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Summary
The full clinical potential of therapeutic and diagnostic agents is often limited by their
physicochemical and biopharmaceutical properties, which can lead to insufficient deposition
in the target tissue and suboptimal biological performance. Numerous nanotechnological drug
delivery approaches have been developed over the past decades to enhance the clinical
efficacy of drugs and diagnostic agents. Chapter 1 describes advantages and limitations of
nanosized drug carriers, providing an overview of organic and inorganic nanoparticulate
systems which have been investigated for biomedical applications and that have been
approved for clinical use.
Bioresorbable nanocarriers based on calcium phosphate (CaP) nanoparticles (NPs)
emerged more than 50 years ago as non-viral vehicles for the delivery of nucleic acids, owing
to their high adsorption capacity for polyanionic compounds. Stable colloidal CaP NPs can be
obtained via surface coating with poly(ethylene glycol)(PEG)-bisphosphonate chelators, which
show high binding affinity for apatitic materials. In this Ph.D. thesis, two CaP-based
nanosystems were developed for therapeutic and diagnostic applications. Chapter 2 presents
the preparation and physicochemical characterization of CaP NPs for the delivery of the
magnetic resonance imaging (MRI) contrast agent diethylenetriaminepentaacetic acid
gadolinium(III) (Gd-DTPA). The in vivo MRI performance of the NPs was evaluated in mice
for lymphatic imaging after foot paw injection, and was compared to that of Gd-DTPA
(gadubutrol). While gadobutrol displayed a generally fast lymphatic clearance but high
variability of the MRI signal, characteristic kinetics of lymphatic uptake were observed for the
CaP nanosystem, with a typical pattern of deposition in the popliteal lymph node. These
findings highlight a potential utility of the system to monitor the lymphatics functionality
under physiological and pathological conditions. This chapter also addresses the main
limitation of the nanocarrier, namely its relatively poor physical stability that restricts its broad
in vivo application.
Chapter 3 deals with the preparation of CaP NPs for drug delivery applications. The
NPs were loaded with a plasmid DNA and stabilized with a novel cleavable PEGylated
derivative of the bisphosphonate alendronate (Ale), that releases the drug only under mild
5
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acidic conditions (e.g. those found in the endosomal compartment). The colloidal stability,
cellular uptake and transfection efficiency of the nanocarrier were evaluated in vitro. The
particles displayed a significant cytotoxic effect on macrophages, due to Ale inhibition of the
mevalonate pathway, an essential metabolic pathway. Furthermore, the formulation’s
transfection efficiency was assessed in vivo after intratumoral injection in mice harbouring
orthotopic mammary tumors. Few transfected cells were detected in vivo, which might be
related to an insufficent delivered dose of plasmid DNA. Overall, the system calls for an
improvement of the stability of the CaP core, which could enable its application in vivo.
In Chapter 4, a general discussion on the main scientific contribution of this thesis is
provided. Furthermore, the chapter presents an outlook on potential strategies to enhance the
performance of both nanocarriers, including possible solutions to increase their physical
stability.
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Riassunto
Il raggiungimento del pieno potenziale clinico di agenti terapeutici e diagnostici è spesso
limitato dalle loro caratteristiche fisico-chimiche e biofarmaceutiche, a causa delle quali si può
verificare un’insufficiente distribuzione nei tessuti bersaglio o una prestazione biologica
subottimale. Nel corso degli ultimi decenni, numerosi approcci nanotecnologici sono stati
sviluppati per la somministrazione di farmaci, con il fine di accrescere l’efficacia clinica di
agenti terapeutici e diagnostici. Il Capitolo 1 descrive i vantaggi e le limitazioni dell’uso di
vettori nanometrici per il trasporto di farmaci e fornisce una panoramica sui sistemi
nanoparticellari di natura organica ed inorganica che sono stati oggetto di studio per
applicazioni biomediche e su quelli che sono stati approvati per uso clinico.
Le nanoparticelle (NP) bioriassorbibili a base di calcio fosfato (CaP) sono state
sviluppate più di 50 anni fa come sistemi non virali per il trasporto di acidi nucleici, data la
loro elevata capacità di adsorbimento per composti polianionici. NP stabili di CaP possono
essere ottenute mediante rivestimento superficiale con agenti chelanti a base di glicole
polietilenico (PEG)-bisfosfonato, che mostrano un’elevata affinità di legame per materiali
apatitici. In questa tesi di dottorato, due nanosistemi a base di CaP sono stati sviluppati per
applicazioni terapeutiche e diagnostiche. Il Capitolo 2 descrive la preparazione e la
caratterizzazione fisico-chimica di NP di CaP per la somministrazione di acido
dietilentriamminpentaacetico-gadolinio (III) (Gd-DTPA), un mezzo di contrasto per risonanza
magnetica (MR).
La prestazione delle NP come mezzo di contrasto per la visualizzazione del sistema
linfatico in MR è stata valutata in vivo in topi dopo iniezione nel cuscinetto plantare, ed è stata
confrontata con quella del Gd-DTPA (gadobutrolo). Mentre per il gadobutrolo si è osservata
una rimozione linfatica generalmente veloce ma con un’alta variabilità del segnale di MR, per
le NP si CaP è stata riscontrata una cinetica caratteristica di captazione linfatica, con una
particolare distribuzione morfologica nel linfonodo popliteo. Questi risultati evidenziano la
potenziale utilità delle NP per monitorare la funzionalità linfatica in condizioni fisiologiche e
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patologiche. Inoltre, questo capitolo affronta inoltre la principale limitazione del nanovettore,
più precisamente la sua scarsa stabilità fisica che ostacola una più ampia applicazione in vivo.
Il Capitolo 3 tratta la preparazione di NP di CaP per il trasporto di agenti terapeutici.
Le NP sono state caricate con un DNA plasmidico e stabilizzate con un nuovo derivato del
bisfosfonato alendronato (Ale) PEGilato e idrolizzabile, il quale permette il rilascio del farmaco
solo in condizioni moderatamente acide (come ad esempio come quelle presenti nel
compartimento endosomiale). La stabilità colloidale, l’internalizzazione cellulare e l’efficienza
di trasfezione del nanosistema sono state valutate in vitro. Le NP hanno manifestato un
significativo effetto citotossico sui macrofagi, a causa dell’inibizione da parte di Ale della via
del mevalonato, un essenziale processo metabolico cellulare. Inoltre, l’efficacia di trasfezione
della formulazione è stata valutata in vivo dopo iniezione intratumorale in topi con tumori
mammari ortotopici. Poche cellule transfettate sono state rilevate in vivo, e tale risultato
potrebbe essere stato causato dalla somministrazione di una dose insufficiente di DNA
plasmidico. Nel complesso, il sistema richiederebbe un miglioramento della stabilità del
nucleo di CaP, che potrebbe di conseguenza consentire di raggiungere la sua applicazione in
vivo.
Nel Capitolo 4 è fornita una discussione generale sul principale contributo scientifico
di questa tesi. Il capitolo presenta inoltre potenziali strategie future volte a migliorare la
prestazione di entrambi i nanovettori, includendo possibili soluzioni per aumentare la loro
stabilità fisica.
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Chapter 1

Background and purpose

1.1

Definition and application of nanotechnology

Nanoscience is an active and rapidly developing research area that deals with the
manipulation of objects at the atomic and molecular scale, where the material properties
significantly differ from those of the macroscale counterparts. Nanostructured objects exhibit
size-dependant physical properties and a high surface area to volume ratio that are exploited
in a wide range of applications in chemistry, physics, biotechnology, electronics, mechanics,
engineering and medicine. Despite the fact that a single internationally accepted definition for
nanomaterials does not exist yet, they are generally referred as objects with one or more
external dimensions in the 1-100 nm range, as described by the International Organization for
Standardization and the Commission of the European Union (EU) guidelines [1]. However,
due to the multidisciplinary implications of nanomaterials and their different size-dependent
chemical and physical properties, the accepted size scale is usually larger, especially for
nanostructures that interact with biological systems. For instance, functional nanomaterials for
biomedical applications are mainly manufactured in a size range that span from 20 to 200 nm
or even above [1]. Nanoscale materials can be produced in several different structures, ranging
from objects in one dimension (nanoplates, thin surface coatings), two dimensions (nanofibers,
nanowires and nanotubes) and three dimensions (nanospheres, nanocapsules, vesicles).
The earliest use of finely divided nanomaterials can be traced back to the 9th century
BC, when Egyptians and Mesopotamians artisans exploited synthetic colour pigments
obtained from nanosized gold and silver for decorative purposes of lusterwares and glasses.
9

Chapter 1. Background and purpose

“Egyptian blue” is an example of a metallic mixture of nanosized CaCuSi4O10 and SiO2 (both
glass and quartz), which was in use in the 3rd century BC [2]. However, it was only in the late
19th century that colloidal science started to captivate scientific interest, with the first synthesis
of gold nanoparticles (NPs) through reduction of gold chloride by Michael Faraday, who also
provided the first scientific description of the optical properties of metal NPs (1875) [3]. In
1959, the physicist and Nobel laureate Richard Feynman set up the ground for modern
nanotechnology with his famous lecture "There is plenty of room at the bottom", addressing
the attention of the scientific community to objects at the atomic level [4]. The gold era of
nanotechnology thrived in the 1980s and 1990s, with the discovery of fullerenes and carbon
nanotubes, followed by the launch of several governmental investments, such as the National
Nanotechnology Initiative by the United States (US) (2012), to foster the development of
nanotechnology research. The invention of various microscopic techniques, such as the
transmission and scanning electron microscope (in 1931 and 1937, respectively), the scanning
tunneling microscope (1982) and the atomic force microscopy (1986) allowed objects at the
nanoscale to be observed.

1.2

Nanomedicine – historical perspective and applications

Nanomedicine refers to the use of nanotechnology in biomedical and pharmaceutical
applications, with the goal of bringing innovation in healthcare and therapeutic benefits for
patients. The worldwide demand for advanced therapeutics with higher efficacy and/or
improved safety and toxicological profiles has catalysed the rapid evolution of nanomedicines,
encompassing the development of nanosized systems for drug delivery, imaging and
diagnostics.
As early as 1909, Paul Ehrlich hypothesized a “magic bullet” that could be used to
specifically target active molecules towards disease sites, without harming healthy cells [5].
Modulation of adsorption, distribution, metabolism and excretion properties of a drug via its
chemical modification is often restricted by structural requirements for its biological activity.
However, nanotechnology offers the possibility to circumvent this limitation by manipulating
the drug properties through formulation. In the early 1960s, Bangham and Horne accidentally
discovered that phospholipids had the ability to self-assemble in structures resembling the cell
10
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membrane, forming nanosized vesicular bodies. These nanovesicles were later named
“liposomes” [6, 7]. However, it was only in the 1970s that scientists gained interest in using
nanocarriers for the delivery of active compounds. Peter Speiser was one of the pioneers of
nanomedicine, investigating the first poly(acrylamide)-based NPs for vaccination purposes
[8]. Few years later, Couvreur et al. demonstrated the lysosomotropic properties of
poly(acrylamide) nanocapsules, and developed the first biodegradable nanocapsules using
poly(alkylcyanoacrylate) polymers [9, 10]. At around the same time, Gregory Gregoriadis
showed that liposomes could be used to deliver enzymes for therapeutic purposes [11]. With
the combination of increased knowledge on physiological and pathological intra- and
intercellular processes, and substantial advancements in biochemistry, biotechnology and
nanotechnology, it became evident that manipulation of objects at the nanoscale level could
allow for tremendous opportunities in the medical field.
Nanocarriers are represented by a wide variety of structures and materials. They can
accommodate active pharmaceutical ingredients (APIs) with different physicochemical
properties, and have the ability to alter their biodistribution and improve their safety and
efficacy. In 1974, INFeD® (Allergan Pharma), a colloidal solution of ferric hydroxide
complexed with dextran, received market approval by the US Food and Drug Administration
(FDA) for the treatment of patients with iron deficiency. Few years later in the 1990s, Adagen®
(Pegademase bovine, Sigma-Tau Pharmaceuticals) and Oncaspar® (Pegaspargase, Shire) were
the first polymer-drug conjugates, developed as poly(ethylene glycol) (PEG) derivatized
enzymes, approved in the US for enzyme replacement therapy and chemotherapy,
respectively. Shortly after that, lipid-based nanodrugs entered the market for different
indications, such as fungal infections (AmBisome®, Gilead Sciences, liposomal formulation of
amphotericin B) or cancer (Doxil®/CaelyxTM, Janssen, liposomal doxorubicin, DOX). Doxil®, a
100‐nm PEGylated liposomal formulation encapsulating DOX hydrochloride, received clinical
indication in 1995 for the treatment of refractory Kaposi’s sarcoma in patients with human
immunodeficiency virus. Doxil®, as well as other marketed liposomal formulation of
anticancer anthracyclines (e.g. Myocet® and DaunoXome® delivering DOX and daunorubicin,
respectively), had the advantage of prolonged circulation time and significantly less doselimiting cardiotoxic effects compared to the non-encapsulated drugs, allowing for a higher
dose of APIs to be injected [12]. Since then, the potential of nanocarrier systems has been
11

Chapter 1. Background and purpose

largely explored, with particular emphasis on material manipulation. Despite many years of
research efforts and investments in nanomedicine, only a few nanoformulations have reached
the market as clinically approved products (see examples listed in Table 1), and several
obstacles still hamper the clinical translation of laboratory-developed nanoparticulate
systems. Advantages and limitations of nanocarriers for drug delivery are further discussed
in the next section.

1.3

Overcoming limitations of conventional therapeutics with
nanomedicines

The performance of conventional therapeutic drugs and molecules for biomedical imaging
depends, among others, on their intrinsic physicochemical properties, such as the molecular
weight, the chemical stability or lipid/aqueous solubility. For some APIs (e.g. unstable
compounds), the susceptibility to degradation in biological fluids and the unfavourable
pharmacokinetic profile strongly restrict their efficacy. On top of this, the lack of selectivity for
cellular targets may result in non-specific drug deposition in non-target tissues and systemic
toxicity. Drug delivery with nanocarriers can, at least partially, overcome these limitations.
Owing to their tunable properties, nanoformulations are well suited for the administration of
molecules with unfavourable drug-like properties, such as poorly water soluble drugs (e.g.
several cytostatics) and biologics (e.g. proteins and nucleic acids). Nanocarriers can increase
circulation half-life of drugs and enhance their deposition to the target site while reducing
extravasation into healthy tissues. Apart from bearing the desired physical properties, other
requirements for nanocarriers are biocompatibility, ability to escape immune recognition (or
not inducing unwanted immune responses), innocuousness, and elimination from the body
(e.g. renal excretion or biodegradation) [13]. Additionally, nanocarriers should ideally have a
high loading capacity for the desired molecule and enough stability under physiological
conditions to prevent premature drug release. Composition, size, shape and surface chemistry
are key parameters that influence the interaction of nanoformulations with the biological
surroundings, and have an impact on the their biodistribution, cellular uptake, efficacy,
clearance and toxicity [13].
12
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The particle size plays an important role in controlling the biodistribution, tissue
penetration, cellular uptake and clearance of the carrier in vivo. For non-biodegradable
particles below 5-6 nm in hydrodynamic diameter, excretion occurs primarily via renal
filtration, which generally occurs within minutes after intravenous (i.v.) injection [14]. A larger
size is usually devised to increase the circulation half-life of the system, though it also increases
the likelihood of triggering uptake and subsequent clearance by the mononuclear phagocyte
system (MPS), which consists of specialized phagocytic cells localized in the major MPS organs
(i.e. mainly the liver and spleen) [15]. Particle size can be fine-tuned to enhance the selective
deposition of the carrier in specific sites of the body by exploiting passive tissue targeting. For
example, the leaky vasculation network in tumors facilitates extravasation of nanocarriers and
their passive tissue accumulation, due to the enhanced vascular permeability and retention
(EPR) effect [16, 17]. The majority of FDA-approved nanodrugs for cancer therapy has been
shown, at least in preclinical studies, to target tumors through the EPR effect [18]. A higher
amount of drug distribution or retention at the desired site can also be achieved via active
targeting. This approach is based on the particle surface decoration with specific molecules
(e.g. small molecules or antibodies) that increase the particle’s biological affinity for certain
tissues. Besides surface functionalization, active targeting can be implemented using
nanosystems that can be manipulated through physical (e.g. temperature, pH and magnetism)
or chemical stimuli (e.g. enzymatic cleavage) [17].
Surface physical characteristics and chemical reactivity also affect the biological
behaviour of the carrier and its fate once administered in vivo. Nanocarriers have a large
specific surface area and a high surface energy. Thus, they tend to interact with several
biomolecules within the body. In the bloodstream, absorption of serum proteins (e.g.
opsonins) on the particle surface may activate their recognition and uptake by cells of the MPS,
which ultimately leads to the premature elimination of the nanosystem from the circulation
[13]. Introduction of a stealth hydration shell on the nanocarriers’ surface with antifouling
polymers, e.g. using PEG, prevents agglomeration of the nanosystems, reduces non-specific
protein adsorption and slows down their clearance from the blood circulation. As a result,
significantly extended circulation times can be achieved (up to several days), with possibly a
greater accumulation of the carrier at the target site [19]. Moreover, the surface charge and the
structural organization and density of decoration molecules on the surface can have a
13
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significant influence on the affinity of the carrier for the target tissue and its cellular uptake
[13].
Overall, compared to conventional therapy formulations, nanocarriers can offer a
significant therapeutic benefit, especially for drugs with a small therapeutic window, such as
chemotherapeutic agents. To date, around 50 nanotherapeutics and nanodiagnostic agents
have been approved by the FDA or European Medicines Agency (EMA) for clinical use, for
several local or systemic applications (Table 1). Nanosystems for use in oncology are among
the most represented nanoformulations. They are generally associated with less systemic
toxicity compared to classical formulation. Other products have received marketing
authorization for the treatment of infections, autoimmune diseases, metabolic disorders and
ophthalmological indications [20]. Numerous nano-system-based formulations are currently
undergoing clinical investigation and even more are in the preclinical phase of development
[20]. These include, for example, organic carriers, such as liposomes and micelles, polymerdrug/protein conjugates, drug nanosuspensions and inorganic NPs.

