTBA/Sicastar® NPs no appreciable shift of the

autocorrelation curve is observed with time. It is interesting to note that in the control system
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containing not functionalized Sicastar®, the initial curve is intermediate between that of the system
containing fibrinogen and tris-mTBA/Sicastar® NPs and that of coagulated fibrinogen, suggesting
the presence of some aggregated species formed upon interaction between NPs and fibrinogen.
However, at the end of the experiment the normalized autocorrelation curve is superimposable with
that of coagulated fibrinogen. The conversion of fibrinogen coated NPs into coagulated fibrinogen
does not result in a significant change of intensity. So, although monitoring of the light scattered
intensity over time is a good method to follow the coagulation of fibrinogen, nonetheless in some
cases it fails to reveals what actually happens in the system, and only a concomitant analysis of the
autocorrelation function can give a clear picture of the system.

Indeed, the normalized autocorrelation function, compared with that of the other systems containing
Sicastar® NPs (Figure 61b), upon addition of the antidote, at the end of the measurements, proved to

be superimposable to that of the control experiment with no anticoagulant agent.
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Figure 61. a) Normalized autocorrelation function at different times and in the presence of different
anticoagulant agents (TBA,; trissmTBA and trissmTBA-NPs) and in the presence of not
functionalized Sicastar®; b) Comparison of the normalized autocorrelation function upon addition
of the antidote with respect to systems containing not functionalized and functionalized Sicastar®.

2.2.  Experimental section

e Materials and general methods
All the reagents and solvents were of the highest commercially available quality and used as
received.
The Sicastar® nanoparticles were purchased from Micromod (Germany) and consisted of a
suspension of spherical amorphous silica particles with a hydrodynamic radius of 50 nm (10
mg/mL, 7.6 x 102 particles per mg, density: 2.0 g/cm®) in PBS buffer, stabilized with 0.02%
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sodium azide. The particle surface was covered with covalently-bound streptavidin (protein content:
2500 ng/mg, corresponding to ca. 3 molecules of streptavidin per single particle).
UV measurements were obtained on a JASCO V-530 UV/vis spectrophotometer equipped with a
Peltier block JASCO ETC-505T, by using 1-cm quartz cells of 0.5 and 3 mL internal volume
(Hellma). The spectra were recorded with a response of 1 s, a scanning speed of 100 nm/min and a
2.0 nm bandwidth, and corrected by subtracting the buffer background scan.
CD spectra and CD-monitored melting curves were recorded on a Jasco J-715 spectropolarimeter
equipped with a Peltier-type temperature control system (model PTC-348WI), using a quartz
cuvette with a path length of 1 cm (3 mL internal volume, Hellma) or a tandem cell (2 x 0.4375 cm,
Hellma). CD parameters for spectra recording were: spectral window 220-320 nm, data pitch 1 nm,
band width 2 nm, response 4 s, scanning speed 100 nm/min, 3 accumulations. CD melting was
performed at 1 °C/min scan rate.
Fluorescence spectra were collected in a 1 cm path length cuvette with a HORIBA Jobin Yvon Inc.
FluoroMax®-4 spectrofluorometer equipped with F-3004 Sample Heater/Cooler Peltier.

e Preparation of oligonucleotide samples
Purified and lyophilized oligonucleotides tris-mTBA 8, unmodified TBA and cTBA were dissolved
in a known volume of Milli-Q water and their concentrations determined by UV spectroscopy in 1
cm path length cuvette measuring the absorbance at 260 nm (85 °C) using the following molar
extinction coefficients: for unmodified TBA and tris-mTBA, £,60 = 158478 cm™* M*; for cTBA,
g260 = 154655 cm ™ ML, Then the oligonucleotides from the stock solutions were diluted in the
selected buffer and annealed by heating each solution for 5 min at 90 °C and then leaving it to
slowly cool to r.t. overnight. Annealed samples were then kept at 4° C until use.

e Spectroscopic characterization of tris m-TBA
CD experiments. The CD spectra were collected at 10 °C in the range 220-320 nm. The
characterization of tris-mTBA was performed at 5 pM concentration taking a suitable initial aliquot
from a 335 uM stock solution in H,O. For the CD melting experiments, the CD signal at 295 nm
was recorded vs. the temperature in the range 10-85 °C. The CD experiments carried out with the
unmodified TBA or trissmTBA and the corresponding complementary strand (cTBA) were
performed in a tandem cell by placing, in one chamber, the TBA sequence, and in the other the
complementary strand, each at 2.5 uM concentration in PBS solution. Two CD spectra were
registered for each experiment: the first one was recorded as the sum of the separate components,
here named as the sum spectrum, and the second one was recorded after mixing the two solutions
and stabilization of the signal, here named as mix spectrum. After mixing the two solutions, the

duplex concentration was reduced by a factor of 2 and the solution path length increased from 0.437
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to 0.875 cm. Thermal denaturation-renaturation curves of the resulting duplex were recorded
following the CD signal at 268 nm. The error associated with the T, determination was + 1 °C.
UV-vis absorption experiments. The UV-vis measurements were registered in the range 220-380
nm using 1 cm path length cuvette. The absorbance vs. temperature profiles were recorded by
following the absorbance changes at 295 nm on increasing the temperature (heating scan rate 1
°C/min). The tris-mTBA solution used for these experiments was 5 uM in a 10 mM KH,PO,, 70
mM KCI, 0.2 mM EDTA (pH 7.0) buffer, prepared diluting the original stock solution of the
oligonucleotide in H,O. The error associated with the T, determination was = 1 °C.
Fluorescence Spectroscopy experiments. The fluorescence emission spectra were recorded from
440 to 640 nm, exciting at 327 nm and maintaining the excitation and emission slits at 10 nm. The
oligonucleotide concentration was 2 uM in a 10 mM KH,PQO,4, 70 mM KCI, 0.2 mM EDTA (pH
7.0) solution. Fluorescence melting curves were obtained by reporting the wavelength shift of the
emission maximum as a function of temperature (from 20 to 80 °C). The error associated with the
T determination was = 1 °C.

e Sicastar® functionalization and characterization
750 puL of a 0.4 uM solution of tris-mTBA in PBS were first subjected to annealing, heating the
sample at 95 °C for 5 min and then leaving it to slowly cool to r.t. The formation of the desired
antiparallel G-quadruplex structure of tris-mTBA was confirmed in this buffer solution by CD and
fluorescence spectra. Then 250 pL of a Sicastar® NPs suspension in PBS buffer (10 mg/mL) were
added to the tris-mTBA reaching a final volume of 1 mL (Sicastar® NPs 2.5 mg/mL; tris-mTBA 0.3
uM) and the reaction mixture was gently stirred at r.t. for 1 h.
Gel electrophoresis. Non denaturing agarose (1% wi/v) gel electrophoresis was performed loading
unmodified TBA, tris-mTBA, Sicastar® NPs and tris-mTBA/Sicastar® NPs on the gel with 3% of
GelRed dye. The samples were then run at 100 V for 30 min at r.t. in Tris-acetate-EDTA (TAE)
buffer and visualized under UV light.
Fluorescence analysis. Fluorescence spectra of the tris-mTBA/Sicastar® NP solution were recorded
in PBS buffer (0.3 uM oligonucleotide concentration) from 400 to 650 nm exciting at 340 nm and
maintaining the excitation and emission slits at 10 nm. Fluorescence spectra of the free tris-mTBA

in solution under the same conditions were also registered.
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3. G-quadruplex oligonucleotide AS1411 as a cancer cell-targeting agent:

introduction

In the last decade, AS1411 has been the subject of a high number of publications.**®! This
escalation of interest is largely driven by the use of AS1411 as a ligand for the tumor-selective
delivery of therapeutic or imaging agents, especially in fields related to nanotechnology.k%!
AS1411 is a 26-mer G-rich DNA oligonucleotide with sequence
"GGTGGTGGTGGTTGTGGTGGTGGTGG? . It is well established that AS1411 and longer
versions of this sequence, such as GRO29A, form G-quadruplex-containing structures showing
cancer-selective antiproliferative activity and efficient cellular internalization.?**** No definitive
crystal or NMR structure of AS1411 is available, but it is known that this sequence displays a high
degree of structural polymorphism in solution,™® as also already observed for many other
biologically relevant G4-forming sequences.[*®“%®! Trent and coworkers discovered that at least 8
different forms of AS1411 could be detected by size exclusion chromatography (SEC) analysis.[**"
Using preparative SEC, they isolated and characterized 5 distinct AS1411 fractions, which
contained either monomolecular quadruplexes or a mixture of monomer and dimer
quadruplexes.[ ! The isolated species were indistinguishable by most biophysical techniques, but
had significantly different NMR and circular dichroism (CD) spectra. In the presence of K* ions, 4
of the 5 fractions displayed the classical CD features of a parallel G4 (positive peak at 264 nm),
whereas one fraction (Fraction 2) had a very unusual CD spectrum with a positive peak at 245 nm
and a strong negative ellipticity at 277 nm,"** which can likely contain a left-handed quadruplex
form (Z-G4) of AS1411.1% possible G4 structures for AS1411 are illustrated in Figure 62.

The type(s) of quadruplex formed by AS1411 in vivo and how the structure of AS1411 relates to its
biological activities remains an open question and may be influenced by a number of factors, such
as protein binding and localization in the body (e.g. in the blood there is ca. 140 mM Na*/5 mM K*
compared to ca. 150 mM K*/10 mM Na" inside cells).**®! However, some early studies of a series
of G-rich oligonucleotides indicated that G4 formation is necessary, but not sufficient, for
antiproliferative effects.2%“%4 A few studies have explicitly investigated whether the G4 structure
of AS1411 is affected by attaching it to various particles. Based on CD analyses, AS1411 maintains
its parallel-type G4 structure when is conjugated to gold nanospheres*®#! gold nanostars,'**? gold
nanoclusters,”**®! or quantum dots.*** Only in one study performed by Odom et al., after
immobilization of the sequence onto gold nanostars, an antiparallel G4 CD signature has been
observed, probably due to the specific experimental conditions or their use of a modified AS1411

sequence lacking the final 3'-G base.[**")
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F1 — mixture of monomer + dimer G4
F2 - left-handed monomer G4

F3 - uncharacterized monomer G4
F4 — uncharacterized monomer G4
F5 — uncharacterized monomer G4

1.4 F2

1.2

1.0 - F1 2

o8 F5

0.6

0.4 F4

0.2 /\

09 . . - - . - - = 2
o 5 10 15 0 30

Elution Volume (ml)

AZIO

right-handed monomer G4 left-handed monomer G4 dimer G4
parallel parallel anti-parallel

Figure 62. Structures of AS1411. (A) Size exclusion chromatogram showing a number of distinct
G4 species formed by AS1411 in a K*-containing solution. (B) Possible G4 structures of AS1411.
For clarity, the single Ts in the loops of the monomer structures are not shown. Picture reproduced
from Trent et al.B%

3.1.  Clinical development of AS1411

The clinical development of AS1411 has been reviewed in several articles%4024%417 and jn a
book.!*®! Aptamera, a Louisville-based start-up company, initiated Phase I clinical trials of AS1411
(known at that time as AGRO100) in 17 patients with advanced cancers in 2003 and British
biotechnology company Antisoma acquired Aptamera in 2005 following its promising
results.[***%! Antisoma extended the Phase | studies (clinicaltrials.gov identifier: NCT00881244)
and performed Phase Il trials of AS1411 as monotherapy in patients with renal cell carcinoma who
had failed or were unable to tolerate standard treatment (NCT00740441) and in combination with
cytarabine in patients with refractory or relapsed acute myeloid leukemia (NCT00512083). In 2011,
Antisoma stopped drug development operations after its lead drug candidate (a small molecule
named AS1413, which is unrelated to AS1411) failed in pivotal Phase Il trials and consequently
the ongoing Phase Ilb trial of AS1411 (NCT01034410) was terminated.?! Advanced Cancer
Therapeutics have since acquired the rights to AS1411 and the drug has been renamed ACT-GRO-
777. To our knowledge, there are no clinical studies of AS1411 being carried out at present.