Table 1. Examples of clinically approved nanoformulations for biomedical applications,
grouped by material composition. Drug-antibody conjugates are not included in the table.
Trade name (manufacturer) Generic name or API

Approved
indication/application

Approval year
(drug authority)

Liposomes

14

HIV1-associated Karposi’s
sarcoma, ovarian cancer,
multiple myeloma

1995 (FDA); 1996
(EMA)

Doxil®/CaelyxTM (Janssen)

Liposomal DOX1 HCl1

AmBisome® (Gilead
Sciences)

Liposomal amphotericin B Fungal/protozoal infections

Visudyne® (Bausch and
Lomb)

Liposomal verteporfin

Macular degeneration with
2000 (FDA and EMA)
photodynamic therapy

Marquibo® (Spectrum
Pharmaceuticals)

Liposomal vincristine
sulphate

ALL1

2012 (FDA)

Onivyde® (Ipsen
Biopharmaceuticals)

Liposomal irinotecan

Metastatic pancreatic
cancer

2015 (FDA); 2016
(EMA)

Vyxeos® (Jazz
Pharmaceutics)

Liposomal
daunorubicin/cytarabine

Acute myeloid leukaemia

2017 (FDA); 2018
(EMA)

1997 (FDA); most of
Europe
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Table 1. (continued).
Trade name (manufacturer) Generic name or API

Approved
indication/application

Approval year
(drug authority)

Nanoemulsions
Diprivan® (Aspen)

Propofol

General anaesthesia

1989 (FDA)

Cleviprex® (Chiesi
Farmaceutici)

Clevipidine

Hypertension

2008 (FDA), most of
Europe

Aprepitant

Prevention of acute and
delayed chemotherapyinduced nausea and
vomiting

2017 (FDA)

Cinvanti® (Heroun
therapeutics)

Drug nanoprecipitates
Rapamune® (Pfizer)

Sirolimus

Immunosuppressant

1999 (FDA); 2001
(EMA)

Cesamet® (Valeant
Pharmaceuticals)

Nabilone

Nausea and vomiting
associated with cancer
chemotherapy

2006 (FDA)

Tricor® (AbbVie)

Fenofibrate

Hypercholesterolemia

2004 (FDA)

Abraxane® (Celgene)

Albumin-bound paclitaxel

Breast cancer, NSCLC1,
pancreatic cancer

2005 (FDA); 2008
(EMA)

Lipid NPs

Onpattro®/Patisiran
(Alnylam Pharmaceuticals)

Small-interfering RNA

Polyneuropathy caused by
2018 (FDA and EMA)
hATTR1 amyloidosis

Polymer-drug/protein conjugates
Adagen® (Sigma-Tau
Pharmaceuticals)

Pegademase bovine

Adenosine deaminase
deficiency in patients with
SCID1

1990 (FDA)

Oncaspar® (Baxter
BioScience)

Pegaspargase

ALL1

1994 (FDA); 2016
(EMA)

Pegfilgrastim

Neutropenia in patients
with cancer receiving
myelosuppressive
chemotherapy

2002 (FDA and EMA)

Cimzia® (UCB)

Certolizumab pegol

Crohn’s disease,
rheumatoid arthritis,
psoriasis arthritis and
ankylosing spondylitis

2008 (FDA); 2009
(EMA)

Macugen® (OSI
Pharmaceuticals)

Pegaptinib

Neovascular age-related
macular degeneration

2004 (FDA); 2006
(EMA)

Movantik® (Nektar
Therapeutics)

Naloxegol

Opioid-induced
constipation

2014 (FDA and EMA)

Neulasta® (Amgen)
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Table 1. (continued).
Trade name
(manufacturer)

Approved
indication/application

Generic name or API

Approval year
(drug authority)

Micelles
Genexol®PM/CynviloqTM
(Samyang Corporation)

PTX1

Breast cancer, NSLC1 and
ovarian cancer

2007 (South Korea
and other countries)

Apealea®/Paclical® (Oasmia
Pharmaceuticals)

PTX1

Ovarian cancer in
combination with
carboplatin

2018 (EMA)

Dendrimers

VivaGel® BV (Starpharma)

Prevention of vaginal
infection and other STD1

SPL7013

2015 (EMA)
2017 (Australia)
2019 (Japan)

Inorganic nanocarriers
INFeD® (Allergan Pharma)

Iron dextran colloid

Iron deficiency

1974 (FDA)

Venofer® (Vifor Pharma)

Iron sucrose colloid

Iron deficiency

2000 (FDA), most of
Europe

Ferinject® (Vifor
Pharma)/Injectafer®
(Luitpold Pharmaceuticals)

Iron carboxymaltose
colloid

Iron deficiency

2007 (EMA); 2009
(FDA)

Imaging of liver lesions

1996 (FDA);
Discontinued in 2008

Feridex®/Endorem® (AMAG
Iron dextran colloid
pharmaceuticals)
NanoTherm® (MagForce)

Aminosilane-coated iron
oxide

Hyperthermia treatment of
2018 (EMA)
brain tumors

Abbreviations: DOX = doxorubicin; HCl = hydrochloride; HIV = human immunodeficiency virus; ALL = Acute

1

lymphoblastic leukemia; NSCLC = non–small-cell lung cancer; PTX = paclitaxel; STD = sexually transmitted
diseases; CKD = chronic kidney disease; SCID = severe combined immunodeficiency disease; hATTR = hereditary
transthyretin-mediated amyloidosis.

However, the successful clinical translation of nanodrugs still faces several limitations.
A first critical hurdle concerns the development of a nanocarrier suitable for the desired
application. The carrier should be able to transport a sufficient payload of active compound
while avoiding premature leakage or off-target release. The complex multicomponent nature
of many nanosystems often challenges the reproducibility of their manufacturing processes
and limit their scale-up production. Moreover, a full understanding of their in vivo behaviour
might be difficult to achieve in preclinical studies, especially with respect to heterogeneities
among patients and pathologies (e.g. in tumours) [21].
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Second, to reach an efficient concentration at the target site the nanosystem must
overcome multiple physiological barriers, from opsonisation and clearance by the MPS, to
stability in different microenvironments and restricted access to many tissues. The amount of
nanocarrier reaching its target after i.v. injection is still low, and only in few cases there are
major improvements compared to the administration of the free drug [22]. Insufficient
nanocarrier deposition in tumors is often associated with inefficient extravasation, limited
transport through the dense extracellular matrix and a consistent clearance by the MPS or by
the kidneys. Moreover, preclinical animal studies generally provide only a limited
understanding of the NP behaviour in humans, especially considering heterogenities that
occur among tumor types and patients [23].
Finally, the biological toxicity of some nanocarriers is still a major concern that impedes
their clinical development. This is the case especially for nanomaterials that are not readily
biodegradable, which pose the risk of accumulation during chronic therapies. Furthermore,
administration of nanosystems via infusion or injection can trigger severe complementactivation-related adverse reactions, which could be prevented with slow infusion or
premedication [24]. PEG-conjugated systems can trigger an unexpected immune response that
leads to accelerated blood clearance of the carrier [25]. Such limitations must be carefully
addressed during the development of a nanodrug product, taking into consideration all factors
affecting its biodistribution and potential side effects, such as particle size, shape, dose, surface
chemistry, route of administration and residence time in the bloodstream [17, 26].

1.4

Classification of nanocarriers

Nanocarriers are present in a broad variety of materials and physical structures, often
displaying a complex multicomponent nature. General nanocarrier classifications are based
on different criteria, such as their chemical composition, shape, size and synthetic route [2].
From a material point of view, nanocarriers can be generally classified into three categories:
carbon-based nanosystems, organic nanocarriers and inorganic NPs (Fig. 1.1).

17
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Figure 1.1. Graphical representation of different types of nanocarriers used for biomedical
applications. Vesicular nanocarriers (e.g. liposomes, polymersomes, nanocapsules) are
composed of a liquid core enclosed by a bilayer membrane or a solid shell (a). Polymeric NPs,
solid lipid NPs and drug nanosuspensions (drug nanocrystals or drug/protein suspensions)
are solid core nanostructures (b). Soluble polymer-drug conjugates include polymerprotein/drug conjugates and dendrimers (c). Other types of nanocarriers are nanoscale
emulsions (d) and core-shell structures like micelles (d). Drug-antibody conjugates are not
included in this figure.

1.4.1

Organic nanocarriers

Organic nanocarriers are obtained from natural, synthetic or semisynthetic sources and can be
classified as vesicles with an internal aqueous cavity (e.g. liposomes, niosomes and
polymersomes), structures with a solid core (e.g. polymeric and lipid NPs, drug
nanoprecipitates) or soluble colloids (e.g. micelles, drug-polymer conjugates) [27–29]. Another
peculiar class of organic nanosystems consists of carriers entirely made of carbon. In the next
sections, some examples of organic formulations for biomedical applications and their
characteristic properties are shortly discussed, encompassing preclinical development and
clinical successes.

18
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1.4.1.2

Vesicular systems

Liposomes, polymersomes and niosomes
Organic nanovesicles are composed of an aqueous cavity enclosed by a bilayer
membrane, which can be generated by self-assembly of amphiphilic phospholipids
(liposomes), synthetic block copolymers (polymersomes) or non-ionic surfactants (niosomes)
(Fig. 1.2). The vesicle structure can be further composed of one single bilayer (unilamellar
vesicles) or multiple ones (multilamellar vesicles). Owing to their unique structure and
composition, organic vesicles can carry both hydrophobic compounds in the bilayer and
hydrophilic ones in the internal empty core.

Figure 1.2. Vesicular nanocarriers. Liposomes are vesicular systems enclosed by a
phospholipid bilayer, and the introduction of PEG-lipids in the membrane generates stealth
liposomes, with improved surface steric stabilization and enhanced circulation time.
Niososomes are vesicles with a bilayer of non-ionic surfactants, while the membrane of
polymersomes is composed of diblock copolymers. Hydrophilic APIs are trapped inside the
aqueous cavity, while hydrophobic compounds are inserted in the bilayer membrane.
Adapted from [30] with permission.

Since the early investigations on phospholipid vesicles in 1965 and their successful
application as drug carriers (see Section 1.2), liposomes have been extensively explored for
the delivery of drugs and diagnostic agents [31]. Resembling biological membranes, liposomes
are generally biocompatible and biodegradable, with tunable membrane fluidity. Stealth
vesicles, generated by the incorporation of PEG-lipids into the lipid bilayer, provide the
advantages of a reduced clearance by the MPS and an increased blood half-life [32]. For
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instance Doxil®, the first FDA-approved PEGylated liposomal DOX formulation, displayed a
prolonged circulation time which resulted in a 4- to 16-fold drug accumulation in malignancies
compared to free DOX in preclinical studies [33]. Doxil® has been clinically employed for over
20 years, mainly for its improved safety profile compared to free DOX (i.e. reduced
cardiotoxicity). However, in some approved indications its anticancer efficacy is comparable
to that of free DOX [34, 35]. Aside from the i.v. injection, liposomes have been administered
by various other routes, such as for the transdermal delivery of poorly permeable drug. For
example, ethosomes are highly flexible phospholipid liposomes enclosing a high content of
ethanol (20–45%) that can promote skin permeation of drugs through the stratum corneum
[35].
Despite the interesting attributes of liposomal carriers, the latter may in some instances
suffer from instability issues due to the weak mechanical properties of the lipid bilayer and
the sensitivity of phospholipids to hydrolysis. In this respect, artificial self-assembling vesicles
of amphiphilic block copolymers (polymersomes) recently emerged as drug carriers. They
provide higher stability compared to liposomal formulations and possess more tunable
membrane properties. The chemical versatility of synthetic block copolymers allows for
broader manipulation possibilities regarding membrane composition, fluidity and
permeability [36]. Niosomes are also alternative vesicles to liposomes. They are generated with
non-ionic single-chain surfactants and cholesterol, providing a higher chemical stability with
lower production costs than liposomes [37]. Niosomes first emerged in the field of cosmetics
almost 30 years ago, and have been largely exploited for their intrinsic skin penetration
enhancing properties [38]. Currently, about 15 liposomal drug products are on the market,
mostly for i.v. administration. These include for example Mepact® (Takeda Pharmaceutical,
Mifamurtide, cancer therapy), Marqibo® (Talon Therapeutics, Vincristine, cancer therapy),
Onivyde® (Ipsen, Irinotecan, cancer therapy), and the recently approved Vyxeos® (Jazz
Pharmaceutics, a combination of daunorubicin and cytarabine, cancer therapy). Two
liposomal systems were approved for vaccination, Epaxal® (Janssen-Cilag, hepatitis A vaccine)
and Inflexal® V (Janssen-Cilag, influenza vaccine). These products are based on the virosome
technology, which consists of vesicles composed of a phospholipid bilayer membrane
intercalated by viral glycoproteins. However, both Epaxal® and Inflexal®V have been recently
discontinued. Several others liposomal products are currently under preclinical development
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or clinical investigation, including more complex and multifunctional vesicles [39, 40]. As an
example, DOX has been encapsulated in a liposomal formulation with a temperature
responsive membrane (ThermoDox®, Celsion). These liposomes release the drug when heated
to a temperature of 40-45 °C. In a first phase III clinical evaluation for the treatment of liver
cancer ThermoDox®, in combination with radiofrequency ablation, did not meet its primary
endpoint (increase in progression-free survival) [41]. An optimized phase III clinical trial with
prolonged radiofrequency ablation dwell time has been concluded recently, although the
results have not been disclosed yet (ClinicalTrials.gov Identifier: NCT02112656). 2X-111
(Oncology Venture) is a liposomal PEGylated platform delivering DOX to patients with brain
metastases. This system includes the brain-targeting ligand glutathione conjugated to PEG, in
order to enhance the transport of the carrier across the blood brain barrier. 2X-111 has
demonstrated clinical activity in a phase I/IIa study in patients with brain metastasis from
breast cancer. 2X-111 has demonstrated good tolerability and clinical activity in a phase I/IIa
study in patients with solid tumors and brain metastases or recurrent malignant gliomas [44].

Nanocapsules
Nanocapsules are vesicular systems made of a solid thin shell surrounding a hollow internal
cavity. The outer solid membrane is composed of natural (e.g., chitosan, gelatin, hyaluronic
acid, protamine) or synthetic (e.g., poly(alkyl cyanoacrylates), poly-(ε-caprolactone), poly(Llactide), poly(lactide-co-glycolide)) polymers. Nanocapsules containing an oily core of
medium chain triglycerides and a solid shell of PEGylated surfactants, lecithin or other
polymers are called lipid nanocapsules [42]. General preparation routes for nanocapsules
involve polymer deposition or polymerization at the interface of water-in-oil or oil-in-water
emulsions, yielding nanosystems with an aqueous or oily core, respectively [46].
Nanocapsules can also be fabricated via layer-by-layer deposition onto a sacrificial template
[47]. The main pharmaceutical interest towards nanocapsules for drug delivery comes from
their ability to encapsulate a high payload of different cargos, including unstable biologics
(e.g., peptides, proteins, nucleic acids), protecting them from enzymatic and hydrolytic
degradation. Sustained or controlled release can be achieved via modulation of the
biodegradability properties of the shell. Lipid and polymeric nanocapsules can be
manufactured under solvent-free conditions. Oral insulin delivery with biodegradable
21

Chapter 1. Background and purpose

poly(isobutyl cyanoacrylate) nanocapsules was reported to effectively protect the protein drug
from gastric proteolysis and to release it in the ileum due to the degradation of the shell in the
intestinal medium [43, 44]. A significant glycemia reduction was achieved in diabetic rats after
oral gavage of the nanocapsules. Other fragile macromolecules, such as nucleic acids, have
been also encapsulated in nanocapsules, as well as chemotherapeutics, nucleotide analogues,
peptides and many others [45–51]. Despite their favourable biocompatibility, biodegradability
and their promising potential for therapeutic and diagnostic applications, no nanodrugs based
on nanocapsules have been approved for pharmaceutical use yet.