[402,419,420,422-425] the clinical results for AS1411 can

Based on published articles and meeting reports,
be thus summarized: (i) AS1411, tested in over 100 patients, is well tolerated with no evidence of
severe side effects with continuous infusion dosing of up to 40 mg/kg/day for 7 days, (ii) the overall
response rate is low but at least 7 patients - 3 with renal cell carcinoma and 4 with acute myeloid
leukemia - had long-lasting clinical responses where their cancers disappeared or shrank
substantially, and (iii) steady-state plasma concentrations of AS1411 have been in the range of 1-6
uM or less during clinical trials.

Thus, AS1411 has still some potential for clinical impact due to its excellent safety profile and

ability to induce durable responses in some patients with intractable cancers.%!
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However, the suboptimal pharmacology and low potency of this unmodified DNA may limit its
future development in unselected cancer patients. Therefore, a valuable alternative approach would
be to develop novel formulations of AS1411 with improved pharmacokinetics and higher potency
compared to the original, such as the gold nanosphere and nanostar-linked versions.*?**% Other
possibilities include identifying synergistic combinations of AS1411 with existing drugs,
developing modified versions of AS1411 with alternative nucleobases or backbones (though this
has led to only modest improvements so far),[****** or using the targeting properties of AS1411 to

deliver drugs or contrast agents selectively to cancer cells.

3.2.  Nanoformulations of AS1411 with improved activity

Several examples of nanoformulations of AS1411 have been reported in literature. Bates et al. have
described stable gold nanospheres (GNS) consisting of 6 nm cores coated with ca. 40 strands of
AS1411.7% |n vivo experiments, using nude mice with breast cancer xenografts, demonstrated that
the conjugation dramatically increased the cellular accumulation, antiproliferative activity, and
cytotoxicity of the aptamer, maintaining its selectivity for cancer cells.[**"

On the other hand, also “Apt-AuNS” - consisting of 25-45 nm gold nanostars coated with 110-950
strands of AS14111412426-4281 qeyeloped by Odom et al. - proved to be able to accumulate around
and inside the nucleus of cancer cells and to reduce the viability of cancer cells when used alone or
following laser light irradiation to stimulate the release of AS1411 from the nanostars,[#1241%426-429]
Apt-AuNS have shown high antiproliferative effects against a broad range of cancer cell types with
no inhibitory effects on non-malignant cells at comparable concentrations,*'2*®! even in organs
with high uptake levels (e.g. liver, spleen).**! In addition, AS1411-GNS and Apt-AuNS may also
be useful as cancer-targeted radiosensitizers in radiation therapy, allowing to improve accumulation

and cell uptake in tumor tissues, i.e. the main limitations of untargeted gold nanoparticles.*®

3.3.  AS1411 as a targeting agent for cancer-selective drug delivery and imaging

Another attractive feature of AS1411 is the possibility of using this aptamer to direct into malignant
cells attached molecules or particles (Figure 63). Some of the earliest examples have involved
coating liposomes, quantum dots, or iron oxide nanocrystals with the aptamer for cancer-selective
delivery of drugs or imaging agents.[*4437-4%°]

Very recently a resuming overview of the applications of AS1411-linked nanomaterials as

therapeutic and imaging agents has been reported.*!
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Figure 63. Schematic representation of the uses and advantages of AS1411 as a cancer-targeting
agent, showing the variety of structures that AS1411 has been conjugated to for cancer targeting.
The bullet points (red text) indicate potential clinical applications for AS1411-conjugated materials
and advantages of using AS1411 compared to monoclonal antibodies or alternative targeting agents
(e.g. other aptamers, small molecules, peptides). Picture reproduced from Trent et al.*!

Several AS1411-linked conjugates or particles - mainly based on nanoparticles or liposomes - for
the delivery of chemotherapeutic agents (as Paclitaxel,*4%**] Docetaxel,[*?“**4 Doxorubicin,*3#4>-
%52 and Epirubicin)***! small interfering RNA (siRNA)****! and therapeutic proteint“*®! have been
tested in vivo and/or in animal models for therapeutic effects. On the other hand, also AS1411-
linked conjugates or particles have been developed and tested in vivo and in animal models as
imaging agents for PET, SPECT, CT, MRI and fluorescence analysis, [#13:432457-46¢]

AS1411-linked materials have superior cancer cell uptake and/or tumor accumulation compared to
untargeted materials or free drugs, though not all include other important controls such as non-
aptamer DNA-linked materials. For small molecule chemotherapy drugs, there is some evidence
that delivery via AS1411-conjugated particles can circumvent drug-resistance pumps,**? pass the

blood-brain barrier,[**? and reduce toxicity to normal tissues. 8449451
3.4.  Role of nucleolin in the mechanism of AS1411

Despite the widespread use of AS1411 and the general acceptance that it functions as a nucleolin

aptamer, its precise mechanism of action is still uncertain.
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The presence of nucleolin on the cell surface, initially assumed as surprising for a protein
considered to be predominantly nucleolar, has been then largely demonstrated.[*” %% |n addition to
mediating cellular internalization, nucleolin is also implicated in trafficking molecules throughout
the cell and mediating their signaling from the plasma membrane. Nucleolin expression is also
strongly induced in response to various forms of cellular stress.!*”>#™ Hovanessian and colleagues
have reported that nucleolin is translocated from the cytoplasm to the cell surface via an
unconventional secretory pathway in response to mitogenic stimuli, and have proposed that binding
of ligands to cell surface nucleolin results in clustering that triggers cell entry by an actin- and Ca?*-
dependent process."*"%4"*] Notably, proliferating cancer cells continuously produce nucleolin in
comparison with non-malignant cells to constitutively express nucleolin on cell surface.B%4 |n
addition, nucleolin is also involved in the biology of several viral pathologies; in fact AS1411
recently proved to have potent antiviral activity against HIV-1, RSV, and dengue in model
Systems.[4767478]

Although it is well established that AS1411 is selectively internalized in cancer cells via nucleolin
and here interferes with certain cancer-associated functions of nucleolin resulting in cancer cell
death,[*®® several different mechanisms have been proposed to explain the antiproliferative activity
of AS1411P3%0433479481 ang recently other studies have suggested a new mode of action for the
cancer-targeting mechanism of AS1411 (Figure 64).14904%1

In 2010, Bates et al. studied the uptake of a fluorescently labeled AS1411 at therapeutic
concentrations in comparison with a control oligonucleotide (CRO) in several cancer cell lines and
in non-malignant cells.**” They observed that the uptake of AS1411 was much higher than that of
the CRO control in the cancer cells, probably through an active transport mechanism since the
process was temperature-dependent. Surprisingly, the initial uptake of AS1411 (2 h after addition)
was slightly higher in the non-malignant cells than in the cancer cells and was independent of
nucleolin. They also investigated which of the various forms of endocytosis (e.g. clathrin-mediated,
caveolin-mediated, or macropinocytosis)!*®? contributes to AS1411 internalization, finding as main
mechanism the macropinocytosis, which is an actin-driven, ligand-independent mechanism where
cells “gulp” the surrounding medium and any macromolecules it contains, #9049

On the contrary, evaluating the uptake of AS1411 at later time points (24—72 h after addition), the
same group discovered that AS1411 stimulates macropinocytosis in cancer cells but not in non-
malignant cells, leading to additional cancer-selective uptake of the aptamer. This AS1411-
stimulated form of macropinocytosis was found to be dependent on nucleolin.?**“] These results
are not unprecedented since macropinocytosis has been reported as a major route of internalization

for naked DNA, naked RNA, aptamer conjugates, nanoparticles, and many viruses,“*“%" since
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cancer cells have inherently high levels of macropinocytosis compared to normal cells.[**%“®! |n the
final phase, the nucleolin-mediated trafficking is suppressed and the aptamer is trapped inside

cancer cells.[**!

uptake by other endocytosis uptake by macropinocytosis
° " ®
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% ’ Similar levels in cancer —9
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Figure 64. Model for the mechanism of AS1411 selective accumulation in cancer cells. AS1411 is
efficiently taken up in cancer and normal cells at early time points, but by different endocytic
pathways. Then, AS1411 induces further macropinocytosis and trafficking arrest in cancer cells but
not in normal cells. These effects are nucleolin (NCL)-dependent and result in AS1411 being
selectively retained in cancer cells compared to normal cells.

To explain why AS1411 and AS1411-conjugates have selective accumulation in cancer cells
compared to normal cells, it has been proposed that, after initial uptake by a non-macropinocytosis
form of endocytosis, AS1411 is gradually cleared from normal cells - by efflux or exocytosis — or it
undergoes lysosomal degradation in normal cells. In other words, the selective accumulation of
AS1411 in cancer cells is due to both enhanced uptake and increased retention.*!

Although there are several evidences to support this model**®*°t! some differences emerged in the
uptake and trafficking of AS1411-linked particles of malignant vs. non-malignant cells, 99! with
some contradictory findings on the initial nucleolin-dependence and subsequent trafficking.!*>*%!
In addition, from Phase 1l trials an activating mutation in mTOR has been highlighted in patients
who had a dramatic response to AS1411.1% This finding is particularly intriguing because mTOR
is regulated by Racl and has roles in macropinocytosis and intracellular trafficking;% 5%
however, additional research will be needed to confirm the possible role of mMTOR in AS1411
activity. At present, it is unclear how to reconcile the many different proposed mechanisms; most
likely, AS1411 can induce multiple biological effects and its internalization and trafficking depends

on a large number of variables (such as concentration, time, cell type, and attached cargo).
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4, Studies on the conformational behaviour and molecularity of natural and

modified AS1411 aptamers

Considering its great potential for the cancer cell-selective recognition, in principle useful also for
the delivery of drugs and imaging agents, AS1411 can represent a perfect active targeting ligand in
the construction of multifunctional systems for anticancer applications. Although much attention
has been paid to AS1411 in vivo functions, its structural features, and particularly its bioactive
conformation, are still largely unknown. Indeed, some discrepancies on the preferred AS1411
conformation, in some cases described as a parallel #1414 and in others as antiparallel G-
quadruplex,® have been reported. Furthermore, only few studies have been carried out in order to
get detailed information on the structure, molecularity and thermal stability of this aptamer[*®.
Recently, Azizi and collegues®?® have investigated the optical properties and thermodynamic
stability of AS1411 in the presence of different concentrations of metal ions (K* and Pb*") and in
molecular crowding condition, confirming that AS1411 folds into a parallel G4 structure in the
presence of both metal ions as well as of PEG.

Therefore, with the aim of exploiting AS1411 as an active targeting agent for multifunctional,
theranostic nanoplatforms, we here selected some AS1411 derivatives (Figure 65) presenting at
their 5’-end biocompatible lipophilic tails, useful for their subsequent insertion into liposomes or
lipid coated-NPs. In detail, we focused on the 5’-stearyl-AS1411, presenting a saturated 18-carbon
alkyl chain, and other two derivatives, the 5’-cholesteryl-TEG- and the 5’-cholesteryl-C6-AS1411,
both presenting a cholesterol residue linked to the oligonucleotide sequence through a triethylene
glycol or a 6-carbon atoms alkyl chain, respectively. In particular, the 5’-stearyl-AS1411 has a
lipophilic tail of the same length as 18LPC, recently used as coating of superparamagnetic

nanoparticles (SPIONs) with a core/double shell architecture™"!

- developed by the research group
of prof. Luigi Paduano. Thus, this conjugating agent is in principle able to establish hydrophobic
interactions with 18LPC and, more in general, with any lipid residue (e.g. liposome-based
platforms). On the other hand, the cholesterol residue already proved to be effective to ensure the
insertion of specific agents in a liposome structure™®**" or into phosphocholine-functionalized
SPIONSs (18LPC/SPIONS). 17

In this frame, during my PhD thesis, the behavior of these AS1411 derivatives has been investigated
also in solution using different techniques, in comparison with the unmodified aptamer. In
particular, CD, CD-melting, UV-melting, gel electrophoresis and size exclusion chromatography
analysis have been carried out to get information on their conformational behaviour, secondary
structure and thermal stability of their preferred conformations. This study was carried out in two

different buffered solutions and at different oligonucleotide concentrations; special attention was
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devoted to the investigation of possible effects due to the nature of the lipophilic tail, or of the

specific linker inserted, on the overall structure and conformation of the aptamer.
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Figure 65. AS1411 derivatives selected as potential active targeting ligands in the construction of
liposome or NP-based anticancer multifunctional systems.

4.1. Results and discussion

4.1.1. Spectroscopic properties and solution behaviour of AS1411

The conformational behaviour in solution of AS1411 was investigated combining CD, CD-melting
and UV-melting data. The spectra and melting/annealing profiles were recorded in two different
phosphate buffered solutions containing a high content of K* (10 mM KH,PO,, 70 mM KCI, 0.2
mM EDTA, pH 7.0) or of Na" ions (PBS: 137 mM NaCl, 2.7 mM KCI, 10 mM NayHPOy,, 1.8 mM
KH,PO4, pH 7.4) in order to evaluate the effect of different saline conditions. In addition, we also
tested three different concentrations of each aptamer (10, 5 and 2.5 uM) to investigate possible
concentration-dependent effects on its conformation and stability.

The CD spectra at r.t. of AS1411 at the analysed concentrations, either in K™ or Na* buffer
solutions, in all cases show a negative band with a minimum at ca. 241 nm, and two positive bands
with maxima centred at 263 nm, the highest one, and at ca. 295 nm, the weakest (Figure 66). In PBS
solution the aptamer presents a lower degree of structuration than in the phosphate buffer containing
only K™ ions, as expected considering that these cations can better stabilize G4 structures than Na",
in accordance with literature studies.®®*3*! In addition, the weak band at ca. 295 nm is more

evident in the spectra recorded in Na* buffer.
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Figure 66. Overlapped CD spectra of AS1411 at 10 uM (a), 5 uM (b) and 2.5 uM (c) in different
saline conditions: potassium buffer (red line) and sodium buffer (blue line) solutions.

These spectral features are consistent with a predominant parallel G-quadruplex structurel®82-387:5121
and in agreement with the CD spectrum of AS1411 reported in previous works,[*024%4341 with only
a very low fraction of an antiparallel conformation, as evidenced by the weak band at ca. 295 nm.
The CD melting profile, monitored at 263 nm in K* buffer, provided a melting temperature of 66 °C
at 10 uM (Figure 67) and of 68 °C at 5 and 2.5 uM concentrations (Figure 68a and 68b,
respectively), indicating the formation of quite stable species. No significant hysteresis emerged on
comparing the heating and cooling curves (Figure 67), thereby indicating that, under the
experimental conditions used (scan rate: 1 °C/min), the studied systems are in equilibrium. The
comparison between heating and cooling profiles is reported only for the 10 uM conc. sample as a
representative example.

10 uM K* buffer
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Figure 67. a) CD melting and b) CD annealing profiles of AS1411 in the selected K* buffer
solution at 10 uM concentration, recorded at 263 nm (scan rate: 1 °C/min).
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Figure 68. CD melting profiles of AS1411 in the selected K* buffer solution at 5 pM (a) and 2.5
MM (b) concentrations, recorded at 263 nm (scan rate: 1 °C/min).

Lower melting temperatures were observed in the Na* buffer solution with respect to the K* buffer,
monitoring the CD signal at 263 nm on increasing the temperature: melting temperatures of 38 °C
at 5 uM concentration (Figure 70a) and of 37 °C at 10 and 2.5 uM concentration (Figure 69a and
70b, respectively) were found. Also for these systems, no significant hysteresis emerged on

analysing the heating and cooling profiles; as a representative example, this comparison is reported

for the 10 uM concentration sample (Figure 69).
10 pM Na* buffer
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Figure 69. a) CD melting and b) CD annealing profiles of AS1411 in the selected Na* buffer
solution at 10 uM concentration, recorded at 263 nm (scan rate: 1 °C/min).
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Figure 70. CD melting profiles of AS1411 in the selected Na* buffer solution at 5 uM (a) and 2.5

MM (b) concentrations, recorded at 263 nm (scan rate: 1 °C/min).
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Figure 71. UV-melting profiles of AS1411 in the selected K* buffer solution at 10 pM (a), 5 uM
(b) and 2.5 uM (c) concentrations, recorded at 295 nm (scan rate: 1 °C/min).
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Figure 72. UV-melting profiles of AS1411 in the selected Na* buffer solution at 10 uM (a), 5 uM
(b) and 2.5 uM (c) concentration, recorded at 295 nm (scan rate: 1 °C/min).

In agreement with the CD data, from the UV-melting curve monitored at 295 nm,383%23%1 3 T of
67 °C in K* buffer was obtained at all the tested concentrations, evidence of thermodynamically
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stable species (Figure 71). In turn, in the Na* buffer solution a T, of 40 °C at 10 uM concentration
(Figure 72a) and of 39 °C at 5 and 2.5 uM concentration (Figure 72b and 72c, respectively) was
found. Also in this case, the melting process was fully reversible, with no significant hysteresis
observed on comparing the heating and cooling processes (data not shown).

In summary, a good agreement between the T, values determined by UV- and CD-melting
experiments (Table 7), within the experimental error, was always found. As expected, AS1411
formed G-quadruplex structures with higher stability in the K* buffer solution than in Na*. Taking
into account these experiments, this different thermal stability is mainly dependent on the saline
conditions and not on the concentration, proving that AS1411 mainly forms a unimolecular G-

quadruplex, at least at the analysed concentrations.

K" buffer Na" buffer
CD uv CD uv
ASIALLEONC 3 (cC)+1 Tm(*C)%1 Tm(C)t1 Tm(*C)%1
10 pM 66 67 31 40
5 pM 68 67 38 39
2.5 uM 68 67 31 39

Table 7. Melting temperature values obtained by UV- and CD-melting experiments for AS1411.

4.1.2. Spectroscopic properties and solution behaviour of lipophilic AS1411 derivatives

All the here examined AS1411 derivatives have been analysed using the same kind of spectroscopic
characterization performed to investigate if the presence of a lipophilic tail can influence the
preferential conformations of AS1411 in solution. Thus, UV and CD experiments were performed

at three different concentrations and in two different phosphate buffers.

5’-stearyl-AS1411

The CD spectrum at r.t. of 5°-stearyl-AS1411 shows a positive ellipticity maximum at 263 nm and a
negative ellipticity minimum at ca. 241 nm (Figure 73), both in K" and Na* buffer solutions,
characteristic of a prevalent parallel G-quadruplex conformation, as in the case of the unmodified
aptamer. The weak positive band at 295 nm present in the CD spectra of AS1411 was not evident in
this case at 10 uM concentration both in K™ and Na" buffer, and in turn appeared as a broad double-
dump band in K* buffer and as a broad shoulder in Na* buffer (both at 5 and 2.5 pM). Again the K*
ions show higher structuring effect on G-quadruplex formation.

The CD melting profile, monitored at 263 nm, provided a melting temperature of 59 °C in K™ buffer
solution at all the tested concentrations (Figures 74 and 75). No significant hysteresis was observed
between the melting and cooling profiles - reported only at 10 uM concentration as representative

example - suggesting a reversible process at the scan rate used (1 °C/min).
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Figure 73. Overlapped CD spectra of 5’-stearyl-AS1411 at 10 uM (a), 5 uM (b) and 2.5 uM (c) in
different saline conditions: potassium buffer (red line) and sodium buffer (blue line) solutions.
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Figure 74. a) CD melting and b) CD annealing profiles of 5°-stearyl-AS1411 in the selected K*
buffer solution at 10 UM concentration, recorded at 263 nm (scan rate: 1 °C/min).
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Figure 75. CD melting profiles of 5’-stearyl-AS1411 in the selected K* buffer solution at 5 uM (a)
and 2.5 uM (b) concentrations, recorded at 263 nm (scan rate: 1 °C/min).
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CD melting profiles, monitored at 263 nm, in Na* buffer solution, evidenced lower T, values, of 40
and 39 °C, respectively at 5 and 2.5 uM concentrations (Figures 76a and 76c¢) with small hysteresis

effects only in the case of the 5 uM conc. sample: at this concentration the annealing profile

provided a Tr, of 37 °C (Figure 76b).
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Figure 76. CD melting (a,c) and CD annealing profiles (b) of 5’-stearyl-AS1411 in the selected
Na* buffer solution at 5 uM (a, b) and 2.5 uM (c) conc., recorded at 263 nm (scan rate: 1 °C/min).
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Figure 77. a) CD melting profile and b) spectra recorded every 5 °C of 5’-stearyl-AS1411 in the
selected Na* buffer solution at 10 uM concentration, recorded at 263 nm (scan rate: 1 °C/min).

Notably, at 10 pM concentration in Na* buffer a peculiar behaviour was found: the melting profile
did not show the typical sigmoidal shape, but a curve with multiple transitions, with a not complete
denaturation of the structures in solution at 80 °C (Figure 77). From the analysis of the CD spectra
at increasing temperatures the appearance of a new, weak band at 285 nm visible starting from 75
°C was evidenced (light blue and green dashed lines in Figure 77b). In addition, on increasing the
temperature, a shift in the maximum of the positive band was also observed. Thus, starting from 30
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°C the positive maximum shifts at 262 nm and then returns at 263 nm at 80 °C. Probably, multiple
events occur during the thermal denaturation process (e.g. unfolding/refolding of different G4
species), overlapping with the dissociation of the prevailing G4 structure.

The UV-melting profiles, monitored at 295 nm, provided at all tested concentrations a melting
temperature of 59 °C and 40 °C in K" and Na" buffer solutions, respectively (Figures 78 and 79).
Also in this case, the melting process was fully reversible, with no significant hysteresis observed
on comparing the heating and cooling processes (data not shown).
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Figure 78. UV-melting profiles of 5’-stearyl-AS1411 in the selected K* buffer solution at 10 pM
(@), 5 uM (b) and 2.5 uM (c) concentration, recorded at 295 nm (scan rate: 1 °C/min).
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Figure 79. UV-melting profiles of 5’-stearyl-AS1411 in the selected Na* buffer solution at 10 pM
(@), 5 uM (b) and 2.5 uM (c) concentration, recorded at 295 nm (scan rate: 1 °C/min).