1.4.1.3

Nanoemulsions

Nanoemulsions are composed of stable liquid nanodroplets homogeneously dispersed in
another non miscible liquid phase. The earliest pharmaceutical use of nanoemulsions dates to
the late 1970s, when Intralipid® (Fresenius Kabi), containing emulsified fatty droplets of ca. 0.5
µm, was approved by the FDA as a source of essential fatty acids for parenteral nutrition. Oilin-water nanoemulsions became later convenient carriers for the delivery of lipophilic
compounds. The first successful marketed injectable drug-loaded nanoemulsions, such as
Diazemuls® (Accord, diazepam, sedative, 1970s) and Diprivan® (Aspen, propofol, anesthetic,
1989) displayed a significant reduction of the local and systemic side effects (e.g. pain during
injection and hemolytic activity) compared to previous parenteral formulations of the same
drugs based on surfactants and Kolliphor® EL [52]. To date, around 10 nanoemulsion
formulations are commercially available [53]. A major critical issue of nanoemulsions is their
general instability as a consequence of many factors (e.g. pH, electrolytes, emulsifying agents,
additives, storage conditions), resulting in a wide variety of physicochemical phenomena.
These include for example phase separation, flocculation, creaming, droplet coalescence and
chemical oxidation. Moreover the possibility of a controlled drug release from nanoemulsions
is limited due to the liquid state of the carrier, which often results in a rapid release of the API
[52].
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1.4.1.4

Nanoparticles

Drug nanosuspensions
Drug nanocrystals and amorphous drug nanosuspension comprise nanosized particles in
which the solid core is entirely made of the active compound. These nanocarriers are usually
developed to overcome the poor solubility of hydrophobic APIs via their miniaturization to
small particles with a very large specific surface area and increased surface energy. As a result,
the drug nanosuspensions display a higher dissolution rate and therefore an enhanced drug
bioavailability [54]. Nanocrystal or amorphous drug nanosuspensions can be manufactured
either via a “bottom-up” approach, through several drug nanoprecipitation techniques, or by
a “top-down” method, by size reduction of larger drug particles (e.g. with milling techniques
or high pressure homogenization). Regardless of the fabrication process, the system tends to
minimize the excess of free energy generated by the newly formed surface area by
agglomeration of the particles [55]. Thus, surface-stabilizing agents (e.g. natural or synthetic
polymers, surfactants) have to be introduced during the miniaturization process to impart
electrostatic repulsion and/or steric hindrance, preventing aggregation of the suspension. In
comparison to other lipid or polymer based nanocarriers employed for the delivery of
hydrophobic APIs, drug nanosuspension formulations include only a small fraction of
stabilizing excipients, and thus the system enables the delivery of a higher amount of active
ingredient [55]. Few pharmaceutical nanocrystal/nanoprecipitate products are on the market,
so far the majority of them for oral administration. These include for example Rapamune®
(Pfizer, sirolimus, immunosuppressive drug), Cesamet® (Valeant Pharmaceutics, nabilone,
antiemetic drug) and TriCor®/Lipanthyl® (AbbVie, fenofibrate, for the treatment of
hypercholesterolemia and hypertriglyceridemia). Panzem® NCD (CASI Pharmaceuticals) is a
nanocrystal oral colloidal suspension containing 2-methoxyestradiol (angiogenesis inhibitor)
which has completed several phase II studies for the treatment of advanced solid tumors, with
modest clinical efficacy [56]. An early clinical investigation of Nanotax®, paclitaxel (PTX)
formulated as 600-800 nm drug nanocrystals for solid peritoneal cancers, displayed good
tolerability and prolonged peritoneal drug concentration after intraperitoneal administration
[57].
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Drug-protein

nanoprecipitates

constitute

an

interesting

subclass

of

drug

nanosuspensions. The first generation of drug-protein nanoprecipitates were formulated
using serum proteins. Albumin is a promising drug carrier, due its high biocompatibility and
biodegradability, absence of an immunogenic risk, long circulatory half-life (~19 days) and
uncomplicated manufacturing [58]. In this category, only one albumin-bound formulation is
approved for clinical therapeutic use. Abraxane® (Celgene, albumin-bound PTX) entered the
US and EU markets in 2005 as a parenteral PTX dosage form for the treatment of metastatic
breast cancer, non-small cell lung cancers and metastatic pancreas adenocarcinoma. The
benefits of Abraxane® are related to its ability to circumvent the risk of pseudoallergic reactions
related to the excipient used in the first solvent-based PTX formulation (Taxol®) [59]. Other
albumin-based drug nanoprecipitates are in clinical investigation for the treatment of solid
tumors, delivering docetaxel (ABI-008, Celgene), rapamycin (ABI-009, Celgene) and a
thiocolchicine analog (ABI-011, Celgene, ClinicalTrials.gov Identifier: NCT02582827) [60].
Albumin nanoaggregates with Technetium-99m (Nanotop®, Nanoalbumon®, Nanocoll®) are
available on the market for lymphoscintigraphy and imaging of sentinel lymph nodes (LNs)
in tumors [60].

Polymeric NPs
Polymeric NPs are matrix-based solid nanocarriers that have been used to deliver a broad type
of molecules (e.g. drugs, proteins, nucleic acids, diagnostic agents), either trapped within the
core or physically adsorbed or chemically linked on the surface. The first polymeric NPs were
developed in the late 1970s by Birrenbach and Speiser [8]. They were prepared using an
inverse microemulsion reaction and consisted of solid poly(acrylamide) particles
encapsulating tetanus toxoid or human IgG. Polymeric nanosuspensions can be formulated
with materials of synthetic origin, such as poly-(ε-caprolactone) and poly(acrylate), or natural
polymers, such as albumin, chitosan, DNA and gelatin. NPs for drug delivery applications are
generally prepared with biodegradable polymers (e.g. poly(L-lactide) or poly(alkyl
cyanoacrylates)), which can be fully metabolized into constituent monomeric units and be
subsequently excreted from the body [61]. Thus, these polymers can be applied to produce
platforms for controlled release, and the drug release rate can be modulated varying the
composition of the polymeric matrices. Additionally, degradable materials can be obtained
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with the introduction of stimuli-responsive cleavable elements [62]. Advantages of using
polymeric NPs are their chemical versatility, relatively low production costs and general
tunable preparation. For example, general approaches to prepare polymeric NPs can involve
either “top-down” methods, with preformed polymers, or “bottom-up” strategies, via in-situ
polymerization of monomers.
AccurinsTM is a class of biodegradable NP formulations based on block copolymers of
poly(DL-lactic acid) and PEG [63]. An AccurinsTM nanosystem delivering docetaxel (BIND014, Pfizer), displayed excellent tumor accumulation in preclinical studies, due to EPR effect
and active targeting mediated by the surface ligand for the prostate-specific membrane antigen
(PSMA). However, only a modest antitumor activity in lung, prostate and head and neck
cancers and was observed from phase II clinical trials, and thus the clinical investigation of
BIND-014 was terminated [64]. Currently, an AccurinsTM platform based on Barasertib, a small
molecule Aurora B kinase inhibitor (AZD2811, Astrazeneca) is under phase I/II clinical
evaluation for acute myeloid leukemia (ClinicalTrials.gov Identifier: NCT03217838). Livatag®
(DOX-TransdrugTM NPs, Onxeo), based on poly(hexyl cyanoacrylate), exhibited in animal
studies the ability to overcome the multidrug resistance associated to DOX. However, it did
not exhibit positive results as single therapeutic agent in a phase III clinical trial in patients
suffering from hepatocellular carcinoma (ReLive clinical trial). Polymeric carriers have also
been investigated for nucleic acid drugs. Cationic polymers (e.g. poly(ethylenimine), PEI) can
complex electrostatically negatively charged polynucleotides and form nanocomplexes. The
latter can be endowed with endosomolytic properties to allow the release of the nucleic acid
in the cytoplasm [65]. The biological toxicity of cationic polymers is limiting their in vivo
application. However, the toxicity can be reduced using biodegradable polycations. Figure 1.3
presents some examples of biodegradable cationic polymers, such as poly(phosphazenes),
poly[α-(4-aminobutyl)-L-glycolic acid or derivatives of low molecular weight PEI crosslinked
with disulfide bridges. A PEI-based nanocarrier (GEN-1, formerly EGEN-001, Celsion) has
recently showed encouraging results in a phase I clinical study (OVATION I,
ClinicalTrials.gov Identifier: NCT02480374) for the treatment of patients with stage III/IV
ovarian cancer, in combination with neoadjuvant chemotherapy [81]. The nanocarrier is
currently under phase I/II clinical evaluation (OVATION 2, ClinicalTrials.gov Identifier:
NCT03393884). GEN-1 is a lipopolymeric nanocarriers based on a proprietary PEG-PEI25
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cholesterol formulation, which delivers the plasmid for interleukin-12, a potent immunemodulatory cytokine [82]. Finally, polymeric NPs capable of responding to various stimuli
(e.g. temperature, light, pH, redox potential or enzymes) have been reported in multiple
animal studies but their translation into the clinic is often hampered by the complexity of their
design.

Figure 1.3. Examples of chemical structures of degradable cationic polymers. Adapted from
[66] with permission.

Lipid NPs
Lipid NPs are surfactant-stabilized nanospheres with a solid lipid core. Their matrix generally
consists of solid lipids (e.g. fatty acids, acylglycerols or waxes) and is stabilized with different
emulsifiers (e.g. phospholipids, sphingomyelins, bile salts and steroids). These nanocarriers
can also be obtained by complexing positively charged lipids to negatively charged
macromolecules. Solid lipid NPs were initially employed in the 1990s for the parenteral
delivery of hydrophobic APIs, as they can provide a higher loading efficiency and improved
stability compared to liposomes and nanoemulsions, in addition to an excellent tolerability
[52, 67]. Moreover, the solid matrix allows for a controlled release of the cargo, which cannot
be achieved with lipid nanoemulsions. Apart from the delivery of hydrophobic compounds,
solid lipid NPs have been investigated as parenteral, oral, pulmonary and transdermal carriers
for proteins or nucleic acids [52]. An interesting application of lipid NPs concerns the delivery
of polynucleotides for gene therapy. The earlies lipid-mediated transfection (lipofection) was
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reported by Felgner et al., who mixed DNA, lipids and the positively charged lipid N-[1-(2,3dioleyloxy) propyl]-N,N,N-trimethylammonium chloride, obtaining particles with a high
DNA complexation and transfection efficiency compared to other non-viral gene carriers [68].
These first-generation lipid complexes (lipoplexes) became a useful tool for in vitro
transfection, but failed to be translated into the clinic due to the large and uncontrollable
particle size as well as the in vivo toxicity and hemolytic effect imparted by the cationic lipids.
Since then, the knowledge in lipid-based systems for gene delivery have substantially
improved, with the development of carriers with high encapsulation efficiency (EE), low
surface charge, better in vivo safety profile and robust manufacturing procedures. New
generations of lipid-based transfection systems were prepared using ionizable cationic lipids
with a low pKa, such as 1,2-dioleoyl-3-dimethyaminopropane (pKa of 6.6-7). These lipids
enable the formation of particles with an efficient gene loading at the pH below their pKa,
while the system displays a neutral surface charge at physiological pH, reducing the risk of
rapid clearance and toxicity of the carrier [69]. PEG-lipid were also introduced in the
formulations to confer stealth properties, and decrease their hemolytic activity and
immunostimulatory potential [69, 70]. Lipid NPs are the most clinically advanced non-viral
gene delivery system. Onpattro®/Patisiran® (Alnylam Pharmaceuticals) which is based on the
proprietary Arbutus’ lipid NP technology, is the first siRNA-based parenteral nanodrug
approved by FDA and EMA (2018) for the treatment of nerve damage caused by hereditary
transthyretin amyloidosis, a fatal rare genetic disease. Around 20 other gene delivery systems
based on lipid NPs are in clinical development, including for example ARB-1467 (Arbutus,
RNAi formulation for Hepatitis B treatment, ClinicalTrials.gov Identifier: NCT02631096) and
Atu027 (Silence Therapeutics, siRNA AtuPLEXTM lipoplex formulation for solid tumors) [84,
88]. The clinical evaluation a iRNA-based lipid NP product, TKM-080301/TKM-PK1 (Arbutus)
was recently terminated due to limited anticancer efficacy [89]. Lipid NPs can be produced
with low-cost rapid and scalable processes (e.g. high pressure homogenization), avoiding the
use of organic solvents [52]. A general issue of these systems is associated with the complexity
of the physical state of the lipid (e.g. the crystalline phase), which can induce instability
problems upon storage or administration (e.g. gelification, drug expulsion or increase in size)
[71].
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1.4.1.5

Soluble drug-polymer conjugates

Soluble “polymer-drug conjugates” are colloidal system consisting of a low molecular weight
drug (or diagnostic agent) or active biomacromolecule (e.g. protein) that is generally
covalently linked to a polymeric water-soluble backbone which can be a linear, graft, branched
polymers or dendrimer [72, 73]. The active compounds can also be associated to the polymer
structure through weak interactions [74]. In 1977, the pioneer work of Abuchowski et al.
demonstrated the utility of PEG conjugation to bovine proteins to decrease their
immunogenicity and ameliorate their blood half-life after parenteral injection in mice and
rabbits [75, 76]. Since then, the potential of hydrophilic polymer conjugates to improve the
therapeutic efficacy and safety profile of molecules was widely investigated [73, 77].
The first polymer-protein conjugates were approved for clinical use in the early 1990s,
marketed as Adagen® (pegademase bovine, Enzon) and SMANCS (zinostatin stimalamer,
Yamanouchi Pharmaceutical). Adagen®, a PEGylated adenosine deaminase, is approved since
1990 for the treatment of patients with severe combined immunodeficiency, while SMANCS
is a chemical conjugate of the anticancer protein neocarzinostatin with poly(styrene-co-maleic
acid), and is clinically employed since 1993 in Japan for the treatment of liver cancer. In the
following years, several polymer-protein conjugates reached the market, such as Oncospar®
(pegaspargase, Baxter BioScience, PEG-asparaginase), Neulasta® (Pegfilgrastim, Amgen,
PEGylated granulocyte-colony stimulating factor), and Cimzia® (Certolizumab pegol, UCB,
PEGylated anti-TNFα) and many more are in advanced clinical trials [77]. The advantages of
polymer conjugation were successfully applied also to nucleic acids, and Macugen®
(Pegaptanib, OSI Pharmaceuticals, branched PEG-anti-VEGF aptamer) is now in clinical use
for treating macular degeneration. Movantik® (Naloxegol, Nektar Therapeutics) is a
PEGylated naloxol that is approved for the treatment of opioid-induced constipation in
patients with chronic pain. A novel opioid agonist conjugated to PEG, NKTR-181 (Nektar
Therapeutics) recently demonstrated in a phase III trial a significant analgesic efficacy in
patients with chronic low-back pain [97]. Conjugation with poly(styrene-co-maleic acid), as
well as dextran or N-(2-hydroxypropyl)methacrylamide (HPMA) is, from a characterization
viewpoint, generally more complex compared to more simple polymers, such as PEG, due to
their multiple binding sites that can generate a complex mixture of products [77]. Moreover,
the non-biodegradability and subsequent constraints on molecular mass of the first-generation
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polymers PEG and HPMA have stimulated the research on novel materials with a
biodegradable backbone. Numerous synthetic polymers have been investigated, as for
example poly(L-glutamate), polycarbonates and cyclodextrins [78, 79]. Non ordered
hydrophilic polypeptide chains appear to be promising PEG alternatives, owing to their
tunable length and sequence composition. Well-known examples are the XTENylation and
PASylation technologies. XTENylation is based on modification with recombinant
polypeptides, while the PASylation technology exploits polypeptides with randomized
sequences of proline, alanine and serine [78, 80]. A XTEN fusion of human growth hormone
(Somavaratan, VRS-317) has recently completed a phase III clinical trial (ClinicalTrials.gov
Identifier: NCT02413138), but failed to achieve its primary endpoint of non-inferiority to
Genotropin®.
Dendrimers are unique highly branched polymeric nanoplatforms composed of
iterative monomers radially and symmetrically organized around a central core. The active
compound can be entrapped within the dendritic structure via hydrophobic or hydrogen
interactions, complexed with the branches of the dendrimer or covalently attached on the
surface [74]. Owing to their large number of surface groups, dendrimer scaffolds possess large
and tunable multivalency and therefore a potential high loading capacity. Their small size
(generally < 5 nm) facilitates renal excretion, but it also considerably reduces the circulation
half-life of the nanocarrier [81, 82]. Since their discovery in the late 1970s, dendrimers
generated with polymers like poly(amidoamine), poly(propylene imine) and poly(L-lysine)
have been extensively investigated for drug delivery, complexation of nucleic acids, imaging
and photodynamic therapy [82]. Only one dendrimer-based pharmaceutical product,
VivaGel® (SPL7013, Starpharma), is approved in Australia and Europe for the prevention of
bacterial vaginosis, genital herpes, HIV and other sexually transmitted infections [83].
VivaGel® is a microbicidal preparation based on SPL7013, a poly(L-lysine) dendrimer
formulated in a Carbopol® gel. In another product, OP-101 (Orpheris), the antioxidant Nacetylcysteine was conjugated to a hydroxylated poly(amidoamine) dendrimer via a cleavable
disulfide bond. In animal studies, OP-101 was found to be internalized by activated microglia
and astrocytes upon i.v. injection and demonstrated a higher attenuation of oxidative stress
and inflammation compared to the free drug. OP-101 recently completed a phase I study
(ClinicalTrials.gov Identifier: NCT03500627), and will be probably evaluated soon for the
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treatment of childhood X-linked adrenoleukodystrophy, a rare genetic disease that leads to
progressive fatal cerebral demyelination.

1.4.1.6

Micelles

Micelles are supramolecular core-shell structures that form via the self-assembly of individual
polymer chains (unimers) in solution over a threshold concentration (critical micelle
concentration) [84]. Surfactant micelles are generated using low molecular weight detergents
of various nature, while polymeric micelles are often composed of block or graft copolymers.
The hydrophobic effect is the driving force that governs the self-assembly of micelles in water,
although other forces may be involved, such as cooperative electrostatic interactions in the
case of oppositely-charged polymers (e.g. to form polyionic complex micelles) [84, 85].
Depending on the type of solvent employed, normal-phase micelle or reverse-phase systems
can be obtained. The nature of the amphiphilic molecules, in addition to the solution
conditions (such as solvent properties, temperature and ionic strenght), define the
morphology of the micellar system (e.g. spherical, cylindrical or bilayer) [86].
The ability of fatty acids and other detergent molecules to form soapy solutions has
been known since long times, however their colloidal structures and their equilibrium
dynamics started to be scientifically investigated in the second half of the 20th century [87].
Polymeric micelles were first proposed as drug carriers in 1984 by Bader et al. [88]. They
covalently linked an anticancer drug, cyclophosphamide, to the L-lysine segment of PEGpoly(L-lysine) block copolymers, obtaining self-assembling micelles with sustained drug
release properties. Surfactant micelles have been used for decades for solubilizing diverse
hydrophobic APIs and have resulted in several commercial products [89]. From the late 1980s,
polymeric micelles started to be investigated to improve the solubilization of hydrophobic
drugs, which were physically loaded in the hydrophobic core of the nanocarrier [90]. Similarly
to other formulations, this approach was aimed to ameliorate the delivery of anticancer drugs
avoiding the use of surfactants that can cause allergic reactions or other adverse events (e.g.
Kolliphor® EL and polysorbate 80 in Taxol® and Taxotere®, respectively). Compared to
surfactant micelles, the high chemical versatility of block copolymers provides an advantage
for the development of a plethora of different technological applications [91]. Polymeric
micelles have been tested for the delivery of different drugs, genes and imaging agents, often
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involving complex systems with stimuli-responsive polymers, cleavable linkages or targeting
ligands [92–94]. General instability of micelles upon dilution has always represented a
significant hurdle for the i.v. administration of these systems. Polymeric micelles can offer a
relatively high inherent kinetic stability upon dilution, which can be achieved via modulation
of the composition of the single chains, affecting therefore the critical micelle concentration
and the physical state of the core [95]. Moreover, cross-linking of the micelles either within the
core or thorough the shell can further increase their in vivo stability. Encapsulation of metalloorganic compounds in the micelle core can provide additional stabilizing interactions via
coordination with charged polymeric materials [96, 97]. Drug encapsulation into micelles is
performed via different strategies. These include non-covalent approaches (such as
hydrophobic and π–π interactions), electrostatic interactions or covalent binding. As an
example, charged molecules (e.g. nucleic-acid based drugs) can form polyion complex micelles
via complexation with oppositely charged polymers [98].
To date, only few micellar products reached the market, the majority of them designed
for the delivery of hydrophobic chemotherapeutics (e.g. PTX). Genexol®PM/CynviloqTM
(Samyang Corporation), a mPEG‐b‐poly(D,L‐lactide) micellar formulation of PTX, is approved
in South Korea for the treatment of breast cancer, non‐small‐cell lung cancer and ovarian
cancer and is currently in clinical investigation for other indications. Nanoxel® (Fresenius
Kabi), a PTX pH-sensitive micellar system composed of a block copolymer of poly(Nvinylpyrrolidone) and poly(N-isopropylacrylamide), was approve in 2006 in India for several
anticancer indications, and later in other countries in Asia and Latin America [99]. Another
PTX micellar formulation, Apealea®/Paclical® (Oasmia Pharmaceuticals) was granted
marketing approval in 2018 in Europe for the treatment of ovarian cancer in combination with
carboplatin. Apealea® is formulated with a proprietary technology based on vitamin A
derivatives (XR-17). A PTX-incorporating polymeric micellar system (NK105) has recently
completed a phase III clinical trial, but failed to demonstrate a superior clinical efficacy
compared to free PTX [100]. Other polymeric micelles are currently under phase I-II clinical
investigation, including systems loaded with DOX (SP1049C), SN-38 (NK-012), epirubicin
(NC-6300, comprising a hydrolyzable hydrazone linker), cisplatin (NC-6004), dachplatin (NC4016) and docetaxel (CriPec®, Cristal Therapeutics, core-crosslinked polymeric micelles) [95,
101, 102].
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1.4.2

Carbon-based nanostructures

Carbon-based nanostructures, consisting entirely of carbon, exist in different morphologies,
such as hollow tubes (carbon nanotubes), nanodiamonds and spheres (buckminsterfullerene,
C60) [103]. Some of these carbon-based nanomaterials (i.e. carbon nanotubes) originate from
graphene, a macromolecular 2D planar structure consisting of hexagonal arrays of sp2 carbon.
Since the late 1980s, the near-infrared (NIR) fluorescence and Raman scattering properties of
carbon nanotubes have been largely investigated in the biomedical field, for example for in
vitro cell imaging or for NIR-mediated thermal therapy of cancers [104, 105]. As drug
nanocarriers, carbon nanotubes have been loaded with small organic molecules, peptides,
proteins and DNA, either via physical adsorption or chemical conjugation [106]. Carbon
nanotubes were also tested as composite reinforcements or conductive scaffolds for tissue
engineering, thanks to their unique mechanical and electrical properties [107]. Nanodiamonds,
i.e. nanosized particles composed of tetrahedral clusters of sp3 carbon, have been surfacefunctionalized with polymers, drugs, proteins and nucleic acids for drug delivery applications
[129–131]. For example, PEI-coated nanodiamonds were investigated as gene delivery vectors,
and displayed a high transfection efficiency with low cytotoxicity [108]. Fullerenes, such as
buckminsterfullerene (C60), are carbon-based spherical closed-cage nanostructures made of sp2
carbon. Several studies have explored fullerenes as drug delivery carriers, for example for the
controlled release of anticancer drugs [109]. Moreover, some fullerene derivatives exhibited
promising intrinsic inhibitory activity towards HIV enzymes [110]. However, the safety of
carbon-based materials is still an open question. Some carbon nanotubes exhibited toxicity in
vitro, especially pristine nanotubes, which are hydrophobic and tend to agglomerate, inducing
oxidative stress [111]. On the other hand some preliminary studies have reported a generally
good in vivo biocompatibility of surface modified carbon nanotubes, fullerenes and
nanodiamonds, which were usually rapidly cleared by renal filtration, though a small part of
them accumulated in liver and spleen [111, 112].

1.4.3

Inorganic NPs

A wide variety of inorganic nanomaterials has been investigated for the delivery of APIs and
diagnostic agents. For some of these materials (e.g. gold, quantum dots, iron oxide), size
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reduction from bulk to the nanoscale domain causes the electrons to restrict their motions to
specific quantized energy levels, generating the quantum confinement effect [113]. This
phenomenon results in materials with unique electronic properties, which have been largely
explored in the biomedical field to develop nanostructures responsive to stimuli such as light
irradiation or magnetic fields, eg. for imaging, thermal therapy or magnetic targeting [114].
The potential use of inorganic NPs as drug nanocarriers, on the other hand, has been studied
for numerous inorganic material compositions. An overview of the most important categories
of inorganic NPs for biomedical use is presented in the next sections.

1.4.3.1

Gold NPs

The first biomedical applications of gold colloids dates back to the Middle Ages, when gold
compounds were employed for their putative intrinsic therapeutic effects versus a broad range
of diseases (e.g. syphilis, fever and epilepsy) [115]. In 1997, Abraham and Himmel reported
the beneficial anti-inflammatory action of oral gold colloids (Aurasol®, Optimox, currently
discontinued) in the management of rheumatoid arthritis [116]. This effect was correlated to
the ability of nanosized gold to induce a vascular endothelial growth factor-mediated
inhibition of angiogenesis. The affinity of colloidal gold for protein biologics was later
exploited by Paciotti et al., who developed a PEGylated TNFα-bound gold nanoplatform
(Aurimune®, CYT-6091, Cytimmune Sciences) [117]. In animal studies, Aurimune® exhibited
vascular disruption and positive anticancer effects in solid tumors [118]. This nanoplatform
has recently completed a phase I clinical evaluation, showing good tolerability and tumor
deposition. A second-generation Aurimune® platform delivering paclitaxel (CYT-21000) is
under preclinical development [146].
Gold nanomaterials with a size range between 5 and 100 nm exhibit localized surface
plasmon resonance bands, which are distinctive collective oscillations of the conduction
electrons on the particle surface [113]. This optical phenomenon is observed upon light
excitation in the visible and NIR spectral regions and arises from the size-quantum effect.
Surface plasmon properties are influenced by the particle characteristics (e.g. size, shape,
surface properties) and dielectric properties of the environment, and have been exploited for
a broad range of high-technology biological applications (e.g. ultra-sentitive label-free sensing
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techniques) [120]. Moreover, nanosized gold displayed utility for surface-enhanced Raman
scattering sensing, fluorescence quenching applications, in vitro immunostaining, NIR and Xray contrast imaging and magnetic resonance imaging (MRI) enhancement [121, 122]. Another
interesting property related to the surface plasmon resonance of gold NPs is their ability to
generate heat upon light excitation in the NIR range. This has been addressed in numerous
preclinical studies for the treatment of cancer via photothermal or photodynamic approaches
[123]. The Aurolase® therapy (Nanospectra) is probably the only nanogold-based formulation
in clinical investigation for tumour ablation to date, and consist of silica NPs coated with a
gold shell (Auroshell®) that are activated by NIR irradiation.
Gold colloids are generally considered not toxic [124]. However, upon i.v.
administration gold nanocarriers tend to accumulate in all organs of the MPS, where they can
remain for up to few months. Particles smaller than 15 nm in diameter were found to be able
to penetrate the blood brain barrier, although the clinical relevance of this observation still
needs to be demonstrated [125]. In some cases, gold colloids exerted genotoxic effect, inducing
the activation of genes correlated to cellular inflammation and apoptosis [126]. Thus, the in
vivo toxicity of gold colloids should be carefully addressed, especially in respect to their
particle size, surface functionalization and long-term exposure.

1.4.3.2

Quantum dots

Colloidal semiconductor quantum dots are single crystal particles (~2-10 nm in diameter)
typically obtained from binary semiconductor compounds (e.g. PbS, PbS2, CdS, PbSe, CdSe,
CdTe, InAs etc.). Containing 1,000 to 100,000 atoms per particle, quantum dots possess discrete
and quantized energy levels that yield intriguing optical properties [127]. Their industrial
application ranges from optical to electronic products, such as displays, photovoltaic devices,
transistors, solar cells and many others [128, 129].
The most notable optical property of quantum dots is probably their wide spectrum of
fluorescence excitation and emission wavelengths, which can be controlled by tuning the
particle size. Due to their superior brightness and photostability compared to conventional
molecular dyes, quantum dots have often been studied for cellular imaging and ultrasensitive
biosensing applications [130–132]. Moreover, their tuneable excitation/emission fluorescence
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profiles render quantum dots excellent donor fluorophores for Förster resonance energy
transfer-based studies [133]. Quantum dots functionalized with biomolecules (e.g. antibodies,
proteins) have been investigated for in vivo targeting and multicolour imaging of cancer cells
[134]. Despite their unique physicochemical characteristics and the recent technological
progresses related to their synthesis, further development of quantum dots in the biomedical
and clinical application remain hampered by the limited capability of manipulation, the lack
of efficient and homogeneous bioconjugation strategies and open questions regarding their in
vivo long-term toxicity [130].

1.4.3.3

Iron oxide NPs

Iron oxide materials (iron oxides, hydroxides or oxide-hydroxides) have been employed for
biomedical purposes for more than 80 years in two major indications, iron-replacement
therapies for anaemia treatment and as contrast agents for MR imaging [20]. Certain iron-oxide
materials, such as maghemite (γ-Fe2O3) or magnetite (Fe3O4) exhibit superparamagnetic
properties when their size is reduced to the nanoscale level. In this case, iron-oxide NPs,
typically referred to as superparamagnetic iron-oxide NPs (SPIONs), have high magnetic
saturation and behave as single uniform magnetic domains, which are highly magnetizable
when subjected to external magnetic fields. Since SPIONs tend to agglomerate in biological
fluids and in the presence of magnetic fields, effective particle stabilization for biomedical use
is achieved via surface coating, usually with surfactants (e.g. fatty acids) or polymeric materials
(e.g. PEG, poly(N-vinyl pyrrolidone), dextran, chitosan) [135].
The very early parenteral formulations of iron oxide colloids (complexed with dextran)
for anaemia treatment often caused toxicity and hypersensitivity reactions, due to the quick
release of elemental iron in the circulation [136]. This problem was later mitigated with the
introduction of a thick carbohydrate shell on the iron core, composed for example of highmolecular weight dextran, as in IMFeRON® (Fisons) or DexFerrum® (Luitpold Shirley) [137].
However, the clinical use of these iron oxide colloids was limited due to occasional serious
adverse anaphylactic events.
Since the early 1990s, iron oxide colloids formulated with low-molecular weight
dextran, sucrose, gluconate or other sugar-based derivatives replaced the previous highmolecular weight dextran products, as these excipients seem to induce less immunogenic
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reactions [138]. Currently, few iron oxide-based colloids are on the market as iron supplements
for

anaemic

patients,

such

as

Ferinject®/Injectafer®

(ferric

carboxymaltose,

Vifor

Pharma/Luitpold Pharmaceuticals), Venofer® (iron sucrose, Vifor Pharma) and Monofer® (iron
isomaltoside, Pharmacosmos, available in EU). Feraheme®/Rienso® (Ferumoxytol, AMAG
pharma) is a SPION product formulated with a semi-synthetic dextran derivative [139].
Feraheme®, which was first developed as MRI contrast agent, was approved in the US (2009)
and the EU (2012, but withdrawn from the market in 2015) as i.v. infusion for the treatment of
iron deficiency anaemia in patients with chronic kidney disease.
SPIONs for MRI have been mainly employed as negative T2/T2*-weighted contrast
agents, since they can shorten the T2 proton relaxation times generating a negative/dark
contrast. Due to the high uptake of SPIONs by the cells of the MPS, these particles have been
applied for the visualization of cancers and metastases in the liver, spleen and LNs (Fig. 1.4)
[140–142]. Macrophages with ingested SPIONs locate in healthy functional liver, spleen and
LNs generating a black area. On the other hand, malignant lesions are characterized by
reduced macrophage infiltration, and therefore they appear bright due to the loss of negative
contrast. Ultrasmall SPIONs (USPIONs) NPs, which have a hydrodynamic diameter below 50
nm, are particularly useful for lymphography, angiography and for the visualization of
inflammatory lesions like atherosclerotic plaques, since they exhibit a prolonged circulation
time and good lymphatic clearance [143].
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Figure 1.4. T2-weighted MR imaging of metastatic lesions with SPIONs. Images of liver
metastasis from a colorectal cancer before (a) and after (b) injection of ferumoxides (dextrancoated SPIONs). Although a first metastasis was already visible prior to administration of
ferumoxides, two metastases appeared clearly (indicated by the arrows) after injection of the
contrast agent [141]. T2-weighted images of LNs in left iliac region before (c, e, g) and after (d,
f, h) administration of ferumoxtran (dextran-coated USPIONs). The functional LN without
metastatic infiltrations appears bright prior to ferumoxtran administration (c). One day after
ferumoxtran administration, macrophages that have taken up the particles migrate to the LN,
generating a signal loss (dark area) (d). Conversely, bright areas in the LN after USPIONs
injection (f, h) indicate no trafficking of phagocytic cells and particles and thus metastatic
colonization. Reproduced with permission from [142], Copyright Massachusetts Medical
Society.

Several SPION contrast agents have been used in the clinic, such as Feridex®
I.V./Endorem® (ferumoxide, dextran, AMAG pharmaceuticals, imaging of liver/spleen lesions)
and Resovist®/Cliavist® (ferucarbotran, carboxydextran, Bayer Healthcare, imaging of liver
lesions). However, these products have been discontinued in the US and EU mainly because
of low commercial and medical interest (e.g. less sensitivity compared to gadolinium-based
contrast agents) [140]. Ferrotran® (formerly Combidex/Ferumoxtran-10, dextran-coated
USPIONs, SPL Medical) is currently the only MRI contrast agent based on USPIO able to detect
small (~2 mm) LN early metastases in patients with prostate cancer. Ferrotran® is available in
the Netherlands and under clinical investigation in other countries [144]. Besides being used
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as iron supplement, Feraheme®/Rienso® is in several clinical evaluations for MR imaging of
LN metastasis [145].
The magnetic properties of SPIONs have also attracted much clinical attention for
hyperthermia treatment of cancer. Upon application of an external alternating magnetic field,
SPIONs that have accumulated at the target site induce a local increase in temperature which
causes tissue damages [140]. A product based on this principle, NanoTherm® (MagForce), was
granted European approval in 2018 for focal thermal ablation of glioblastoma tumors [146].
NanoTherm® consists of 15-nm-aminosilane-coated SPIONs, that react to the magnetic fields
produced by an alternating magnetic field generator NanoActivator®.