In summary, a good agreement of T, values determined by UV- and CD-melting experiments was
found (Table 8) for all the conditions except for the 10 uM concentration in Na* buffer solution.
Furthermore, the T, values obtained in Na buffer solution for this modified aptamer are very
similar to those obtained for AS1411, while in K™ buffer solution the 5°-stearyl derivative showed a

lower thermal stability than AS1411, still remaining very high.
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CDTh(C)x1 UVTh(°C) 1
5°-stearyl- 5’-stearyl-
AS1411 AS1411 AS1411 AS1411

K" buffer

10 uM 66 59 67 59

5uM 68 59 67 59

2.5 uM 68 59 67 59
Na" buffer

10 uM 37 n.d. 40 40

5uM 38 40 39 40

2.5 uM 37 39 39 40

Table 8. Melting temperature values obtained by UV- and CD-melting experiments for 5’-stearyl-
AS1411 (n.d. = not determined).

5’-cholesteryl-TEG-AS1411

As in the case of AS1411 and of 5’-stearyl-AS1411, the CD spectra of 5’-chol-TEG-AS1411
suggest the formation of a parallel G4 structure showing a predominant positive band at 263 nm and
a negative peak at ca. 241 nm (Figure 80), both in K™ and Na* buffer solutions. A lower degree of
structuration was observed in the Na*-containing solution and in all cases, analogously to 5’-stearyl-

AS1411, no positive band was present at ca. 295 nm.
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Figure 80. Overlapped CD spectra of 5’-chol-TEG-AS1411 at 10 uM (a), 5 uM (b) and 2.5 uM (c)
in different saline conditions: potassium buffer (red line) and sodium buffer (blue line) solutions.

In K" buffer solution, CD-melting curves at 263 nm provided similar T, values at 5 and 2.5 pM
concentrations (Figure 81b and 81c, respectively) indicating conversely a lower stability for the
system at 10 uM concentration (Figure 81a). In any case, the melting process was fully reversible,
with no significant hysteresis observed (data not shown).

Remarkably, in Na* buffer solution at 5 and 2.5 uM concentrations a similar behaviour to 5’-

stearyl-AS1411 (at 10 puM concentration, Figure 77) was found. Also in this case at 80 °C the
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structures in solution were not completely denatured. In addition, on increasing the temperature
there was a shift in the maximum of the positive band. In this case, starting from 45 °C the positive
maximum shifted from 263 nm to 262 nm and remained at this value until 80 °C (Figure 82). This
event can be attributed to possible G4 rearrangements and will require a deeper investigation,
combining also other techniques for their genuine elucidation.
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Figure 81. CD melting profiles of 5’-chol-TEG-AS1411 in the selected K* buffer solution at 10 pM
(@), 5 uM (b) and 2.5 uM (c) concentrations, recorded at 263 nm (scan rate: 1 °C/min).
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Figure 82. CD melting profiles of 5°-chol-TEG-AS1411 in the selected Na* buffer solution at 5 pM
(a) and 2.5 uM (b) concentrations, recorded at 263 nm (scan rate: 1 °C/min).

Next, in the case of melting profile obtained at 10 UM concentration in Na* buffer solution, another
different behaviour was observed (Figure 83). Initially, the CD signal decreased up to 40 °C, with
the positive maximum stable at 263 nm. From 45 °C on, the CD signal intensity began increasing
and at 50 ° C a shift of the maximum to 262 nm was also observed. At 65 °C the maximum positive
moved back to 263 nm and from 75 °C on a decrease in the CD signal intensity was observed again.
The overall result of these events is shown in Figure 83, resulting in an apparent melting
temperature of 57 °C. A similar melting profile was already observed in a Na* buffer solution for

the anomalous “Fraction 2” isolated from AS1411 by Trent et al. More in general, melting profiles
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of fractions recovered from AS1411, recorded in Na* buffer solution, showed a peculiar behaviour,

not indicative of a simple two-state melting process.**!
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Figure 83. a) CD melting profile and b) spectra recorded every 5 °C of 5’-chol-TEG-AS1411 in the
selected Na* buffer solution at 10 uM concentration, recorded at 263 nm (scan rate: 1 °C/min).
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Figure 84. UV-melting profiles of 5’-chol-TEG-AS1411 in the selected K buffer solution at 10
UM (a), 5 uM (b) and 2.5 uM (c) concentration, recorded at 295 nm (scan rate: 1 °C/min).
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Figure 85. UV-melting profiles of 5’-chol-TEG-AS1411 in the selected Na™ buffer solution at 10
MM (a), 5 uM (b) and 2.5 uM (c) concentration, recorded at 295 nm (scan rate: 1 °C/min).
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In K* buffer solution, the UV-melting curves at 295 nm provided a T, value of 66 °C at 10 and 5
uM concentrations (Figure 84a and 84b, respectively) and of 64 °C at 2.5 uM concentration (Figure
84c) with no detectable difference between the melting and annealing profiles (data not shown).

In the Na* buffer solution the T, values obtained were very similar, even if in this case a little

hysteresis (ca 4 °C) emerged on comparing the melting and annealing profiles (data not shown).

CDTm(°C)£1 UV T, (°C) £ 1
5°-chol-TEG- 5°-chol-TEG-
AS1411 AS1411 AS1411 AS1411

K" buffer

10 pM 66 62 67 66

5uM 68 68 67 66

2.5 uM 68 69 67 64
Na* buffer

10 pM 37 57 40 44

5 uM 38 nd. 39 45

2.5 uM 37 n.d. 39 44

Table 9. Melting temperature values obtained by UV- and CD-melting experiments for 5’-chol-
TEG-AS1411 (n.d. = not determined).

In summary, the T, values determined by UV- and CD- melting experiments in K* buffer solution
(Table 9) are in good agreement among them and with those obtained for AS1411, except for the 10
UM concentration, in which a lower stability was observed. From the UV data in Na® buffer
solution, 5’-chol-TEG-AS1411 proved to give a slightly more stable superstructure than unmodified
AS1411. Remarkably, CD results indicated a peculiar behaviour associated also to

folding/unfolding processes of other G4 structures or of higher order structures.

5’-cholesteryl-C6-AS1411

Similarly to previous AS1411 derivatives, 5’-chol-C6-AS1411 folds into a parallel G4 structure
which exhibits a strong positive band at 263 nm and a negative band at 241 nm (Figure 86), both in
K* and Na* buffer solutions, with a lower degree of structuration in Na* ions solution.

In K* buffer solution, CD melting curves at 263 nm provided T, values of 64, 68 and 70 °C at 10, 5
and 2.5 uM concentrations, respectively (Figure 87), indicating a lower stability at higher
concentrations, similarly to what observed in the same conditions for 5’-chol-TEG-AS1411. In all
cases, the melting process was fully reversible, with no significant hysteresis observed between the

heating and cooling processes (data not shown).
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Figure 86. Overlapped CD spectra of 5’-chol-C6-AS1411 at 10 uM (a), 5 uM (b) and 2.5 uM (c) in
different saline conditions: potassium buffer (red line) and sodium buffer (blue line) solutions.
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Figure 87. CD melting profiles of 5’-chol-C6-AS1411 in the selected K* buffer solution at 10 uM
(@), 5 uM (b) and 2.5 uM (c) concentration, recorded at 263 nm (scan rate: 1 °C/min).
Instead, in the case of Na* buffer solution, the melting profile showed at all tested concentrations a
shift of the positive maximum on increasing the temperature (Figure 88), resulting in an atypical
melting curve, as already observed for both 5’-stearyl-AS1411 and for 5’-chol-TEG-AS1411.
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Figure 88. CD melting profiles of 5°-chol-C6-AS1411 in the selected Na* buffer solution at 10 uM
(@), 5 uM (b) and 2.5 uM (c) concentration, recorded at 263 nm (scan rate: 1 °C/min).
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In K* buffer solution, UV-melting curves at 295 nm provided a Ty, value of 67 °C at 5 and 2.5 uM
concentrations (Figures 89b and 89c, respectively) and of 65 °C at 10 uM concentration (Figure
89a). In turn, in the Na* buffer solution the T, values were 44 °C at 10 and 2.5 uM concentrations
(Figures 90a and 90c, respectively) and of 43 °C at 5 uM concentration (Figure 90b). However, in
both saline conditions, no hysteresis phenomena emerged comparing melting and annealing profiles
(data not shown).
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Figure 89. UV-melting profiles of 5°-chol-C6-AS1411 in the selected K* buffer solution at 10 uM
(@), 5 uM (b) and 2.5 uM (c) concentration, recorded at 295 nm (scan rate: 1 °C/min).

Na* buffer
a)
2.5 uM
1,081 0,274+
1,05 0,272+ — o
T,=44°C £ 1
2 1,04 0,270
<
1,03 0,268 -
0,266 -
1’02< T T T T T T 1 T T T T T T 1 T T T T T T
20 30 40 50 60 70 80 20 30 40 50 60 70 80 20 30 40 50 60 70
Temperature [°C] Temperature [°C] Temperature [°C]

Figure 90. UV-melting profiles of 5°-chol-C6-AS1411 in the selected Na* buffer solution at 10 pM
(@), 5 uM (b) and 2.5 uM (c) concentration, recorded at 295 nm (scan rate: 1 °C/min).

In summary, T, values determined by UV- and CD- melting experiments in K* buffer solution
(Table 10) are in good agreement among them and with those obtained for AS1411, except for the
10 pM concentration samples, in which the CD melting profile of 5’-chol-C6-AS1411 showed a
G4v structure with lower stability. UV data in Na* buffer solution indicated for 5’-chol-TEG-
AS1411 formation of G4 structures with slightly higher stability; while CD results indicated a
peculiar behaviour not directly associated only to folding/unfolding processes of a single G4

structure.
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Taken together these results certainly indicated a higher degree of polymorphism of the AS1411
derivatives in comparison with unmodified AS1411. To better elucidate what happens to G4
structure on increasing the temperature, the combination with other techniques such as gel

electrophoresis, size exclusion chromatography and dynamic light scattering (DLS) analyses are

needed.
CDTh(°C) %1 UVTL(°C)x1
5°-chol-C6- 5°-chol-C6-
AS1411 AS1411 AS1411 AS1411

K" buffer
10 upM 66 64 67 65
5uM 68 68 67 67
2.5 uM 68 70 67 67

Na* buffer
10 pM 37 n.d. 40 44
5uM 38 n.d. 39 43
2.5 uM 37 n.d. 39 44

Table 10. Melting temperature values obtained by UV- and CD-melting experiments for 5’-chol-
C6-AS1411 (n.d. = not determined).

4.1.3. Gel electrophoresis analysis

Gel electrophoresis analysis was used to further characterize AS1411 and its derivatives. Also in
this case, we tested three different concentrations of the oligonucleotides (5, 10 and 50 pM) in K*
and Na" phosphate buffered solutions, using tel,s aptamer as reference oligonucleotide, known to
adopt a unimolecolar G4 structure.®*3%4

In Figure 91-93 the photographs of 7 % polyacrylamide gels, run under native conditions, are
reported.

In comparison with telys, which migrates on a polyacrylamide gel as a single band, AS1411 in the
same conditions migrates as a double band (at 10 uM concentration, lines 3 and 7) and as poorly
resolved three bands (at 50 uM concentration, lines 4 and 8), both in K™ and Na* phosphate buffered
solutions (Figure 91a). These bands showed however almost the same apparent mobility of tely
confirming a similar charge and overall size distribution.