1.4.3.4

Silica NPs

Amorphous silica (SiO2)-based nanomaterials have been largely investigated in the biomedical
field, as they are inexpensive, easy-to-produce and generally considered as safe. Moreover,
they exhibit chemical and thermal stability and versatility in terms of encapsulation or surface
grafting of functional molecules [147, 148]. As drug delivery systems mesoporous silica NPs,
such as MCM-41 and SBA-15 silicas, possess a distinctive porous structure with hundreds of
internal nanosized empty channels (from 2 to 10 nm in diameter), which offer large pore
volume (0.6-1 cm3/g) and high surface area (700-1000 m2/g). Thus, these systems enable the
absorption/encapsulation of large amounts of bioactive molecules, such as anticancer
molecules, anti-inflammatory drugs, proteins or genes (with loading contents ranging from 8
up to 50 wt% for hollow particles) [149–151]. The release of the cargos can be regulated using
“gatekeepers”, such as polymers, small molecules or NPs, to block the entrance of the pores.
A premature leakage of the cargo is thereby prevented, and a controlled release can be
achieved with the displacement of the gatekeepers upon external triggers or changes in
physiological conditions [152, 153].
Silica has also been employed in combination with other nanomaterials, to form coreshell structures, with silica being either the shell or the core. Silica coatings of metal NPs and
quantum dots, for instance, have been tested for several purposes, such as to increase their
colloidal and chemical stability, to provide electrical insulation or controlled drug release
[154]. Zhang et al. reported a multifunctional platform of gold nanorods coated with a layer of
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mesoporous silica encapsulating DOX (Fig. 1.5) [155]. By tuning the intensity of the NIR laser
irradiation, they could either trigger the release of the drug (with a low power density laser)
or induce hyperthermia (high power density laser). In another core-shell example, the
Auroshell® formulation (described in Section 1.4.3.1), a dialectric silica core was coated with a
thin gold shell, in order to enable a fine control over the optical resonance properties of the
particles [156]. Core-shell silica NPs have also been investigated for imaging applications. For
example, Cornell dots (C-dots) are multifunctional inorganic-polymer probes consisting of a
fluorescent ultra-small silica core coated with a PEGylated layer that can be functionalized
with radiolabels or targeting ligands [157]. This platform is currently under clinical
investigation for LN mapping in patients with solid tumors (ClinicalTrials.gov Identifier:
NCT02106598).

Figure 1.5. Gold nanorods coated with mesoporous silica (Au@SiO2) and loaded with DOX for
multimodal therapy (a). Transmission electron micrographs (TEM) of uncoated gold nanorods
(b) and Au@SiO2 nanorods (b). DOX release over time at different pH values and temperatures,
showing negligible release at 37 °C and a 30–45% release after 12 h upon heating to 48 °C (d).
Cytotoxic effect of DOX-loaded Au@SiO2 nanorods on human lung cancer cells 24 h after
irradiation for 3 min at 20 W/cm2. Au@SiO2 nanorods not loaded with DOX were used as
control) (e). A reduction in living cells (green) combined with an increased number of dead
cells (red) indicate a high tumoricidal effect for the DOX loaded Au@SiO2 formulation.
Adapted from [155] with permission.
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1.4.3.4

Hafnium oxide NPs

Hafnium oxide or hafnia (HfO2) NPs are metal oxide nanocrystals characterized by a high
electron density and high dielectric permittivity [158]. Thanks to these properties, hafnium
oxide NPs have recently found promising applications as radioenhancers for cancer
radiotherapy. They absorb a high amount of energy provided by X-ray treatments without
being harmful to the surrounding healthy tissues. NanoXray particles (NBTXR3, Nanobiotrix),
comprising a 50-nm-core of crystallized HfO2, exhibited good tolerability and clinical activity
upon a single intratumoral injection in a phase I evaluation in advanced soft tissue sarcoma,
and are currently undergoing further clinical trials worldwide [159].

1.4.3.5

Calcium phosphate (CaP) NPs

CaP minerals constitute a class of inorganic materials resulting from various stoichiometric
and geometrical combinations of calcium cations (Ca2+) complexed with inorganic phosphates
anions (e.g. orthophosphate, PO43-). Several different crystalline structures can be found, and
some examples of CaP phases are listed in Table 2.
Table 2. Examples of CaP minerals based on different Ca/P ratios. Edited from [160] with
permission.
Name

Formula

Ca/P

Mineral

Symbol

Monocalcium phosphate

Ca(H2PO4)2

0.5

-

MCP

Ca(H2PO4)2 · H2O

0.5

-

MCPM

Dicalcium phosphate anhydrate

CaHPO4

1.00

Monetite

DCPA

Dicalcium phosphate dihydrate

CaHPO4· H2O

1.00

Brushite

DCPD

Octocalcium phosphate

Ca8H2(PO4)6 · 5H2O

1.33

-

OCP

α-tricalcium phosphate

α-Ca3(PO4)2

1.5

-

α-TCP

β-tricalcium phosphate

β-Ca3(PO4)2

1.5

-

β-TCP

Ca10-x(HPO4)x(PO4)6-x(OH)2-x

1.5-1.67

-

-

(Ca)3(PO4)2 · nH2O

1.2-2.2

-

ACP

Sintered hydroxyapatite

Ca10(PO4)6(OH)2

1.67

Hydroxyapatite

HA

Tetracalcium phosphate

Ca4(PO4)2O

2.0

Hilogenstockite

TetCP

Monocalcium phosphate
monohydrate

Calcium-deficient
hydroxyapatitea
Precipitated amorphous
calcium phosphateb

0 < x < 1; bn = 3-4.5

a
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Different crystalline phases of pure bulk CaP materials have different solubility, and
generally the lower the Ca/P ratio, the higher is the solubility [161]. For example, at 25 °C the
solubility of CaP compounds decreases in the order MCPM > DCPD = DCPA > OCP > β-TCP
> HA. CaP materials are relatively insoluble at neutral pH while they have increasing solubility
in moderate acidic environments [161].
CaP has a pivotal role in the body, being the major constituent of native bones (around
70 wt.%) and tooth enamel (around 90 wt.%), in the form of a poorly crystalline highly
substituted apatite (containing impurities such as CO32-, Na+, Mg2+ or K+) [162]. As early as the
1920s, CaP-based materials were proposed for the treatment of bone defects (e.g. bone loss or
fractures), as they showed the ability to stimulate bone growth upon local injection [163]. In
the following decades, different forms of CaP ceramics were tested as bone graft substitutes to
treat orthopedic and dental defects and dysfunctions or to repair large bone defects caused by
tumors [164, 165]. The great interest on CaP materials was driven by their biocompatibility,
favorable biomechanical properties, osseointegration and osteoinduction capacity.
At the nanoscale level, CaP-based materials have been extensively studied as platforms
for drug delivery applications. Due to their pH-dependent dissolution properties, CaPs
nanocarriers can dissolve inside the cells in acidic compartments, such as in endosomal or
lysosomal vesicles. CaP NPs dissolution was reported to facilitate the escape of the cargo from
these cellular compartments, possibly due to a local osmotic swelling [166]. CaP NPs have
been mostly studied for the intracellular delivery of charged macromolecules, such as nucleic
acids, which exhibit limited permeation across the cellular membrane. Polynucleotides can be
condensed in the solid CaP matrix with high efficacy (up to 90% or more), via the establishment
of electrostatic interactions between the Ca2+ ions and the phosphorylated backbone of nucleic
acids.
In 1973, Graham and van der Eb first observed that DNA transfection could be
promoted when the gene was mixed with solutions of Ca2+ and PO43- ions, leading to the
formation of a fine precipitate on the cell layer [167]. This particulate system was internalized
by the cells and the DNA was then translocated to the nucleus, finally resulting in gene
expression. Thereafter, CaP-mediated DNA delivery became a major non-viral method for
gene transfer into mammalian cells. However, the DNA-CaP precipitates that form under
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supersaturation conditions have poor colloidal stability, large and heterogeneous particle size
with a rapid crystal growth over time. For these reasons, the transfection efficiency of these
CaP precipitates tends to be low (10-15%) and variable among experiments, and the physical
instability of the system precludes its application in vivo. Size, morphology and crystallinity of
CaP precipitates are sensitively influenced by multiple experimental parameters (e.g.
temperature, species concentration, rate of addition/mixing, ionic strength, presence of
surfactants or additives, pH)[168, 169].
Several strategies have been proposed to optimize the delivery efficiency of CaP-based
nanocarriers, via inhibition of their rapid growth, enabling a precise control over the particle
size [170]. Chowdhury et al. showed that the incorporation of Mg2+ during CaP precipitation
significantly blocked the growing process of the particles, and these nanoprecipitates had a
remarkably higher cellular uptake and transfection efficiency compared to those obtained with
the conventional CaP co-precipitation method [171]. Other methods used to generate
nanosized CaP carriers rely on their surface stabilization by the adsorption of charged
components (e.g. small molecules or polymers), in order to prevent further mineral deposition
on the particle surface. Several studies reported for instance the use of citric acid, arginine,
polyacrylic acid and hyaluronic acid derivatives to obtain colloidal CaP nanocarriers with a
size of 20-200 nm [172–174]. Nucleic acids have also been investigated to stabilize CaP NPs.
For instance, Sokolova et al. developed DNA-coated CaP NPs and demonstrated that tripleshell CaP/DNA/CaP/DNA NPs (of diameter ~240 nm) protected more efficiently the gene from
degradation, resulting in a higher transfection efficiency of transformed human umbilical vein
endothelial cells in serum free medium compared to single-shell NPs [175]. However, this
system lacked a surface coating that would prevent protein adsorption and particles
agglomeration in vivo.
Various groups investigated the formulation of hybrid organic-inorganic CaP-based
nanocarriers. For example, Li et al reported the preparation of lipid coated CaP NPs, in which
a siRNA was entrapped in solid CaP particles, which were further encapsulated in liposomes
[176]. In the lipid bilayer of these vesicles, PEGylated lipids conjugated to a ligand were
inserted to confer stealth properties and targeting ability. This hybrid system, which was
prepared by a relatively complex reverse water-in-oil microemulsion method, displayed good
colloidal stability and a significant in vitro and in vivo silencing effect (70 and 50%, respectively)
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in human lung cancer cells expressing stable luciferases. Similar systems were then developed
for the combined delivery of siRNA and anticancer drugs [177] or for theranostic applications
[178]. The group of Kataoka reported various hybrid inorganic-organic micellar systems
generated with CaP and PEGylated polyanion block copolymers, such as PEG-b-poly(aspartic
acid), PEG-b-poly(methacrylic acid) and PEG-b-poly(L-glutamic acid) derivatives, for the
delivery of genes and diagnostic agents (e.g.

diethylenetriaminepentaacetic acid

gadolinium(III), Gd-DTPA, Fig. 1.5) [179–182]. Stabilization of the solid micellar core was
achieved through interactions between the polyanionic segment of the polymers and Ca2+,
while the PEG moieties on the surface provided adequate colloidal stability in the presence of
serum and stealth properties for systemic administration. In another study, Zhang et al directly
conjugated a PEG chain to a siRNA via a cleavable disulfide bond, and further co-precipitated
the derivative with CaP [183]. The PEGylated NPs exhibited moderate silencing activity in
vitro.

Figure 1.5. Hybrid CaP/PEG-polayanion micelles delivering Gd-DTPA for MRI imaging of
solid tumors. Ca2+, PO42- ions and Gd-DTPA co-precipitate in the presence of PEG-bpoly(aspartic acid) (PEG-b-PAsp) copolymer generating a micellar-like system with a solid
core. An additional hydrothermal treatment step was performed to increase the stability of the
system (a). In vivo MRI imaging of the nanocarrier displayed an enhanced contrast of a
subcutaneous murine colon adenocarcinoma after i.v. injection. Reproduced with permission
from [182].
Our group previously reported the preparation of CaP NPs for gene delivery using
PEGylated chelators based on bisphosphonates (BPs; e.g. alendronate, Ale, Fig. 1.6) or other
phosphorylated compounds, such as 1,3,4,5,6-pentakisphosphate [184–186]. BPs drugs are
chemically stable derivatives of the inorganic pyrophosphate and are conventionally used for
the treatment of bone-related diseases [187]. Their high affinity for CaP materials is mediated
by the chelation of Ca2+ by the hydroxyl groups of the two phosphonates. The CaP NPs
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prepared with these derivatives were generated by wet chemical precipitation from solutions
containing nucleic acids, Ca2+ and PO43- species, followed by surface stabilization of the
particles with the PEGylated chelator. With this approach, PEGylated particles of 80-200 nm
hydrodynamic diameter could be obtained with a simple and inexpensive procedure, under
surfactant- and solvent-free conditions.

Figure 1.6. Structure of Ale.
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1.5

Aim of the thesis
As previously outlined in section 1.4.3.5, CaP nanomaterials are promising inorganic

carriers for the delivery of APIs and diagnostic agents. The preparation method based on
PEGylated chelators that was previously developed in our laboratory displayed high gene
entrapment efficiency, robust colloidal stability and good transfection efficiency in vitro in the
presence of serum. However, this method was so far investigated only for the delivery of
genetic materials in vitro. The aim of this PhD thesis was to apply this formulation approach
to develop novel CaP-based nanocarriers for in vivo diagnostic purposes and combined gene
delivery-therapeutic applications.
In Chapter 2, PEG-Ale stabilized CaP NPs were produced to deliver the MRI contrast
agent Gd-DTPA (Fig. 1.7 and 1.8). The formulation protocol was optimized in order to increase
the physical stability of the system toward purification procedures and dilutions steps. The
MRI performance of Gd-DTPA-loaded CaP NPs was then tested in vivo for the visualization
of their deposition in popliteal LNs after foot paw injection.

Figure 1.7. Structure of Gd-DTPA.
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Figure 1.7. Overview on the preparation of Gd-DTPA-loaded CaP NPs and their application
for in vivo MRI imaging of popliteal LNs.
Chapter 3 presents the development of a CaP-based nanocarrier for the dual delivery
of Ale and nucleic acids (Fig. 1.8). Besides its application for the treatment of bone-related
diseases, Ale has showed interesting anticancer effects directly on tumor cells or in the
modulation of the tumor microenvironment [188]. Thus, it was hypothesized that CaP NPs
can be used to achieved a combined therapeutic effect on tumors. For this purpose, a pHcleavable PEGylated chelator was designed to enable the release Ale inside the cell only (i.e.
in the endosomal compartment). CaP NPs incorporating pDNA were tested for their cellular
uptake and transfection efficiency. The cytotoxic effect of Ale was evaluated by assessing its
ability to selectively inhibit the mevalonate pathway, which is involved in the regulation of
essential cellular processes [189]. Furthermore, the transfection efficiency of the CaP
nanocarrier was investigated in vivo after local injection in mice harbouring orthotopic
mammary tumors. Some general conclusions and future outlooks are summarized in Chapter
4.
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Figure 1.8. Graphical representation of the design and mechanism of action of CaP NPs for the
delivery of pDNA and Ale.
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2.1

Introduction

The lymphatic system consists of a network of vessels and nodes that spreads throughout the
whole body and plays an essential role in bodily fluids homeostasis and immune response. It
is now well established that several pathological conditions, including infections, chronic
inflammation and cancer, are associated with structural and functional alterations of this
system. In particular, much attention has been recently focused on tumour-promoted
lymphangiogenesis, and the importance of lymphatic vasculature for the spreading of
metastatic cancer cells [190–192].
Considering the multiple implications of the lymphatic system in the body, various
non-invasive methods have thus been developed to monitor the lymphatic vessels’
architecture and function under physiological and pathological states. Among them, MRI is a
powerful and clinically validated technique that offers high sensitivity and spatial resolution
for the structural and functional observation of soft tissues [193, 194]. However, the currently
used MRI probes, such as T1 contrast agents based on Gd(III) complexes, cannot easily access
lymphatic vessels and LNs via the conventional i.v. administration. Interstitial injection, such
as subcutaneous, intradermal or intraperitoneal, of MRI tracers represents an efficacious
approach to specifically target both lymphatic vessels and LNs at a lower dose than the one
required for i.v. infusion [195]. Nevertheless, the major drawbacks of conventional MRI
molecules are the rapid diffusion in tissues, the low retention into the lymphatic capillaries,
the high leakage into the blood circulation and the fast renal excretion, resulting in low tissuespecificity and in inadequate sensitivity. Recent studies have pointed out the influence of
particles size in controlling the rate of lymphatic passive targeting after local injection [196,
197]. Draining lymphatic microvessels have indeed a distinct structure consisting of a highly
permeable non-fenestrated single layer of endothelial cells with numerous pores and clefts,
which favour lymphatic uptake and retention of nanoparticulate and macromolecular systems
(generally larger than 10 nm in diameter) over penetration into blood capillaries [198].
Consequently, several particulate systems have been developed in the last decades to address
the lymphatics and improve LNs deposition of MRI tracers, including dendrimers [199],
liposomes [200, 201], and organic and inorganic NPs [202–204].
CaP NPs represent a unique class of biocompatible and bioresorbable inorganic carriers
[205]. Due to their high adsorptive capacity for charged molecules, a variety of molecular
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cargos have been encapsulated in colloidal CaP, ranging from genes to small molecules for
therapeutic and imaging purposes [206]. Functional MRI molecules, such as dimeglumine
gadopentate (Gd-DTPA) were also successfully loaded in CaP nanocarriers, despite having
few charged groups available for electrostatic interactions [182, 207, 208]. More specifically,
organic-inorganic hybrid CaP NPs incorporating Gd-DTPA were investigated as nanoscale
MRI probes for tumour diagnosis [182] and for neutron capture therapy [207, 208]. In addition
to tumour-specific accumulation, the particles showed a significant contrast enhancement
compared to the free Gd-DTPA tracer. One of the most critical problems of CaP NPs is their
physical instability that leads to rapid aggregation upon preparation and in biological
environments [209]. To overcome this issue, we reported that PEG-bisphosphonate conjugates
can be used as stabilizing agents to prevent particles growth and to obtain NPs with sizes of
100-150 nm [185, 186].
In this work, we developed a novel nanoparticulate system based on PEG-alendronate
(PEG-Ale) stabilized CaP NPs loaded with Gd-DTPA, for imaging of the LN passive targeting
via MR. The Gd-DTPA/CaP NPs were injected in the foot paw of mice and their ability to
visualize the popliteal LN was compared with that of a commercial solution of Gd-DTPA
(gadobutrol, Gadovist®).