Instead, in the case of 5’-stearyl-AS1411 (Figure 91b), a detectable difference in electrophoretic
mobility was observed: the photograph of the gel shows a band with a similar but not identical
electrophoretic mobility as tel,s (at lower concentrations) and a retarded band, which can be a
multimeric species or an aggregate form of the aptamer. This retarded band is not clearly visible at

10 uM concentration (lines 3 and 7) and becomes clearly visible at 50 uM concentration (lines 4

and 8).
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Figure 91. 7% polyacrylamide gel electrophoresis under native conditions of the analysed AS1411
(a) and 5’-stearyl-AS1411 (b) run at 100 V at r.t. for 1 h 15 min. (a) Lane 1: telys (5 uM); Lane 2:
AS1411 (5 uM); Lane 3: AS1411 (10 uM); Lane 4: AS1411 (50 uM), in Na* buffer solution; Lane
5: telys (5 uM); Lane 6: AS1411 (5 uM); Lane 7: AS1411 (10 uM); Lane 8: AS1411 (50 uM), in K*
buffer solution; (b) Lane 1: telys (5 uM); Lane 2: 5’-stearyl-AS1411 (5 uM); Lane 3: 5’-stearyl-
AS1411 (10 uM); Lane 4: 5°-stearyl-AS1411 (50 uM), in Na* buffer solution; Lane 5: telos (5 uM);
Lane 6: 5°-stearyl-AS1411 (5 uM); Lane 7: 5’-stearyl-AS1411 (10 uM); Lane 8: 5’-stearyl-AS1411
(50 uM), in K* buffer solution.
In the case of 5’-chol-TEG-AS1411 the band with the same electrophoretic mobility of tely is
observable only in K+ buffer solution together with more retarded bands, not well distinguishable,
on the top of the gel (Figure 92, left side). In presence of Na* ions, only the retarded bands are
clearly visible. In order to better investigate these retarded bands, the gel was run also for 2 h and
30 min and 3 h and 15 min. respectively (Figure 92, right side). Also in these conditions, the bands
migrate poorly, indicating the formation of bigger species which are also more numerous in the
presence of K™ ions.
Concerning 5’-chol-C6-AS1411, the gel showed at all the conditions tested (different
concentrations and saline solutions) both the presence of a band with the same mobility as tel,s and
more retarded bands (Figure 93, left side). Also in this case, the gel was run for 2 h and 30 min and
3 hand 15 min (Figure 93, right side), in an attempt to separate the retarded bands.
Taking into account that gel electrophoresis is a low resolution technique, however these results
provide a good indication that all AS1411 oligonucleotides form more species in solution. Probably

the bands with the same mobility of tel,s are monomolecular forms, but the retarded species should
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be bigger or agglomerate forms. These data also confirm some not canonical CD melting profiles

clearly showing the presence, particularly at high concentrations, of higher order G4 structures.

5°-chol-TEG- 5’-chol-TEG-
= AS1411 = AS1411

— —
Na*buffer K* buffer

Figure 92. 7% polyacrylamide gel electrophoresis under native conditions of the 5’-chol-TEG-
AS1411 run at 100 V at r.t. for 1 h 15 min. Lane 1: telys (5 uM); Lane 2: 5’-chol-TEG-AS1411 (5
uM); Lane 3: 5°-chol-TEG-AS1411 (10 uM); Lane 4: 5°-chol-TEG-AS1411 (50 uM), in Na" buffer
solution; Lane 5: telys (5 uM); Lane 6: 5’-chol-TEG-AS1411 (5 uM); Lane 7: 5’-chol-TEG-AS1411
(10 uM); Lane 8: 5°-chol-TEG-AS1411 (50 puM), in K* buffer solution; On the right side the
magnification of the gel run at 100 V at r.t. for 2 h 30 min (top) and 3 h 15 min (bottom) are shown.

5°-chol-C6- 5°-chol-C6-
AS1411 AS1411

\_Y_I
Na*buffer K* buffer

Figure 93. 7% polyacrylamide gel electrophoresis under native conditions of 5’-chol-C6-AS1411
run at 100 V at r.t. for 1 h 15 min. Lane 1: telys (5 uM); Lane 2: 5°-chol-C6-AS1411 (5 uM); Lane
3: 5°-chol-C6-AS1411 (10 uM); Lane 4: 5°-chol-C6-AS1411 (50 uM), in Na* buffer solution; Lane
5: telys (5 uM); Lane 6: 5’-chol-C6-AS1411 (5 uM); Lane 7: 5’-chol-C6-AS1411 (10 uM); Lane 8:
5’-chol-C6-AS1411 (50 uM), in K* buffer solution; On the right side the magnification of the gel
run at 100 V at r.t. for 2 h 30 min (top) and 3 h 15 min (bottom) are shown.
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4.1.4. Size exclusion chromatography analyses

In order to further characterize AS1411 oligonucleotides and better investigate the number of
species formed in solution, the samples were also analysed via size exclusion chromatography. Also
in this case, we tested three different concentrations of the oligonucleotides (5, 10 and 50 uM) in K*
and Na* phosphate buffered solutions, using tel,s as the reference oligonucleotide.

For the 26-mer d° TTAGGG),TT® taken from the human telomere, typically indicated as tely, it is
well known that the exact folded structure adopted in solution critically depends on the cation
composition of the solution. Indeed, in the presence of sodium, one main species consisting in an
antiparallel “basket” structure iS observed; instead, in potassium solution, two types of antiparallel
“hybrid” structures are known. 513524

In Figure 94 the chromatogram of the slowly annealed telys is shown: in the presence of Na* ions
(Figure 94a), only one peak (tg = 6.18) is present, while in the case of K* ions (Figure 94b), besides
the main peak (tr = 6.62), also another species (corresponding to 12.6 % in area) is detectable.

These results are in accordance with the possible structures that tel, can form in solution.

Tel 56
a) Na* buffer b) K* buffer
tg = 6.18 tg = 6.62
3 2
€ €
L 5uM —5 uM
J L J 8.61

12.6 %
0 2 4 6 8 10 0 2 4 6 8 10

t (min) t (min)

Figure 94. Size exclusion chromatography of telys in K* (a) and Na* (b) buffer solution at 5 pM
concentration.

135



Chapter 4

AS1411
a) Nat buffer b) K* buffer

tR = 6.17 tR = 5.90

6.39

6.49
5.41 7.62

3.6 % 22.3%
2 | 10um 5 86 5 10 M
£ <
£
—5 uM \ — 5 uM
13.1% 8.1%
0 2 4 6 8 10 0 2 4 6 8 10
t (min) t (min)

Figure 95. Size exclusion chromatography of AS1411 in K* (a) and Na* (b) buffer solution at 5, 10
and 50 uM concentration (green, yellow and purple lines, respectively).

In the case of AS1411, a similar trend was found (Figure 95). In the presence of Na* ions (Figure
95a), only one peak was observed, even if the retention times are slightly different at the tested
concentrations (tgr = 6.49, 6.39, 6.17 at 5, 10 and 50 uM, respectively). However, upon increasing
the concentration, another peak with shorter elution times appeared, accounting for an area of 3.2
and 3.6 % at 10 and 50 uM, respectively.

In K* buffer (Figure 95b), a main peak with tz = 5.90 min was present at all the concentrations
tested. Similarly to tely, also another peak was observed with longer elution times (tr = 7.62),
whose area gradually decreased on increasing the concentration (from 8.1 to 6.5 %, going from 5 to
10 uM) until it completely disappeared at higher concentrations. At the same time, a little shoulder
under the main peak was detectable (tg = 5.68), which had an almost constant percentage area at 5
and 10 uM concentrations (13.1 % in area), but increased at 50 uM up to 22.3 %.
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5°-stearyl-AS1411
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Figure 96. Size exclusion chromatography of 5’-stearyl-AS1411 in K* (a) and Na* (b) buffer
solution at 5, 10 and 50 uM concentration (green, yellow and purple lines, respectively).

For 5’-stearyl-AS1411, several peaks were present already at low concentrations, both in Na* and
K" buffer. In Na* buffer (Figure 96a), the chromatogram at 5 uM showed a predominant peak (tr =
6.23) and other three peaks representing 10.6, 19.5 and 4.4 % (at tx = 3.97, 7.74 and 8.70,
respectively). At 10 uM concentration, the peaks with tg = 7.74 and 8.70 decreased in intensity (8.1
and 1.2 %, respectively) until disappearance at higher concentration. Instead, the peak with tg =
3.97 became more evident (25.1 % at 10 uM), finally being the predominant one at 50 pM
concentration (77.7 %). Species with so short elution times should be very large aggregates, in
accordance with the retarded bands observed on polyacrylamide gels. In the chromatogram
recorded using the K* buffer solution as mobile phase (Figure 96b), three peaks are visible at lower
concentrations with retention times of 4.02, 6.00 and 7.71. Indeed, the prevalent peak was
accompanied by another species with tg of 6.17 min. On increasing the concentrations, a similar
behaviour was found: the peak at tz 7.71 min decreased from 14.7 to 7.5 %, finally disappearing at
50 uM, while the peak at ca 4 increased from 10.5 to 13.9 %, becoming almost the predominant one
at 50 uM concentration (53.2 % in area).

Thus, in the case of AS1411 and 5’-stearyl-AS1411, the main peak was always observed at
retention times of about 6 min and its intensity — upon increasing the concentration - decreased in
favour of other species with shorter elution times and thus associated with good approximation to

aggregates with large dimensions.
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In the case of 5°-chol-TEG-AS1411, already at low concentrations, the predominant peak in
intensity had a retention time of ca. 4 min in both saline conditions tested (Figure 97). The
chromatogram in Na* buffer (Figure 97a) indicated the presence of two peaks at 5 pM
concentration: one predominant (tg = 3.96) and a weaker one (tgr = 6.14), which further decreased on
increasing the concentration (from 24.8 to 15.8 and 5.1 % at 5, 10 and 50 puM concentration,
respectively). In the case of K" buffer, in addition to the dominant peak (tz = 4.53) also other two
peaks at 5 uM concentration (tg = 6.77 and 8.77) were observed, representing the 5.5 and 13.7 % in
area, respectively (Figure 97b). At higher concentrations, the peak with tg = 6.77 kept an almost
constant intensity, while the other one (tg = 8.77) decreased to 9.9 and 2.5 % at 10 and 50 uM
concentration, respectively. At the same time, starting from 10 pM concentration a shoulder under
the main peak (18.1 %) and another visible peak (with tg = 7.55 and 4.2 % in area) appeared in the

chromatogram, both maintaining an almost constant intensity also at 50 uM concentration.
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Figure 97. Size exclusion chromatography of 5’-chol-TEG-AS1411 in K* (a) and Na* (b) buffer
solution at 5, 10 and 50 uM concentration (green, yellow and purple lines, respectively).

Also for 5°-chol-C6-AS1411, already at low concentrations and in both saline conditions tested, the
peak corresponding at ca. 4 min retention time was clearly visible (Figure 98).