2.2

Materials and Methods

2.2.1 Materials
Ale sodium trihydrate was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Cobalt thiocyanate was obtained from Siegfried (Zoﬁngen, Switzerland). Gadobutrol
(Gadovist®, 1.0 mmol mL-1) was purchased from Bayer HealthCare Pharmaceuticals
(Whippany, NJ). All other chemicals were obtained from Sigma-Aldrich (Buchs, Switzerland).
Sephadex G-25 PD 10 desalting columns were from GE Healthcare life science (Chalfont St.
Giles, UK). J774.2 murine macrophages were purchased from ATCC (America Type Culture
Collection, Manassas, VA). Dulbecco’s modified Eagle medium (DMEM) with GlutaMAXTM
(high glucose), phenol red-free DMEM, fetal bovine serum (FBS), penicillin/streptomycin stock
solution (10,000 units mL-1 penicillin and 10,000 µg mL-1 streptomycin) and phosphate buffered
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saline (PBS) for cell culture were obtained from Life Technologies (Carlsbad, CA). CellTiter 96
AQueous One Non-Radiactive Cell proliferation Assay based on 3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was from Promega
(Dübendorf, Switzerland). Male CD1 mice (8 weeks, 30-35 g) were purchased from Charles
River.

2.2.2 Synthesis and characterization of PEG-c-Ale coating agent
The synthesis of the PEG-c-Ale derivative was adapted from Miron and Wilchek [210]. Briefly,
N,N′-disuccinimidyl carbonate (93.9 mg, 0.37 mmol, 3 eq.) was suspended in 15 mL
dichloromethane (DCM), followed by dropwise addition of methoxy-PEG (mPEG-OH, Mn ≈
5000 g/mol, 610.9 mg, 0.12 mmol, 1 eq.) in DCM (2 mL). Triethylamine (Et3N, 51.4 µL, 0.37
mmol, 3 eq.) was added to the reaction mixture under nitrogen atmosphere. The suspension
quickly dissolved into a pale yellow solution, and the reaction mixture was stirred at room
temperature (RT) for 24 h. The solvents were then evaporated under reduced pressure and the
crude product was purified by precipitation in diethyl ether (3 times). The white solid was
collected by precipitation and dried under vacuum for three days, to obtain the intermediate
mPEG-succinimidyl carbonate (mPEG-SC, 505.4 mg, 81.8%). Proton nuclear magnetic
resonance (1H NMR) spectra were acquired on a Bruker Av400 spectrometer (Bruker BioSpin,
Fällanden, Switzerland) operating at 400 MHz. 1H NMR (400 MHz; CDCl3): δ 4.44 (m, 2H),
3.81-3.44 (m, 450H), 3.36 (s, 3H), 2.82 (s, 4H).
Ale sodium trihydrate (250 mg) was dissolved in 800 µL NaOH 1M, followed by
addition of 1 mL ultrapure water, and the pH was adjusted to 9 with 1 N HCl. mPEG-SC (50
mg, 9.7 µmol) was dissolved in 200 µL ultrapure water and added dropwise to the Ale
solution. The reaction mixture was stirred for 1 h on ice and for 1 h at RT, and the final product
was purified from free Ale by size exclusion chromatography using a Sephadex G-25 PD 10
desalting column and ultrapure water as eluent. Cobalt thiocyanate staining was used to
identify the PEG-containing fractions, as described previously [185]. The fractions containing
PEG-c-Ale only were combined and freeze-dried to obtain the final product (41.9 mg, 81.4%).
H NMR (400 MHz; D2O): δ 4.13 (m, 2H), 3.82-3.43 (m, 450H), 3.31 (s, 3H), 3.07 (m, 2H), 1.94-

1

1.69 (m, 4H). Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF MS)
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was performed using Bruker’s UltraFlex II system with Compass 1.5 control software.
MALDI-TOF-MS: Calculated for mPEG5000-Ale monosodium salt m/z = 5304.97, found:
5165.15.

2.2.3 Preparation of Gd-DTPA/CaP NPs
Gd-DTPA-loaded CaP NPs were prepared following a previously described co-precipitation
method [186]. One volume of a 250-mM CaCl2 solution in 10 mM TRIS buffer was quickly
mixed with an equivalent volume of 140 mM NaCl, 1.5 mM Na2HPO4 and 50 mM HEPES
containing 4 mM Gd-DTPA, under vigorous stirring. Immediately after particles formation,
one volume of a 40 µM solution of PEG-c-Ale was added to stabilize the particles, and the
mixture was stirred for additional 15 s. The particle suspension was hydrothermally treated
(HT) at 120 °C for 20 min in an autoclave, under a pressure of 200 kPa. Purification from free
Gd-DTPA and excess of Ca2+ was performed via dialysis with a Float-A-Lyzer G2 unit (5 mL,
8 kDa MWCO, Sigma-Aldrich, Buchs, Switzerland) against 100x sample volume of 25 mM
HEPES (containing 2 mM CaCl2, 140 mM NaCl, pH 7.4, to mimic the electrolytes composition
of interstitial fluid) for 30 h, with three buffer changes. Four mL of particles were then
concentrated via ultrafiltration using an Amicon device (4 mL, 4 kDa MWCO, Merck Millipore,
Darmstadt, Germany) to a volume of 500 µL, frozen using liquid nitrogen and subsequently
freeze-dried at -50 °C and 0.18 mbar with an ALPHA 2-4 LSC freeze-dryer (Martin Christ,
Osterode am Harz, Germany). For in vivo studies, the particles were resuspended in ultrapure
water to minimize hypertonicity that can occur as the NPs start to dissolve. CaP NPs prepared
without Gd-DTPA with HT were also used as control, as well as Gd-DTPA loaded CaP NPs
without HT.

2.2.4 Characterization of Gd-DTPA/CaP NPs
The particle hydrodynamic diameter and zeta potential were determined by dynamic light
scattering (DLS) and laser Doppler anemometry respectively, using a DelsaNano C particle
analyser (Beckman Coulter, Krefeld, Germany). All size measurements were carried out at a
fixed scattering angle of 165°. The cumulant method was used to report the measured particle
size. The influence of different PEG-Ale (40, 100 and 500 µM) and NaH2PO4 concentrations
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(1.5, 3 and 6 mM) on the size of Gd-DTPA/CaP NPs prepared as described above was
measured by DLS at 25 °C. For all the next studies, Gd-DTPA/CaP NPs were formulated with
a feeding amount of 40 µM PEG-Ale and 1.5 mM H2PO4-. Changes in particles size and
polidispersity index (PDI) during the whole purification process following particles
fabrication was monitored by DLS at 25 °C. The degree of crystallinity of purified GdDTPA/CaP NPs was investigated via X-ray diffraction (XRD) analysis performed in
transmission mode with the dried sample dispersed between two mylar foils, on a Stoe&Cie
STADI P Powder diffractometer. A Cu Kα1 radiation was used, with a focusing GeMonochromator, equipped with a Dectris Mythen silicon strip detector (Dectris AG, Baden,
Switzerland). To evaluate the EE of Gd-DTPA in CaP NPs, freeze-dried samples were
dissolved in 1% (w/v) nitric acid and the amount of Gd was measured by ICP-AES with a
ICPE-9000 from Shimadzu (Kyoto, Japan). The EE was calculated according to Equation 2.1.
EE% = (Wt / Wi ) · 100

(2.1)

where Wt is the total mass of the incorporated Gd-DTPA and Wi is the initial mass of
Gd-DTPA. The Gd-DTPA loading was calculated according to Equation 2.2
Loading% = (Wt / Wn ) · 100

(2.2)

where Wt is the mass of the incorporated Gd-DTPA and Wn is the total mass of the NPs.
The structure and surface morphology of Gd-DTPA/CaP NPs was assessed via transmission
electron microscopy (TEM), high-angle annular dark-field imaging scanning transmission
electron microscopy (HAADF-STEM) and scanning electron microscopy (SEM), while the
chemical composition of Gd-DTPA/CaP NPs was assessed by energy-dispersive X-ray
spectroscopy (EDS). TEM and HAADF-STEM experiments were conducted on a FEI Talos
F200X equipped with an X-FEG (FEI, Hillsboro, OR). Three µL of the NPs suspension were
loaded for 1 min on a carbon-coated copper grid that was previously negatively charged for
30 s in a glow-discharger; excess of liquid was then blotted using filter paper, the grid was
rinsed twice with ultrapure water and dried on a filter paper. Images were acquired at 200 kV
with a FEI CETA, 16 MP CMOS camera (FEI). For EDS elemental analysis, a Super-X EDS, 4detector configuration (FEI) was used. For the SEM experiments, the sample was prepared in
the same way as for TEM/STEM analysis, and subsequently sputter-coated with 3 nm of Pt-Pd
(80%/20%) in a Bal-Tec SCD50 sputter coater (Bal-TEC, Balzers, Liechtenstein). InLens images
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were recorded at 5 kV on a Leo 1530 FEG SEM with a Gemini column (Zeiss, Oberkochen,
Germany). Spin-lattice (T1) relaxation times of Gd-DTPA/CaP NPs were acquired with a 7 T
MRI imaging system (Pharmascan®, Bruker BioSpin, Billerica, MA). Gd-DTPA/CaP NPs
resuspended in ultrapure water or equal volume of solutions of gadobutrol were placed in
PCR conical tubes at Gd-DTPA concentrations of 0.1, 0.2, 0.3 and 0.4 mM. T1 measurements
were performed using a Saturation Recovery sequence, with Echo Time (TE) of 10 ms and 8
different Repetition Time (TR): 8000, 4000, 2000, 1200, 800, 600, 400 and 200 ms. The molecular
relaxivity r1 of the paramagnetic species was calculated from the T1 (s) values according to
Equation 2.3.
𝑟1 = (1 / T1 )/[Gd]

(2.3)

where 1/ T1 (s-1) is the longitudinal relaxation rate in the presence of the paramagnetic
species and [Gd] is the concentration of the paramagnetic compound (mM).

2.2.5 Physicochemical stability of Gd-DTPA/CaP NPs
The stability of Gd-DTPA/CaP NPs reconstituted in ultrapure water and stored at room
temperature was measured by DLS at defined time intervals up to 30 days. In addition,
particles stability in the presence of FBS-containing media was monitored by DLS for 6 h at 37
°C. For the latter, size and distribution of the particles was evaluated after dilution (1:18, v/v
to a final Gd-DTPA concentration of 100 µM) in cell culture medium (DMEM with
GlutaMAXTM, 10% v/v FBS, 1% v/v penicillin-streptomycin solution) and in PBS/FBS (1:1, v/v).
The amount of Gd-DTPA released from Gd-DTPA/CaP NPs was measured by a standard
dialysis method [211]. Ten mg of freeze-dried particles were resuspended in 80 µL ultrapure
water and placed in a Slide-A-Lyzer MINI Dialysis Device, 7K MWCO (Thermo Fisher
Scientific, Waltham, MA). The dialysis device was allocated inside a conical tube containing
1.5 mL of the release medium (10 mM HEPES, 140 mM NaCl, pH 7.4), and the formulation
was dialyzed at 37 °C on an orbital agitator (≈ 200 rpm). At regular intervals up to 24 h, 20 µL
of the outer solution were sampled and replaced with fresh buffer. The aliquots were diluted
in 1% (w/v) nitric acid and the concentration of Gd was measured by ICP-MS with an 8900
ICP-MS Triple Quad from Agilent Technologies (Santa Clara, CA).
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2.2.6 Cell culture
J774.2 macrophages were cultured in DMEM with GlutaMAXTM (high glucose) supplemented
with 10% v/v FBS, 100 IU/mL of penicillin and 100 µg/mL streptomycin, at 37 °C and 5% CO2.
Cells were regularly tested for mycoplasma contamination and subculturing was performed
twice per week by scraping the cells off the vial surface; cells were used until passage 20.

2.2.7 Cytotoxicity studies
The viability of cells after incubation with Gd-DTPA/CaP NPs was assessed by the MTS assay.
Briefly, J774.2 cells were seeded in a 96-well plate at a density of 7000 cells/well in 100 µL
complete growth medium, and were allowed to adhere for 24 h at 37 °C in a humidified
atmosphere containing 5% CO2. The medium was then replaced with 100 µL of fresh growth
medium containing Gd-DTPA at concentrations between 10-500 µM, formulated as GdDTPA/CaP NPs or as a saline solution (50 mM HEPES, 140 mM NaCl, pH 7.4). After 24 h
incubation, the medium was removed and 120 µL of DMEM without phenol red containing
the MTS reagent in the ratio 6:1 (v/v) were added. After 1 h incubation at 37 °C, the absorbance
of the wells was measured at 490 nm with a plate reader (Infinite M-200, Tecan, Männedorf,
Switzerland). Cell viability was determined according to Equation 2.4.
Cell viability (%) = (OD490 sample / OD490 control) · 100

(2.4)

where OD490 sample represents the optical density of the wells treated with GdDTPA/CaP NPs or Gd-DTPA saline solution, and OD490 control represents the wells treated
with growth medium only. One mM H2O2 was used as positive control and wells containing
only reaction mixture but no cells were used as blank.

2.2.8 In vivo MRI experiments
Eight-week male CD1 mice were used for the MRI experiments. The in vivo study was
approved by the Italian Ministry of Health (study protocol n° 994/2016-PR of 18/10/2016) and
all procedures were performed in strict compliance with European Economic Community and
Italian Guidelines for Laboratory Animal Welfare. Mice were anesthetized under isoflurane
anaesthesia (3% v/v in 1 mL/min oxygen flow) and 20 µL of Gd-DTPA/CaP NPs were injected
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subcutaneously in the ventral aspect of the left rear foot paw, at a concentration of 2.5 µmol
Gd-DTPA equivalent/kg (corresponding to a 125 mM Gd-DTPA concentration), using a 31G
syringe needle. As a control, gadobutrol was used at the same concentration. For the
experiments, the mice were kept under long-term anaesthesia with isoflurane (0.5-1% v/v in
0.5-0.8 mL/min oxygen flow). In order to monitor the influence of anaesthesia on the lymphatic
uptake, two different sets of experiments were devised, each one consisting of 5 animals per
group. For the first condition (Groups 1 and 2), the acquisition of the MRI images was started
30 s after administration of the tracer. For the second condition (Groups 3 and 4), the injection
site in paw was massaged for 15 s after administration of the MRI probe, to stimulate
lymphatic vessel uptake under anaesthetic conditions [212]. T1-weighted MR in vivo images
were acquired using a 7 T MRI imaging system (Pharmascan®, Bruker BioSpin, Billerica, MA)
with the animals positioned prone in the animal bed and inserted in the radiofrequency coil
(38 mm inner diameter) inside the magnet. The following parameters were used: spin-echo
method (MSME), TR = 300 ms, echo time (TE) = 11 ms, field of view (FOV) = 5 x 5 cm, matrix
size: 256 x 128, 9 slides of 0.6 mm thickness and acquisition time of 3 min and 50 s. Images of
living mice were acquired in coronal configuration and fat suppression mode. After the
completion of imaging experiments, the mice were euthanized with an overdose of
anaesthesia followed by cervical dislocation.

2.2.9 Image analysis
ParaVision 4.0 software from Bruker (Billerica, MA) was used for the quantification of the
magnetic resonance signal from the popliteal LN. For each scan, the analysis was performed
on the slice that was positioned in the central part of the draining LN. Precontrast slices were
individually analysed for each mouse to identify and manually delineate the region of interest
(ROI) defining the popliteal fossa. Semi-quantitative analysis of the intensity of the T1weighted signal after administration of the Gd-DTPA/CaP particles or gadobutrol was
performed to evaluate the change in magnetic resonance in the whole LN over time. A ROI
including the popliteal LN (ROILN) was defined and normalized to a defined ROI in the muscle
(ROIm), containing 26-30 pixels. For each post contrast time point, the contrast enhancement
was calculated according to Equation 2.5.
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Contrast enhancement (%) = (ROILN /ROIm – PRE) / PRE × 100

(2.5)

where ROILN/ROIm is the ratio between the mean of the intensity values of ROILN
divided by the mean of the intensity values of ROIm, and PRE is the value of ROILN/ROIm of the
precontrast acquisition. The resulting contrast enhancement was then plotted as a function of
imaging time.

2.2.10 Statistical analysis
Data were presented as mean ± standard deviation of at least three independent experiments.
GraphPad Prism software version 7 was used to perform statistical analyses. Student’s t test
was used for all statistical analyses of experiments involving only two groups, while the oneway ANOVA test followed by Tukey’s post hoc significance test was used for the pairwise
comparison between multiple groups. p < 0.05 was considered statistically significant in all
analyses.

2.3

Results and discussion

2.3.1 Synthesis of the PEGylated chelator PEG-c-Ale
The 5-kDa PEG-c-Ale conjugate used to stabilize the CaP NPs was obtained by a two-step
reaction involving the formation of a stable carbamate linker (Fig. 2.1). The PEG chain was
activated to the succinidyl carbonate derivative through disuccinimidyl carbonate, followed
by conjugation with Ale, to give the final PEG-c-Ale. Both the intermediate and PEG-c-Ale
were characterized via 1H NMR spectroscopy (Appendix A, Figs A1 and A2, respectively), and
the molar mass of PEG-c-Ale was confirmed by MALDI-TOF (Appendix A, Fig. A3).
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Figure 2.1. Synthesis scheme of PEG-c-Ale. Reagents and conditions: Et3N, N,N′disuccinimidyl carbonate, 24 h, RT (a); ale sodium trihydrate, H2O, pH 9, RT (b).

2.3.2 Preparation and characterization of Gd-DTPA/CaP NPs
Gd-DTPA/CaP NPs were prepared by co-precipitating Ca2+ and PO43– salts in the presence of
Gd-DTPA. In order to control the rapid growth of the particles after nucleation, surfacestabilization was achieved by introducing the PEGylated chelator (PEG-c-Ale), as previously
reported [186]. Aside from better controlling the particle size, the PEG layer was designed to
increase the colloidal stability of the particles and eventually reduce the possible interaction
with the mononuclear phagocyte system. The optimal conditions to generate small PEGylated
Gd-DTPA/CaP NPs were identified by increasing the concentrations of PO43–, at a fixed feeding
concentrations of Ca2+ (250 mM) and Gd-DTPA (4 mM). With 1.5 mM PO43– and 40 µM PEG-cAle concentrations, CaP NPs of about 150 nm in diameter were generated. Increasing the PEGc-Ale levels above 40 µM did not result in a significant decrease in size (Fig. 2.2), likely due to
the surface saturation limit, as previously reported [186]. Concentrations of 1.5 mM PO43– and
40 µM PEG-c-Ale were then selected for the subsequent experiments.
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Figure 2.2. Size of Gd-DTPA/CaP NPs prepared with 1.5 – 6 mM [HPO42-], 250 mM
[CaCl2]; and 20-500 µM [PEG-c-Ale]. Data are presented as mean + SD (n = 3).

Due to the non-negligible solubility of the generated particles in aqueous environment,
which precluded purification by dialysis or size exclusion chromatography, the colloidal
suspension was stabilized by HT at 120 °C for 20 min under an external pressure of 200 kPa in
sealed vials, before purification [207, 213]. After HT, the Gd-DTPA/CaP NPs exhibited a slight
increase in hydrodynamic diameter from 150 to 160 nm, with no significant change in PDI (Fig.
2.3a). Subsequent purification by dialysis and concentration by ultrafiltration did not affect
particle size and PDI significantly (p > 0.1). Moreover, the particles were lyophilized without
the addition of any cryo/lyoprotector. A small but significant decrease in size was observed
for the particles resuspended in ultrapure water compared to their diameter before
purification (p = 0.0064). The control Gd-DTPA/CaP NPs obtained without HT were not stable
during the purification processes, and no particles could be recovered after dialysis.
Interestingly, CaP NPs loaded with Gd-DTPA exhibited higher stability to the HT compared
to CaP devoid of Gd; the size of the latter particles increased from 150 to 300 nm after HT (Fig.
2.3b). The improved stability of Gd-DTPA/CaP NPs vs. CaP particles could be a consequence
of the additional cross-linking in the particles promoted by the high affinity of Gd3+ for the
formation of complexes with PO43- [214, 215]. The ζ-potential of Gd-DTPA/CaP NPs was of
+1.19 mV. This is consistent with our previous studies [185, 186] showing that a long PEG chain
(≥ 2000 Da) and a high PEGylation density (above 10 µM) on CaP NPs result in a ζ-potential
close to neutrality, which can thus be correlated with an efficient surface PEGylation.
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Figure 2.3. Hydrodynamic diameter and PDI of Gd-DTPA/CaP NPs during the different
preparation steps and after reconstitution of the freeze-dried powder (a), and of CaP NPs with
and without Gd-DTPA, before and after HT (b). In both graphs, dots refer to PDI values (on
right y-axis). Data are expressed as mean ± SD (n=3), **p < 0.01 (refers to diameter).

The EE of Gd-DTPA in purified Gd-DTPA/CaP NPs as measured by ICP-OES was of
6.85 ± 0.22 %, corresponding to a Gd-DTPA loading of 2.05 ± 0.1% (w/w), values that are in
good agreement with the literature [207]. The low amount of Gd-DTPA encapsulated in CaP
NPs compared to traditionally loaded small interfering RNA (siRNA) and DNA may be
attributed to the lack of phosphate groups in Gd-DTPA, that could mediate a stronger
interaction with CaP during the formation of the particles [182]. As shown in the XRD pattern
(Fig. 2.4), the Gd-DTPA/CaP NPs did not exhibit the typical peaks of crystalline CaP. The type
of CaP phase obtained during particle preparation mainly depends on the initial Ca/P ratio.
Moreover, a fast nucleation and growth process, in the presence of excess of Ca 2+ was shown
to lead to precipitation of the ions in a non-stoichiometric ratio, resulting in the formation of
amorphous CaP [186, 216]. Additionally, the XRD pattern revealed that the stabilization
promoted by the HT was not due to an increase in the crystalline phase of CaP. Insoluble
aggregates of amorphous CaP in solution are in dynamic equilibrium with ions and ion pairs
[217]. In particular, continuous binding of Ca2+ ions during the post-nucleation processes
promotes cross-linking of the clusters, stabilization and densification of the final particles. A
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post-synthetic HT treatment at high temperature (typically above the boiling point of water)
of CaP was suggested to drive a decomplexation and re-organization of the solid structure
which, under supersaturation conditions, led to an increased migration of calcium ions during
particles growth [216, 218–220]. The initial ratio of ionic species, temperature and duration of
the aging step, and presence and distribution of a Ca2+ chelator on the particles were shown to
have a significant impact on the final shape and structural properties of CaP [218, 220]. On the
other hand, the pressure applied on the material was not found to exhibit a clear influence on
the physicochemical stability of the particles. Ultra-high pressures (greater than 0.96 GPa)
were shown to induce a phase transition from amorphous to crystalline CaP, due to a change
in interatomic distances in the material [221]. However, this pseudo-crystalline behaviour of
amorphous CaP quickly reverted with the return to amorphous state at atmospheric pressure.

Figure 2.4. XRD pattern of Gd-DTPA/CaP NPs. All the peaks belong to NaCl, which was
present in the preparation buffer of the particles; no characteristic peaks of crystalline
hydroxyapatite were observed.

Interestingly, TEM micrographs showed that the particles had a spherical morphology
and a diameter of about 50-60 nm (Figs 2.5a and 2.5b), and they appeared as interconnected
structures of a small number of NPs. The resulting cumulative size of the aggregates correlated
with the hydrodynamic diameter measured by DLS (~150 nm), indicating that the particles
form small clusters in solution, as previously described for amorphous CaP [186, 222]. Empty
round spaces were found in the interior of the particles, which is a typical pattern for
amorphous CaP (Figs 2.6a and 2.6b) [222, 223]. A more defined and uniform spherical
structure was observed for the particles that were hydrothermally treated (Fig. 2.5b), while
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not treated particles had an irregular geometrical distribution (Fig 2.5a). As previously
described, the HT seemed to promote a structural reorganization of the particles to a final
uniform spherical structure. HAADF-TEM and SEM corroborated the spherical morphology
(Figs 2.5c and 2.5d) and EDS mapping on Gd-DTPA/CaP NPs confirmed that the particles
were composed of Ca, P and O (Figs 2.5e-g), and were homogenously loaded with Gd (Fig.
2.5h). The presence of few Gd atoms in the buffer solution might be a consequence of release
of Gd during the EDS preparation process of the samples.

Figure 2.5 TEM micrograph of Gd-DTPA/CaP NPs pre (a) and post (b) HT. The spherical
morphology of the particles was confirmed by SEM (c) and HAADF-TEM (d). EDS mapping
of Ca (e), P (f), O (g) and Gd (h) on Gd-DTPA/CaP NPs.

Figure 2.6 TEM micrograph of purified Gd-DTPA/CaP NPs. Aggregates of a small number of
spheroidal particles were observed (a). A single Gd-DTPA/CaP particle showing the typical
internal porosity of amorphous CaP (b). Arrows indicate porosity in the particle structure.
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2.3.3 Colloidal stability of Gd-DTPA/CaP NPs and Gd-DTPA release
The impact of the HT and the PEGylated layer on the colloidal stability of Gd-DTPA/CaP NPs
was assessed by monitoring the changes in size and PDI by DLS over a period of 30 days.
Considering that lymph proteins and electrolytes contents are qualitatively similar to that of
plasma, although the protein concentration is lower [224, 225], the stability of particles was
also investigated after incubation for 6 h in media containing FBS at different percentages. In
both cases, the Gd-DTPA/CaP NPs retained a hydrodynamic diameter of about 120-150 nm
(Figs 2.7a and 2.7b).

Figure 2.7. Stability of reconstituted Gd-DTPA/CaP NPs. Size of particles measured at RT over
a period of 30 days; dots refer to PDI values (on right y-axis) (a); Size of Gd-DTPA/CaP NPs in
FBS-containing media at 37 °C (b). Data are expressed as mean ± SD (n=3-4).

The leakage of Gd-DTPA from the NPs was monitored by measuring its release under
highly diluted conditions in 10 mM HEPES buffer (140 mM NaCl, pH 7.4), at 37 °C, over 24 h.
The profile shown in Figure 2.8a indicates a gradual release of Gd-DTPA, reaching a
cumulative value of 50% after 2 h and of about 80% after 24 h. This release closely correlated
with a strong decrease in the scattering intensity of the colloidal suspension over 24 h,
suggesting the dissolution of the particles (Fig. 2.8b). The physical state of CaP in colloidal
delivery systems was shown to have a significant effect on the dissolution rate of the material.
A faster leakage of Ca2+ and PO43- ions was indeed reported for NPs containing amorphous
CaP vs. more crystalline structures of equivalent size, as well in CaP with a higher degree of
porosity [222, 223, 226]. For MRI applications, amorphous Gd-DTPA/CaP NPs could, in
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theory, represent an advantageous system for short term imaging after injection as, due to
their favourable bioresorbable properties, the particles would not accumulate in the body and
the released Gd-DTPA would be quickly excreted via the urinary route.

Figure 2.8. Cumulative release profile of Gd-DTPA from Gd-DTPA/CaP NPs in 10 mM
HEPES, 140 mM NaCl, pH 7.4 at 37 °C (a). Scattering intensity (cps) of Gd-DTPA/CaP NPs
measured by DLS before and after completion of the release study (b). The decrease in
scattering intensity after 24 h dialysis at 37 °C was likely associated to the dissolution of the
particles. All the measurements were performed using a fixed attenuation of 5%. Data are
expressed as mean ± SD (n=3-4), ****p < 0.0001.

2.3.4 Characterization of r1 relaxivity
Paramagnetic compounds, such as Gd(III), are conventionally employed as “positive” contrast
agents as they can affect the spin-lattice relaxation time T1 of nearby protons, and produce
higher signal on T1-weighted images [227]. A high MRI signal enhancement arises from a high
molecular relaxivity (r1) of the paramagnetic species. Therefore, the determination of this
parameter provides an estimation of the contrast efficiency of an MRI probe. The molecular
relaxivity of Gd-DTPA/CaP NPs was herein measured with a 7 T MRI imaging system. The r1
value of Gd-DTPA encapsulated in CaP NPs was ~1.6 fold higher than the r1 of gadobutrol, i.e.
8.73 mM-1 s-1 and 5.58 mM-1 s-1, respectively (Fig. 2.9a). The higher contrast enhancement of
Gd-DTPA/CaP NPs was also confirmed by visual comparison of T1-weighted MR images
acquired for solutions containing 0.1-0.4 mM Gd-DTPA equivalents formulated in CaP or as
gadobutrol (Fig. 2.9b). A similar phenomenon was previously described for NP contrast
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agents and, more precisely, for a micellar-like CaP NPs encapsulating Gd-DTPA [207, 228].
The increased r1 was ascribed to the cumulative effect of a high number of Gd3+ nuclei confined
in the small volume of NPs, in addition to a reduction in the molecular tumbling rate of the
tracer [229, 230].

Figure 2.9. MRI enhancement effect of Gd-DTPA encapsulation in CaP NPs. R1 (1/T1)
longitudinal relaxation rate values measured at 7T for Gd-DTPA/CaP NPs and gadobutrol (a).
MRI T1 weighted images acquired at 7T for concentration of 0.1-0.4 mM Gd-DTPA formulated
in CaP NPs and as gadobutrol (b). Error bars of the gadobutrol curve are smaller than the
symbols. Data are presented as mean ± SD (n=3) **p < 0.005, ***p < 0.0005.

2.3.5 Cytotoxicity experiments
The cytotoxicity of Gd-DTPA/CaP NPs was evaluated on J774.2 macrophages, a cell type
analogous to those involved in the uptake of small particles after interstitial administration
[231]. After 24 h of exposure, no significant viability reduction was observed for concentrations
up to 400 µM of Gd-DTPA equivalent, formulated either in NPs or as a saline solution (Fig.
2.10). However, a significant (p = 0.033) decrease in viability was measured for cells exposed
to CaP NPs at concentrations of Gd-DTPA over 400 µM. This response could be due to the
particle dissolution that leads to an increase of intracellular Ca2+ and therefore triggers cell
death [232–234]. However, although in vitro cytotoxicity assays represent a useful tool to
predict the biological behaviour of NPs, particle toxicity might be enhanced by a
sedimentation process [186], but is unlikely to take place in vivo [235, 236]. These data still
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indicate that high local doses of Gd-DTPA/CaP NPs may induce some toxicity, especially if
the clearance from the site of injection is slow.

Figure 2.10. Effect of Gd-DTPA formulated in CaP NPs or as saline on J77.4 cell viability.
Data are expressed as mean ± SD (n=9) *p < 0.05.

2.3.6 In vivo MRI experiments
MRI kinetic studies at 7 T after subcutaneous injection of the Gd-DTPA/CaP NPs in the left
rear foot paw were performed to monitor particle uptake and retention in the popliteal LN.
The particle performance was compared to that of gadobutrol administered via the same route.
For all MRI scans, coronal images in fat suppression mode were acquired, with a FOV that
allows the visualization in the same image of the injected foot and both the left and right
popliteal LNs, as depicted in Fig. 2.11.
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Figure 2.11. Full FOV of coronal precontrast slice showing the position of the right and left
popliteal LNs. Injections of the tracers were performed in the forelimb of the left foot (as
indicated with the arrowhead).

Three minutes after administration of the Gd-DTPA/CaP NPs, no MRI signal was
visible in the left popliteal LN (Fig. 2.12a). However, 20 min post injection a gradual contrast
enhancement appeared along the LN margins, and the signal progressively concentrated in
the medial part of the LN, reaching a peak in intensity after 40 min and maintaining a visible
contrast enhancement for at least 60 min. A different pattern of uptake was observed for
gadobutrol (Fig. 2.12b). Generally, an intense contrast enhancement appeared in the LN after
injection of this tracer, followed by a progressive homogenous distribution of the MRI
molecule both in the medial and lateral part of the LN.

Figure 2.12. Gd-DTPA/CaP NPs accumulate in specific areas of the popliteal LN. MRI images
showing the kinetics of Gd-DTPA/CaP NPs (a) or gadobutrol (b) uptake in the popliteal LN.
Arrowheads point to regions of the LN with increased contrast enhancement. The arrow
indicates a lymphatic vessel draining from the foot.

Nonetheless, while a constant deposition pattern was observed in the group of animals
which received Gd-DTPA/CaP NPs (Fig. 2.13), significant variations in the onset, intensity and
position of the enhanced signal were observed in the group of animals which were injected
with gadobutrol (vide infra) (Fig. 2.14). This finding indicates that the uptake and retention of
the small molecule Gd tracer in the lymphatics could not give a reproducible signal. In both
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cases, a progressive decrease in the MRI signal in the injected paw was associated with
redistribution of the tracers in the popliteal LN (Fig. 2.15).
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Figure 2.15. MRI images shows that after foot paw administration of Gd-DTPA/CaP NPs (a)
or gadobutrol (b), a progressive decrease in the MRI at the injection site correlates with
accumulation of the tracers in the ipsilateral draining popliteal LN.