In the case of Na™ buffer (Figure 98a), also a weaker peak (tz = 6.13) was detected, with an almost
constant area at the lowest concentrations (8.4 %), then decreasing at 50 uM concentration (5.9 %).
In K* buffer (Figure 98b), at 5 pM concentration three peaks with retention times of 4.45, 6.65 and

8.67 min were detected. While the peak with tg = 4.45 min increased in intensity at higher
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concentrations (from 35.2 to 92.3 and 94.1 %, on going from 5 uM to 50 concentration), becoming
the dominant one at 50 uM concentration, the other two peaks decreased in intensity on increasing
the concentration. The major effect was clearly evident for the peak with tg = 8.67, going from 56.0
% at 5 uM concentration to 3.9 % at 10 uM and finally to 2.0 % at 50 uM. Instead, the peak with tg
= 6.65 represented the 8.9 % at 5 uM, then decreased to 3.9 % at 10 uM and remained constant at
50 uM.

5°-chol-C6-AS1411
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Figure 98. Size exclusion chromatography of 5’-chol-C6-AS1411 in K™ (a) and Na" (b) buffer
solution at 5, 10 and 50 uM concentration (green, yellow and purple lines, respectively).
Summarizing, size exclusion chromatograms showed the presence of more than one species, above
all in the case of AS1411 lipophilic derivatives, confirming the high polymorphism of this
oligonucleotide. These species could be different conformations with the same molecularity or can
represent different molecular structures (e.g. monomolecular and bimolecular/tetramolecular
structures). The presence of higher order species is validated both from gel electrophoresis (retarded
bands observed in native PAGE) and SEC analyses data (peaks with short retention times, i.e.
totally excluded from the column).

Remarkably, these different species are essentially parallel G4 structures which show a very similar
thermal behaviour; nice sigmoids were obtained in all the CD melting experiments, with

comparable T, values.
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4.2. Experimental section

e Materials and general methods
All the reagents and solvents were of the highest commercially available quality and were used as
received. AS1411 (GGTGGTGGTGGTTGTGGTGGTGGTGG'), 5’-stearyl-AS1411, 5’-
cholesteryl-TEG-AS1411 and 5’- cholesteryl-C6-AS1411 oligonucleotides were purchased from
Biomers. Ethidium bromide and 5X Green GoTaq Flexi Buffer were purchased from Sigma Aldrich
and Fisher Scientific, respectively.

e Preparation of oligonucleotide samples
Lyophilized oligonucleotides were dissolved in a known volume of Milli-Q water and their
concentrations were determined by UV spectroscopy - on a JASCO V-550 spectrophotometer
equipped with a Peltier Thermostat JASCO ETC-505T - in 1 cm path length cuvette measuring the
absorbance at 260 nm (85 °C) using the molar extinction coefficient of 281700 cm™* M™*. The
spectra were recorded in the range 220-380 nm with a medium response, a scanning speed of 100
nm/min and a 2.0 nm bandwidth, and corrected by subtraction of the background scan with a buffer.
Then the oligonucleotides from the stock solutions (574, 459, 425 and 234 uM for AS1411, 5’-
stearyl-AS1411, 5’-chol-TEG-AS1411 and 5’-chol-C6-AS1411, respectively) were diluted in the
selected buffer and annealed by heating each solution for 5 min at 90 °C and then leaving it to
slowly cool to room temperature overnight. Annealed samples were then kept at 4° C until use.

e Spectroscopic characterization of AS1411 oligonucleotides
CD experiments. CD spectra and CD-monitored melting curves were recorded on a Jasco J-715
spectropolarimeter equipped with a Peltier-type temperature control system (model PTC-348WI),
using a quartz cuvette with a path length of 1 cm (3 mL internal volume, Hellma). CD parameters
for spectra recording were the following: spectral window 220-320 nm, data pitch 1 nm, band width
2 nm, response 4 sec, scanning speed 100 nm/min, 3 accumulations. The characterization of
oligonucleotides sequences was performed at 2.5, 5 and 10 pM concentrations in K* (10 mM
KH,PQOy4, 70 mM KCI, 0.2 mM EDTA, pH 7.0) and Na* (PBS: 137 mM NaCl, 2.7 mM KCI, 10 mM
Na;HPO,, 1.8 mM KH,PO,, pH 7.4) phosphate buffer solutions, taking a suitable initial aliquot
from the stock solution in H,O. Thermal denaturation-renaturation curves were recorded following
the CD signal at 263 nm vs. the temperature (scan rate of 1 °C/min) in a range of temperature
slightly different depending on saline conditions (generally 15-90 °C for K* buffer solution and 15-
80 °C for Na" buffer solution). Each experiment was performed in duplicate. T, was estimated from
the first derivative of the melting/annealing and the error associated with the T, values

determination was + 1 °C.
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UV-vis absorption experiments. UV-melting curves were obtained on a Cary 5000 UV-Vis-NIR
spectrophotometer equipped with a temperature controller system, using 1 cm path length cuvette (1
mL internal volume, Hellma). The absorbance vs. temperature profiles were recorded by following
the absorbance changes at 295 nm wavelength on increasing the temperature (heating scan rate 1
°C/min). The characterization of the oligonucleotides sequences was performed at 2.5, 5 and 10 uM
concentrations in K* (10 mM KH,PO4, 70 mM KCI, 0.2 mM EDTA, pH 7.0) and Na" (PBS: 137
mM NaCl, 2.7 mM KCI, 10 mM NayHPO,, 1.8 mM KH,PQO4, pH 7.4) phosphate buffer solutions,
taking a suitable initial aliquot from the stock solution in H,O. Each experiment was performed in
duplicate. T, values were calculated as the maxima of the plots of the first derivative of the melting
curve (associated error: £ 1 °C).

Gel electrophoresis. Slowly annealed samples of AS1411, 5’-stearyl-AS1411, 5’-chol-TEG-
AS1411 and 5’-chol-C6-AS1411 in 40 % of dye (5X Green GoTaqg Flexi Buffer) were loaded on
7% acrylamide gels in TBE (Tris-Borate-EDTA, 0.5X) buffer at the different concentrations (5, 10
and 50 uM) and saline conditions analysed (in K™ and Na* phosphate buffer solutions).

The samples were then run at 100 V at room temperature for 75 min, stained with ethidium bromide
and finally visualized with a UV transilluminator (BioRad ChemiDoc XRS).

In the case of 5’-chol-TEG-AS1411 and 5’-chol-C6-AS1411, additional runs of 2 h 30 min and 3 h
15 min were performed to better investigate the retarded bands.

Size exclusion chromatography. SEC analyses were performed using an Agilent HPLC system,
equipped with a UV/vis detector and a Yarra 3 pm column (300 x 4.60 mm; flow rate 0.5 mL min™,
Phenomenex). Elution was monitored at A, = 254 nm. The mobile phases used consisted of K* (10
mM KH;PO,4, 70 mM KCI, 0.2 mM EDTA, pH 6.7) and Na* (PBS: 137 mM NaCl, 2.7 mM KCl, 10
mM NaHPO,4, 1.8 mM KH,PO,, pH 7.0) phosphate buffer solutions. All the oligonucleotides
tested were injected from stock solutions of the samples annealed at 5, 10 and 50 pM

concentrations.
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Multifunctional systems
1. DOTAP-based liposomes loaded with TUGIuRu and NOTA-OL

In the construction of multifunctional systems for both therapy and diagnosis of cancer pathology,
the use of liposomes is a well established and efficient drug delivery strategy.!?*5*5%®! This kind of
platform allows the incorporation of several functional units on the same scaffold and the protection
of the active principle until it reaches the target site, reducing possible toxic side effects.

For this reason, TUGIURu and NOTA-OL (previously described in Chapter 2.3 and 3.2,
respectively) have been co-aggregated with the cationic lipid  1,2-dioleyl-3-
trimethylammoniumpropane chloride (DOTAP) in order to obtain stable formulations. In the case
of NOTA-OL the formulation has the only aim to carry the diagnostic agent at a known, specific
concentration, while in the case of TUGIuRu, the formulation is aimed at ensuring high stability in
aqueous environment even at high Ru-complex content. This nanovector, including both the drug
and the imaging agent, represents a good model for the realization of theranostic nanoparticles.
DOTAP liposomes were suitably prepared, mixing the active ingredients and the phospholipid
carrier at selected molar ratios, by using the lipid film method and were then resuspended in water.
The microstructural characterization of the obtained aggregates was realized using dynamic light
scattering (DLS) to estimate aggregate dimensions. Then, in vitro bioactivity profile of the Ru-
loaded nanoparticles was investigated on cancer and normal human cell lines, in order to assess the
efficacy of TUGIuURu co-aggregated with DOTAP, and of its formulation with the imaging agent
NOTA-OL. The ruthenium-free DOTAP/NOTA-OL system was also tested to evaluate the
biocompatibility of the formulation.

Small angle neutron scattering (SANS) analysis — for a deeper structural characterization of the
aggregates - as well as labelling with Ga® radioisotope and evaluation of their efficiency as
diagnostic agent in animal models are currently in progress at the University Federico Il of Naples,
Department of Chemical Sciences by the research group of prof. Luigi Paduano, and at CNR,

Institute of Clinical Physiology, Pisa, by dr. Luca Menichetti, respectively.

1.1. Results and dusussion

1.1.1. DOTAP-based liposomes preparation

The samples were prepared by mixing appropriate amounts of DOTAP and TUGIuRu and/or
NOTA-OL dissolved in chloroform in order to have the prefixed molar ratio. Subsequently, an

appropriate amount of this solution was transferred in round-bottom glass tubes. A thin film was
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obtained through evaporation of the solvent with dry nitrogen and keeping the samples under
vacuum for at least 24 h. The samples were then hydrated in water, vortexed and sonicated. The
final sample prepared were: DOTAP/TUGIuRu (70:30), DOTAP/NOTA-OL (95:5) and
DOTAP/TUGIURU/NOTA-OL (65:30:5).

1.1.2. Characterization of DOTAP-based nanoaggregates

Structural characterization of the mixed DOTAP nanoaggregates was carried out through dynamic
light scattering (DLS) analyses in water.

In Figure 99, an example of the hydrodynamic radius distribution functions at 90° for the different
mixed aggregates formed is reported. For all the investigated systems, a single and monodisperse
aggregate population was detected. The hydrodynamic radii for all the systems analysed are located

in the range 110—-130 nm, which is the typical range of large vesicles.

a) b) DOTAP/NOTA-OL c)
DOTAP/TUGIuRu 95:5 DOTAP/TUGIURU/NOTA-OL
70:30 65:30:5
Ry =130 nm Ry =115nm Ry =114 nm
1' 1’0 1(’)0 10’00 10(’)00 1' 1’0 1(’)0 10’00 10(’)00 1I 1I0 160 10'00 10(“00
Ry (nm) Ry (nm) Ry (nm)

Figure 99. Hydrodynamic radius distribution functions obtained through DLS measurements for
DOTAP/TUGIuRu 70:30 (a), DOTAP/NOTA-OL 95:5 (b) and DOTAP/TUGIURU/NOTA-OL
65:30:5 (c).

1.1.3. Cell viability

In Figure 100 the cell viability assay data, evaluated by MTT assay procedure, are reported; these
were performed on a panel of cancer and normal cell lines, treated for 48 h with a range of
concentration (10250 uM) of the DOTAP/TUGIuRu, DOTAP/NOTA-OL, and
DOTAP/TUGIURU/NOTA-OL systems. Generally, the dose-response curves showed a quite linear
decrease of cell viability with increasing the drug doses. In line with previous results on the other
ruthenium-based nanovectors,**"**3 DOTAP/TUGIuRu showed selective antiproliferative activity
for the cancer cells, with the breast cancer cells found to be the most sensitive ones. However, also
the effect on cervix carcinoma and glioma cells was remarkable. The inclusion of NOTA-OL
rendered the Ru-free formulation (DOTAP/NOTA-OL) slightly cytotoxic, probably due to its
chelating activity; anyhow, such toxicity was negligible, since the cell viability was in all cases
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higher than 50 % even at 250 puM. Interestingly, this toxic effect was synergic with the ruthenium
complex DOTAP/TUGIuURu, showing an increased efficacy, still selective against the cancer cells.
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Figure 100. Cell viability curves resulting by MTT assay on 3T3L-1 (murine fibroblasts), HaCaT
(human keratinocytes), MCF-7 (breast adenocarcinoma), C6 (glioma), HeLa (human cervical) cell
lines incubated for 48 h with DOTAP/TUGIuRu, DOTAP/NOTA-OL, DOTAP/TUGIURU/NOTA-
OL systems.

1.1.4. 1Cspevaluation

From the analysis of dose-response curves, the ICso values were calculated, in order to better
compare the efficacy of the tested nanovectors (Table 11). In bold, the ICs values relative to the
effective concentration of ruthenium (30% of total liposome) were reported. This "normalization”
makes possible the comparison with the bioactivity of the previously studied nucleolipidic Ru(lll)-
based liposomes.!*3"**3 Through the analysis of these values, it is also possible to highlight the
synergic effect of NOTA-OL on the DOTAP/TUGIuRu efficacy, producing a reduction of ICs

values of about 25 % for MCF-7 and C6, and 50 % for HeLa cells.
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Cancer cells Normal cells
ICs0 (um) MCF-7 Hela Cé 3T3L-1 HaCaT
DOTAP-TuGIluRu 70:30 116.7 + 186+ 2.3 164.8+ 2.5 > 250 > 250
4.4

Ru conc. 35 55.8 49.4 >75 >75
DOTAP-NOTA-OL95:5 > 250 > 250 > 250 > 250 > 250
DOTAP-TuGIuRu— 88.4+8.9 95.26+8.2 123.7+ 5.0 > 250 226.6+ 4.4
NOTA-OL 65:30:5

Ru conc. 26.5 28.6 371 >75 68.0

Table 11. ICso values reported as mean values + SEM. In bold, the ICso values referred to the
effective ruthenium concentration (30% of total liposome).
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2. LipThyRu and AS1411-decorated niosomes as potential anticancer drugs
Niosomes, or non-ionic surfactant vesicles, have gained increasing scientific attention as drug
delivery systems with respect to conventional liposomes, due to the use of surfactants in their
formulation, which are cheaper and more stable alternatives than phospholipids.**"! Niosomes
are prepared by mixing non-ionic surfactants, such as alkyl ether, alkyl esters or alkyl amides, fatty
acids and amino acid derivatives, with or without other lipids and then subsequently hydrating the
mixture.?**°®IThe formation of these vesicle-like structures depends on the hydrophilic—lipophilic
balance (HLB) of the surfactant, the chemical structure of the components, their geometry and the
ratio between the lipid and the surfactant used.!®*®%2

The size range of niosomes includes nano and submicron sizes, and the vesicle structure can be
unilamellar or multilamellar.?? Owing to the vesicle structure, niosomes are able to entrap both
hydrophilic and hydrophobic drugs, as liposomes do. Interestingly, surfactants can be easily
chemically modified, allowing high versatility of vesicular structures. Niosomes are typically very
stable, at least in the time range of few months, depending on their components and the presence of
additive agents.®2%41 Moreover, the high chemical stability of surfactants, compared with
phospholipids, makes niosome purification, handling and storage much easier.’?® Niosome
formulations have shown good in vitro and in vivo efficacy in delivering both pharmaceuticals and
biopharmaceuticals.?*°%°% For example, promising transfection efficiencies have been achieved
with niosomes loaded with plasmid DNA after subretinal, intravitreal and brain injections in
rats.[52!

With the aim of exploring different, multifunctional nanoplatforms to obtain novel, efficient
anticancer drugs, part of this PhD work has been devoted to study niosome formulations - based on
the cationic lipid 2,3-di(tetradecyloxy)propan-1-aminium chloride (Figure 101) and polysorbate 80

{[530]

as surfactan — as suitable carrier system for the nucleolipidic Ru(lll)-complex LipThyRu and

the oligonucleotide AS1411 (discussed in chapters 2.2 and 4.4, respectively).

NHg* CI-
A

o)

Figure 101. Chemical structure of the cationic lipid 2,3-di(tetradecyloxy)propan-1-aminium
chloride used in niosome preparation.

This aminolipid is a bitailed lipid with two saturated alkyl chains and is positively charged as the
lipid DOTAP, previously proved to efficiently stabilize and deliver in cell nucleolipidic Ru(llI)-
complexes.*"*5% LipThyRu has been here selected as the anticancer drug and the nucleolin-

selective aptamer AS1411 as the active targeting agent; these systems have been mixed to
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expectedly operate in synergy against cancer cells. The resulting formulations were optimized and
fully characterized using gel electrophoresis, zeta potential and DLS analysis. Finally, the best
formulations were tested as antiproliferative agents in preliminary in vitro biological evaluations on
HeLa cancer cells. This study was carried out in the laboratories of the Spanish National Research
Council (CSIC) of Barcelona (Spain) under the supervision of prof. Ramon Eritja Casadella, where

I spent three months of my PhD program.

2.1.  Results and Discussion

2.1.1. Oligonucleotide binding ability measurements

As a preliminary experiment, a gel electrophoretic assay under native conditions of different
AS1411-loaded niosomes was carried out in order to determine at which oligomer/lipid ratio the
oligonucleotides are fully complexed with the niosomes. As shown in Figure 102, free AS1411 and
AS1411-loaded niosomes migrated as separate bands in a native polyacrylamide gel
electrophoresis. When the oligonucleotide was incorporated within the cationic vesicles, the
resulting complexes were retarded on the gel because of their size change. Free AS1411
oligonucleotide was observed in the formulations containing oligonucleotides/lipid ratios from 0 to
1:5. Full incorporation of AS1411 in niosome vesicles was observed starting from 1:8

oligonucleotide/lipid molar ratio.
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Figure 102. AS1411-loaded niosomes characterization by electrophoretic mobility shift assays. The
numbers specify the oligonucleotide/lipid molar ratio, being 1 the amount of oligonucleotide.

2.1.2. Zeta potential measurements
AS1411-functionalized niosomes were first of all characterized in terms of Zeta potential to
determine their surface charge. In particular, several formulations have been prepared mixing the

niosome vesicles (28.9 mM stock solution in HEPES) in different ratios - ranging from 1:2 to 1:16 -
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with fixed amounts of AS1411 oligonucleotide (0.5 uM). Their Zeta potential values have been then

measured so to determine the optimal oligonucleotide/lipid molar ratio for the desired complexes.
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Figure 103. Zeta potential distributions of AS1411/niosome mixtures at the indicated molar ratios.

As depicted in Figures 103 and 104, the Zeta potential results displayed negative values for

AS1411-loaded niosomes at the lowest AS1411/niosome ratios investigated (ca. -9 mV for the 1:2

mixture) due to the prevalence of the negative charges of the 26-mer oligonucleotide. Clearly, as the

concentration of cationic vesicles increased, the resulting Zeta potential values also increased,
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finally obtaining positive values constantly in the range +13 - +26 mV, indicating an essentially

stable electrostatic level.

1:16
AS1411/niosome ratio

Figure 104. Zeta potential values of AS1411-loaded niosomes at several molar ratios.

2.1.3. Particle size measurements

DLS measurements have been used by Eritja et al.®*¥ to demonstrate that niosome formulations -
stored at 4 °C for one month - show an average hydrodynamic radius essentially constant for one
month, thus basically proving their full stability under the studied solution conditions.

DLS analysis was here used to determine the average size of niosomes and AS1411-loaded niosome
formulations at 1:6 and 1:12 molar ratios (Table 12).

Notably, the average particle size of AS1411/niosome at 1:12 ratio and niosome alone at the same
concentration were almost identical (ca. 60 nm in radius). Upon insertion of AS1411 within the
niosomes, the system showed a sharper distribution and a lower polydispersity index, indicating the
formation of a unique population of stable particles. On the contrary, the AS1411/niosome
formulation at 1:6 ratio had a bigger radius and a higher polydispersity. For this reason, the
AS1411/niosome formulation with ratio 1:12 was selected for the successive biological evaluations.

Radius (nm) Polydispersity index
AS1411/niosome 1:6 130.3 £3.55 0.46
AS1411/niosome 1:12 62.8 £ 0.67 0.27
niosome 64.5%6.5 0.57

Table 12. Size measurements of niosome and AS1411/niosome at charge ratios of 1:6 and 1:12.
The results are means + S.D. for three independent experiments.

2.1.4. Cell culture
Cell viability and cytotoxicity studies were carried out incubating HelLa cells with AS1411,
LipThyRu, niosome_LipThyRu and AS1411/niosome_LipThyRu formulations at oligo/vesicles
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charge ratios of 1:12 and at 6 uM niosome concentration (corresponding to 500 nM of AS1411 and
250 nM of LipThyRu). The incubation was realized in the presence of DMEM, supplemented with
serum (10%) and two antibiotics, using a tetrazolium-based (MTT) colorimetric assay.

In a previous work™ no significant toxicity was observed in HeLa cells treated with niosomes
alone, obtaining viabilities around 90%.

As depicted in Figure 105, no significant toxicity was observed in the cells treated with AS1411 or
LipThyRu alone, compared with control samples. A limited decrease in cell viability was observed
for the complex niosome_LipThyRu, but a relevant antiproliferative effect was observed for the
formulation presenting both the AS1411 oligonucleotide and the Ru(lll)-complex, thus nicely

indicating that these anticancer agents act in a synergic manner.
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Figure 105. Normalized cell viability of AS1411 (500 nM), LipThyRu (250 nM),
niosome_LipThyRu and AS1411/niosome_LipThyRu formulations (at oligo/vesicles 1:12 ratio and
6 uM niosome concentrations). The here reported results are mean values = S.D. for three
independent experiments.

This study requires a deeper characterization and biological evaluation, but preliminary in vitro
bioscreens results are very promising demonstrating the sinergic effect between the AS1411
oligonucleotide and the LipThyRu Ru-complex, therefore prompting us to continue into this

research.

150



Chapter 5

2.2. Experimental section

e Materials and general methods
All the reagents and solvents were of the highest commercially available quality and were used as
received.  Polysorbate-80  (Tween-80),  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT reagent) and the AS1411 oligonucleotide (5'-
GGTGGTGGTGGTTGTGGTGGTGGTGG-3") were purchased from Sigma-Aldrich. The cationic
lipid 2,3-di(tetradecyloxy)propan-1-aminium chloride was purchased from Sapala Organics
Privated Ltd (Telengana St., India). PBS buffer and Dulbecco’s Modified Eagle’s Medium
(DMEM), which was supplemented with a 10% heat-inactive fetal serum bovine (FBS), were
purchased from Gibco.

e Preparation of synthetic niosome vesicles
Niosome vesicles were prepared using a film-hydration method dissolving in 1 mL of chloroform
equimolecular amounts of the synthetic cationic lipid [2,3-di(tetradecyloxy)propan-1-aminium
chloride] and the non-ionic surfactant polysorbate 80. Then the solvent was evaporated and the
resulting crude was kept under vacuum at r.t. overnight. The dried lipid film was hydrated with 1
mL of the selected buffer, heated at 60 °C for 20 min and filtered through a 0.2 um membrane filter.
The dispersion was vortexed and sonicated for 3 min before use. In order to obtain
niosome_LipThyRu and AS1411/niosome_LipThyRu, the encapsulation of LipThyRu within the
niosomes was carried out mixing 1 mg of the Ru(ll1) compound (0.78 nmol) with the aminolipid
and the surfactant following the previously described procedure and heating the lipid film from 40
to 45 °C for 40 minutes.
AS1411/niosome and AS1411/niosome_LipThyRu were then obtained by adding the required
amount of cationic lipid dispersion to aliquots containing fixed amounts of ODN. The resulting
mixtures were vortexed and sonicated for 2 min and finally incubated at 37 °C for 30 min.

e Electrophoretic mobility shift assay
AS1411 oligonucleotide (0.5 uM) was mixed with increasing amounts of the niosome (taken from a
28.9 mM stock concentration in HEPES, pH 7.4) providing the system AS1411/niosome ranging
from 0 to 1:16 molar ratios (total volume of 25 pL). The resulting samples were incubated at 37 °C
for 30 min. These formulations were then analysed using gel electrophoresis carried out on a 20%
polyacrylamide gel at 150 V for 5 h at 25 °C in 1XTBE buffer. Pictures of the obtained gel were
taken using Fujifilm LAS-1000 Intelligent Dark Box Il using IRLAS-1000 Lite v1.2.

e Zeta potential
Zeta potential measurements were obtained by laser doppler velocimetry on a Zetasizer Nano ZS
(Malvern Instruments) using AS1411 (from a 0.5 uM stock solution) at a final volume of 50 uLL and
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evaluating different AS1411/niosome molar ratios ranging from 1:2 to 1:16 (using a 28.9 mM
niosome stock solution in 20 mM HEPES, pH 7.4). All the measurements were performed at 25 °C
using water as solvent (total volume of 1.0 mL). Data are shown as the average value of three
independent determinations.

e Size measurement
The particle size of niosome vesicles and niosome formulations were determined using a dynamic
light scattering instrument (LS Instruments, 3D cross correlation multiple-scattering) equipped with
a He—Ne laser (632.8 nm) with variable intensity. The samples were prepared using AS1411 at 1.0
UM concentration in a final volume of 200 pL. and the AS1411/niosome system evaluated at 1:6 and
1:12 molar ratios, respectively (using a 28.9 mM niosome stock solution in 20 mM HEPES, pH
7.4). All the niosome formulations were previously sonicated and the measurements taken at a
scattering angle of 90° in triplicates, without diluting the samples at a constant temperature of 25
°C. The particle radius was calculated by fitting of the first cumulant parameter.

e Cell culture
HeLa cells were cultured at 37 °C, under a 5% CO, atmosphere in DMEM partially supplemented
with 10% fetal bovine serum with two antibiotics. Cells were regularly passaged in order to
maintain exponential growth. 24 h before the experiments, the cells were trypsinized and diluted 1:5
with a fresh medium and 1000 cells were transferred to a 96-well plate (100 pL per well).

e Analysis of cell viability by the MTT colorimetric assay
HeLa cells viability in the presence of all niosome formulations was tested at 6 uM concentration
(from a 63.3 mM niosome_LipThyRu stock solutions in PBS, respectively) using the MTT
colorimetric assay. For each assay, the cells were seeded at 1000 cell/well on a 96-well plate in 100
uL of DMEM and cultured for 24 h. Then the cells were incubated with the different niosome
concentrations, after 6 h, the culture medium was discarded, the wells were washed twice with PBS
and additional (100 pL) DMEM was added after washing and cultured for 72 h.
After 72 h, MTT was added at a final concentration of 0.5 mg/mL and the resulting system was
incubated for 2 h at 37 °C. Finally, the medium was removed and DMSO (100 uL) was added to
dissolve formazan crystals (15 min under stirring at room temperature) and finally the absorbance
of the solution at A = 570 nm was measured using a Glomax spectrophotometer. The experiments

were carried out in triplicate.
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Chapter 6

1. General conclusions

This work is centred on the preparation of multicomponent systems presenting both therapeutic and
diagnostic agents as well as active targeting ligands. Specifically it has been focused on the

evaluation of:

1) novel Ru(lll)-based complexes with enhanced antiproliferative activity: in this context, the
preparation of new ruthenium compounds involving nucleoside- (in the case of LipThyRu) and
amino acids-lipid (in the case of TUGIuRu and TOTyroRu) as central scaffolds has been described.
These derivatives have been designed as prodrugs of a simple Ru(lll)-complex named Aziru,

showing higher half-lives in comparison with AziRu;

2) NOTA derivatives as imaging agents: in this frame, three novel lipid analogs of the macrocycle
NOTA - a well known %Ga chelator used in PET imaging — presenting lipophilic moieties such as
oleyl (NOTA-OL), lipoyl (NOTA-Lip) or biotin (NOTA-Bio), have been synthesized and fully

characterized;

3) DNA aptamers, exploring in particular the TBA, selectively targeting thrombin involved in fibrin

formation, and the nucleolin-targeting AS1411 aptamer.

TBA has been conjugated with a dansyl at the 3'-end a B-cyclodextrin at the 5'-end plus a biotin,
obtaining a tris-modified TBA (tris-mTBA). The couple dansyl/cyclodextrin allows to monitor the
folding/unfolding of the aptamer by different spectroscopic techniques, while biotin allows to
immobilize this aptamer on streptavidin-coated silica nanoparticles. It has been demonstrated that
functionalized nanoparticles with tris-mTBA inhibit the human thrombin activity about 10 times
more efficiently than the unmodified TBA. In addition the activity of tris-mTBA can be stopped by
addition of the complementary sequence, forming a duplex with the tris-mTBA. Hence it is possible
to restore the thrombin ability to convert fibrinogen into fibrin with a tunable control of the

coagulation process.

Concerning AS1411, three lipophilic derivatives of this G-quadruplex forming aptamer with
cholesteryl or stearyl appendages at the 5’-end have been selected and studied in solution by UV,
CD, gel electrophoresis and size exclusion chromatography techniques. The influence of the nature
of the cation (Na" or K*) and of concentration on the conformational behaviour and thermal stability
of the corresponding G-quadruplex structures has been also evaluated. This study has demonstrated

that not only the unmodified AS1411 aptamer but also its 5’-lipophilic conjugates show a high
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polymorphism forming high order G-quadruplex structures or large aggregates in solution,

especially at high concentrations.

In conclusion, my PhD work has put the bases for the preparation of multifunctional nanoparticles
for theranostic applications. In particular, with this work suitable targeting, imaging and therapeutic
agents have been modified with different derivatizations and thus rendered available for the

functionalization of different types of nanoparticle-based systems.

To date, three multifunctional systems have been prepared and tested in vitro with very promising
results: tris-mTBA-Sicastar® nanoparticles, DOTAP-based liposomes loaded with TUGIuRu and
NOTA-OL, and niosome-based formulations incorporating LipThyRu and AS1411 oligonuleotide.
Further studies are in progress to obtain and characterize multifunctional nanoparticles based on
SPIONSs, incorporating the here prepared targeting (AS1411 derivatives), anticancer (amphiphilic

Ru complexes) and imaging (NOTA derivatives) agents.
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3. Abbreviations

18LPC
3T3L-1
A549
AcOEt
AMD
Bn

C6
Calu-6
CD
cDDP
CE
COSsY
CRO
CT
DCC
DEAD
DHB
DIPEA
DLS
DMAP
DMEM
DMF
DMSO
DMT
DOTA
DOTAP
ec
EDTA
ESI
EtOH
FBS
FDG
Fmoc
FTIR-ATR
G4
GRO
HaCaT

1-octadecyl-2-hydroxy-sn-glycero-3-phosphocholine
murine fibroblasts

human lung adenocarcinoma cell line

ethyl acetate

neovascular age-related macular degeneration
benzyl

tumor rat glioma cells

human lung adenocarcinoma cell line
circular dichroism spectroscopy

cisplatin

2-cyanoethyl

correlation spectroscopy

control oligonucleotides

computed tomography
N,N-dicyclohexylcarbodiimide

diethyl azodicarboxylate
2,5-dihydroxybenzoic acid
N,N-diisopropylethylamine

dynamic light scattering
4-(N,N-dimethylamino)pyridine
Dulbecco’s Modified Eagle’s Medium
N,N-dimethylformamide

dimethyl sulfoxide
4,4-dimethoxytriphenylmethyl
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
1,2-dioleoyl-3-trimethylammoniumpropane
end-capped

ethylenediaminetetraacetic acid
electrospray ionization

ethanol

fetal serum bovine

fluorodeoxyglucose

9-fluorenylmethoxycarbonyl
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fourier transformed infrared spectroscopy from attenuated total reflectance

G-quadruplex
guanine-rich oligonucleotide
non cancer human keratinocytes
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HATU

HEG
HelLa
HEPES
HEWL
HIV
HPLC
HSQC
hTf
1Csq

ID

Ind

L6

LC
LMCT
m.p.
MALDI
MCF-7
MeOH
MMT
MMT-CI
MRI
MS
mTOR
MTT
NGS
NMR
NOTA
NPs
ODN
PAGE
PBS
PCR
PEG
PET
Ph

1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
hexafluorophosphate

hexaethylene glycol

human cervical cancer cells
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
hen egg white lysozyme

human immunodeficiency virus

high performance liquid chromatography
heteronuclear single quantum correlation
human serum transferrin

half-maximal inhibitory concentration
internal diameter

imidazole

indazole

rat muscle cells

liquid chromatography

ligand-to-metal charge transfer transition
melting point

matrix-assisted laser desorption ionization
human breast adenocarcinoma cell line
methanol

4-monomethoxytrityl
4-methoxytriphenylmethyl chloride
magnetic resonance imaging

mass spectrometry

mammalian target of rapamycin
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
next-generation sequencing

nuclear magnetic resonance
1,4,7-triazacyclononane-1,4,7-triacetic acid
nanoparticles

oligonucleotide

polyacrylamide gel electrophoresis
phosphate-buffered saline

polymerase chain reaction

polyethylene glycol

positron emission tomography

phenyl
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3-oxid
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POPC
ppm

Py
Racl
RES

Ry
RNase A
RSV
SANS
SEC
SELEX
SiRNA
SPECT
SPIONs
T2
TAE
TBA
tBu
TCA
TEA
TEAA
TEG-OMe
TFA
THF
THME
Thy
TLC
Tm
TOF

tr

us

uv
VEGF
WiDr

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
parts per million

pyridine

Ras-related C3 botulinum toxin substrate 1
reticulo-endothelial system

retention factor

bovine pancreatic ribonuclease

respiratory syncytial virus

small angle neutron scattering

size exclusion chromatography

systematic evolution of ligands by exponential enrichment
small interfering RNA

single photon emission computed tomography
superparamagnetic iron oxide nanoparicles
transversal proton relaxation time
Tris-acetate-EDTA

thrombin binding aptamer

tert-butyl

trichloroacetic acid

triethylamine

triethylammonium acetate

triethylene glycol monomethyl ether
trifluoroacetic acid

tetrahydrofuran
1,1,1-tris(hydroxymethyl)ethane
thymidine

thin layer chromatography

melting temperature

time of flight

retention time

ultrasound

ultraviolet spectroscopy

vascular endothelial growth factor

human epithelial colorectal adenocarcinoma cell line
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