Deposition and retention of Gd-DTPA/CaP NPs and gadobutrol in the popliteal LN
was further investigated via semi-quantitative analysis. After administration of the tracers, all
analyses were conducted on a representative central slice of the LN, in order to evaluate timecourse changes of the contrast enhancement (%) in the entire area of this section. When
injecting Gd-DTPA/CaP NPs, a slow and progressive increase in contrast enhancement was
observed 20 to 40 min after administration, reaching a ca. 50% enhancement (Fig. 2.16a), which
confirmed the kinetic pattern highlighted in Figure 2.12a. In contrast, gadobutrol gave a quick
100% increase in enhancement after administration, indicating that the low molecular weight
tracer can have access much rapidly to the lymphatic vessels from the foot paw (Fig. 2.16a).
However, high variability was observed in the group treated with gadobutrol, hence
hindering a reliable and precise quantification of the signal.
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Figure 2.16. Semi-quantitative analysis of contrast agent uptake in the popliteal LN. GdDTPA/CaP NPs accumulated slowly in the LN under anaesthetic conditions (a), while the
uptake was faster if external pressure was applied after injection (b). In both cases, gadobutrol
was quickly drained to the LN, although higher variability in the contrast enhancement was
observed in this case. Data are expressed as mean + SD (n=5).

For the next set of experiments, the effect of an external pressure applied on the
injection site on the lymphatic drainage was investigated. Massage in the injection site was
expected to increase the lymphatic function in anaesthetized mice [212, 237]. Lymphotropic
stimulation of the injection sites for 15 s after the administration of the MRI probe led to an
immediate bright contrast in the LN for both Gd-DTPA/CaP NPs and gadobutrol (Figs 2.17a
and 2.17b, respectively). After external stimulation, lymphatic contractility and propulsion are
restored, and this results in a fast transport of the contrast agents within the lymphatic vessels.
Indeed, both Gd-DTPA/CaP NPs and gadobutrol were quickly taken up by the lymphatics
with similar kinetics. In both cases, the enhancement of the MRI signal was mainly observed
in the region of the cortex/subcapsular sinuses of the LN, yielding a visible contrast for at least
60 min. Gd-DTPA/CaP NPs and gadobutrol quickly produced a bright enhancement in the
popliteal LN, which was estimated to be roughly 50 and 100%, respectively (Fig. 2.16b). As a
consequence of the external stimulation on the lymphatic vasculature, the comparable kinetic
and deposition patterns indicated a similar uptake of Gd-DTPA/CaP NPs and gadobutrol in
the lymphatics. However, variability remained apparently higher in the case of the gadobutrol
solution, as deduced from the semi-quantitative evaluation.
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Figure 2.17. External compression of the injection site favours the uptake of the MRI tracer into
the lymphatic vasculature. MRI images show the kinetics of Gd-DTPA/CaP NPs (a) or
gadobutrol (b) deposition in the popliteal LN. Both Gd-DTPA/CaP NPs and gadobutrol
quickly accumulated in the LN. Arrowheads point to regions of the LN where the increase in
contrast enhancement can be first appreciated.

Typically, contrast agents injected in the foot enter the lymphatic system and are
drained to the ipsilateral popliteal LN; depending on its size and physicochemical properties,
the tracer can further reach the corresponding inguinal, central iliac and axillary LNs [238].
Lymphatic vessels have loose endothelial junctions that, as molecular sieves, are involved in
the control of the lymphatic permeation of small solutes and macromolecules. Particles of 10120 nm were shown to freely enter the lymphatic flow through the endothelial gaps, and the
amount of NPs that reaches the popliteal LN is inversely related to the size of the particles
[196, 238, 239]. In addition, deposition of small particles (< 200 nm) in the LN was shown to
follow a cell-free trafficking mechanism, and their uptake by resident dendritic cells takes
place only few hours after their accumulation in the LN, depending on the size and the particle
surface properties [231, 240]. In contrast, smaller colloids (< 20 kDa) are primarily taken up by
blood capillaries and large NPs (> 200 nm) tend to remain mostly confined at the injection site
or to be phagocyted by antigen presenting cells and subsequently transposed to the draining
LN [231]. In healthy mice, small NPs are slowly drained to the LN from the interstitium, and
the first visible signal in the popliteal LN appears around 30 min after injection in the paw
[241, 242]. Once in the LN, the particles preferentially enter the margins of the cortex and then
localize in the subcapsular sinuses, that roughly extend over the medial part of the LN, while
72

Chapter 2. PEG-Ale coated NPs for MRI of lymph nodes

the medulla is confined in the lateral half of the LN [204, 231]. Generally, NPs are retained in
the LN for longer times compared to low-molecular weight contrast agents, giving a
specifically localized and brighter contrast [204]. The same pattern of uptake and distribution
was here observed with Gd-DTPA/CaP NPs; they started to accumulate in the
cortex/subcapsular sinuses area with a delay of 20-30 min from injection. However, the level
of the contrast agent drastically decreased in the popliteal LN 2 h after administration of the
tracer (Fig. 2.18a). This is probably a consequence of dissolution of the particles, followed by
the drainage of the Gd-DTPA out from the LN. Likewise, 2 h after gadobutrol administration
the MR signal observed in the popliteal LN faded away (Fig. 2.18b), as the small molecule is
likely to be quickly washed-out from the LN. Moreover, no MRI signal was observed in the
inguinal LN 60 min after injection.

Figure 2.18. Precontrast and postcontrast MRI acquisitions of the left popliteal LN show that
the contrast enhancement of Gd-DTPA/CaP NPs (a) and gadobutrol (b) fades away 120 min
post administration of the tracers.

Particles of 50-100 nm administered in the foot paw where shown to reach the margins
of the second draining LN at least 30-60 min after injection [239]. The absence of a visible
contrast enhancement from the Gd-DTPA/CaP NPs in the inguinal LN could also be due to
dissolution of the particles, which could already take place at the first nodal station around 60
min after injection. In addition, longer observation times might be needed to appreciate
accumulation of the particles in other LNs draining from the foot [239]. Non-reproducible
uptake kinetics and distribution patterns over the LN were observed for gadobutrol resulting
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in variable onset of the signal in the LN, localization and intensity of the contrast enhancement.
Indeed, it was reported that low molecular weight Gd tracers are less effective in generating
an intense and reproducible signal from the popliteal LN [204, 243].
Anaesthetics, such as isoflurane, were shown to have a depressive effect on the
lymphatic function [244]. Lymphotropic stimulation can reverse this condition and reactivate
the lymphatic musculature and the lymph propulsion. Moreover, injection site massage
increases the hydraulic pressure in the interstitium, and promotes the opening of
interendothelial gaps of the lymphatic vessels, which are pressure-dependent structures. As a
result, the uptake of larger particles from the interstitium might be promoted [212, 237]. In
stimulated mice, no change in the kinetics of lymphatic uptake for gadobutrol was observed
compared to unstimulated animals, as the small molecule tracer can quickly diffuse into the
lymphatic vessels, regardless of the applied stimulation. However, fast kinetics of uptake in
the popliteal LN were observed for Gd-DTPA/CaP NPs after application of an external
massage. This finding confirms that a more rapid deposition in the LN of Gd-DTPA/CaP NPs
with a hydrodynamic diameter of 150 nm could be achieved after external stimulation of the
injection site. However, higher lymphatic uptake and a more defined LN deposition in specific
anatomical areas would probably have been obtained if smaller (or non-clustered) particles
could have been produced [231].

2.4

Conclusions

In this study, amorphous Gd-DTPA loaded CaP NPs were prepared and characterized, and
their performance in the MRI enhancement of the popliteal LN was assessed. The particles
demonstrated adequate colloidal stability and MRI properties. Foot paw injection of GdDTPA/CaP NPs in healthy mice proved that the particles could be employed to enhance the
MRI signal of the popliteal LN, with preferential accumulation in specific regions. In
anaesthetized mice, and without external stimulation of the lymphatic function at the injection
site, the particles deposited at a slower rate than the small molecule tracer. Moreover, they
exhibited less variability in the MRI signal. Therefore, the defined kinetic pattern of uptake
and accumulation of Gd-DTPA/CaP NPs could represent an advantage for the detection of
lymphatics alterations and dysfunctions that are recurrent in diseases such as cancer and
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lymphedema. In addition, faster particles deposition in the popliteal LN could be achieved
with lymphotropic stimulation on the injection site.
However, the system presented limitations, and it should be improved for an optimal
use as an MRI agent for the lymphatic system. While the fact that the particles could dissolve
over time is a favourable property from a safety viewpoint, the release rate of Gd from the NPs
was probably too fast, and methods to increase the stability of the particle core should be
further investigated. For example, it would be interesting to determine whether it would be
possible to obtain crystalline Gd-DTPA/CaP NPs with a precise control over the Ca/P (e.g. with
synthetic routes that involve slow titration) or with HT involving longer aging times and
higher temperatures [219, 220]. The particle size in suspension should also be reduced to about
20-50 nm to further increase the uptake by the lymphatic vessels. Moreover, smaller particles
are less prone to be internalized by phagocytic cells, thus the process of particles accumulation
in the LN would be independent from cellular uptake and translocation. The particles within
the 150-nm clusters were in this size range, however, the aggregates were apparently too stable
to release the individual NPs. Smaller and well defined NPs could, for example, be fabricated
via microfluidic approaches. Finally, if needed the colloidal stability of the particles could be
increased by using PEGylated chelators bearing more phosphate groups, that offer additional
binding site for CaP [186].
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3.1

Introduction

Gene therapy represents a promising therapeutic modality for the treatment of inherited
genetic disorders and other severe acquired diseases, such as cancer [245]. Despite their huge
therapeutic potential, the clinical translation of nucleic acids is in part hampered by their high
molecular weight, their polyionic nature and the susceptibility to degradation by nucleases,
which restrict their biodistribution and permeability across cell membranes [246]. To
overcome the hurdles associated to gene delivery, extensive research efforts have been put in
the development of particle-based non-viral carriers, owing to their ability to shield DNA
molecules from degradation and facilitate cellular uptake [247, 248]. The ideal nanosized
vehicle should selectively and efficiently deliver a gene to target cells with minimal toxicity.
Additional desirable properties include ease of production, long shelf-life, high payload for
genetic material and versatility of surface functionalization [248–251]. The most investigated
and successful physicochemical methods for DNA delivery involve its electrostatic
complexation to polycations (polyplexes) and/or cationic lipids (lipoplexes) [252]. However,
these systems often display toxicity issues (necessitating premedication) and, unless sterically
stabilized, they aggregate in physiological fluids leading to inefficient gene delivery at target
sites [253]. Non-ionic particulate vehicles, based on lipids [85, 254], biodegradable polymers
[247, 255] or inorganic NPs [247, 249, 256] have been described as alternative strategies to
potentially improve gene delivery, safety and efficiency. Among them, CaP NPs are wellestablished for the in vitro delivery of genetic material [257, 258]. CaP-mediated transfection is
based on the electrostatic entrapment of nucleic acid molecules in a relatively non-toxic and
dissolvable particulate system, which eventually enhances the endocytosis and endosomal
escape of the gene [184]. Nevertheless, rapid aggregation of CaP NPs upon preparation has
always represented a significant hurdle for subsequent in vivo applications. Different methods
have been investigated to prevent particle growth and agglomeration, mostly involving
surface electrostatic stabilization with PEGylated polyanions [180], lipids [259], DNA/siRNA
[260] and BPs [184–186]. Nitrogen-containing BPs, such as Ale, possess high affinity for
calcium-containing matrices, and are conventionally used for the treatment of bone-related
diseases [187, 261]. Recently, BPs have attracted much attention for their direct and indirect
anticancer benefits exerted on several non-skeletal tumors, such as breast and prostate cancer
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[188, 262]. Among their multiple effects on the tumour microenvironment (i.e. on tumourassociated macrophages), BPs can suppress cell proliferation via induction of apoptosis,
primarily through the blockade of the mevalonate pathway [188, 263]. Their action is mainly
due to inhibition of the enzyme farnesyl pyrophosphate synthase (FPPS), which results in
decreased prenylation of small guanosine triphosphate (GTP)-binding proteins (GTPases),
ultimately leading to dysregulation of cell-signalling pathways [263, 264]. However, the use of
BPs as anticancer drugs still encounters limitations related to their rapid distribution to bones
and poor membrane permeability. The dual-delivery of Ale and nucleic acids via a particulate
system represents a potential strategy to increase the intracellular concentration of both
therapeutic agents at target sites. Furthermore, by addressing two different intracellular
pathways, the system may elicit a combined effect on therapeutic targets (e.g. cancer cells
and/or tumour-associated macrophages). For this purpose, a carrier with high adsorptive
capacity for functional charged molecules must be designed. We previously reported that
nucleic acid-loaded CaP NPs coated with a non-cleavable PEG-Ale derivative induced a
modest increase in the intracellular levels of two toxic metabolites, isopentanylpyrophosphate
(IPP) and triphosphoric acid 1-adenosin-5’-yl ester 3-(3-methylbut-3-enyl) ester (ApppI) [185].
Accumulation of these molecules is a consequence of inhibition of FFPS, and the effect was
attributed to a putative partial enzymatic cleavage of PEG-Ale. Hence, we hypothesized that
conjugation of Ale to PEG through an acid-cleavable linker could allow for a more quantitative
release of the BP inside the cell upon endosomal acidification, thus potentially triggering cell
death. In this work, we report a CaP-based nanoparticulate carrier for the delivery of both a
BP drug and plasmid DNA to cells. A pH-sensitive PEG-Ale chelator was developed to
stabilize the NPs, and Ale was conjugated to PEG via a maleic anhydride linker, which is
hydrolyzed under mildly acidic conditions. The cellular uptake and transfection efficiency of
CaP NPs were evaluated in vitro, and their ability to interfere with the mevalonate pathway
was investigated both in macrophages and cancer cells. Finally, the in vivo transfection efficacy
of CaP NPs was tested in mice harbouring orthotopic mammary tumors after local
administration.
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3.2

Materials and Methods

3.2.1 Materials
Ale sodium trihydrate and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Cobalt thiocyanate was
obtained from Siegfried (Zoﬁngen, Switzerland). Et3N and 5-hexyn-1-ol 97% were purchased
from Acros Organics (Geel, Belgium). Deuterium oxide (D2O) and deuterated chloroform were
obtained from Cambridge Isotope Laboratories (Tewksbury, MA). Methoxy-PEG succinimidyl
carboxymethyl ester (Mn ≈ 2000 Da) was bought from JenKem Technology USA (Plano, TX).
Sephadex G-25 PD-10 desalting columns were from GE Healthcare life science (Chalfont St.
Giles, UK). 4T1 murine breast cancer cells and J774.2 murine macrophages were purchased
from ATCC (Manassas, VA). DMEM with GlutaMAXTM (high glucose), phenol red-free
DMEM, Opti-MEM™ I reduced serum medium, FBS, penicillin/streptomycin stock solution
(10,000 IU/mL penicillin and 10,000 µg/mL streptomycin), trypsin 0.25 % (m/v)/1 mM EDTA
solution, PBS, Live Cell Imaging Solution for cell culture, Hoechst 33342 and ProLong™
Diamond antifade mountant were obtained from Life Technologies (ThermoFisher Scientific,
Carlsbad, CA). MycoAlert PLUS Mycoplasma Detection Kit was purchased from Lonza (Basel,
Switzerland). Label IT® plasmid delivery control, fluorescein labeled pDNA (2.7 kb), was
obtained from LabForce (Muttenz, Switzerland). X-tremeGENETM 9 DNA Transfection
Reagent was bought from Roche Pharma (Reinach, Switzerland). CellTiter 96 AQueous One
Non-Radiactive Cell Proliferation Assay based on MTS was from Promega (Duebendorf,
Switzerland). COmpleteTM EDTA-free protease inhibitor cocktail was obtained from Roche
Diagnostics (Mannheim, Germany). Immun-Blot® poly(vinylidene difluoride) membranes
were purchased from Bio-Rad Laboratories (Hercules, CA). Mouse monoclonal Rap1A (C-10)
antibody, mouse monoclonal β-actin (C4) antibody and ImmunoCruz® Western blotting
Luminol Reagent were obtained from Santa Cruz Biotechnology (Dallas, TX). Horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG polyclonal antibody was purchased from
Dako (Glostrup, Denmark). Super RX X-ray films were obtained from Fujifilm (Tokyo, Japan).
In vivo-jetPEI® was purchased from Polyplus-transfection S.A (Illkirch, France). Roti® Histofix
4% paraformaldehyde (PFA) solution was from Carl Roth (Karlsruhe, Germany) and optimal
cutting temperature (OCT) embedding medium was bought from CellPath (Powys, United
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Kingdom). ATTO488-GFP-Booster was purchased from ChromoTek (Planegg-Martinsried,
Germany). All other chemicals were obtained from Sigma-Aldrich (Buchs, Switzerland).

3.2.2 Instrumentation
Proton nuclear magnetic resonance (1H-NMR) spectra were acquired on a Bruker Av400
spectrometer (Bruker BioSpin, Fällanden, Switzerland) operating at 400 MHz.

3.2.3 Synthesis of PEG-O-tosyl (PEG-OTs)

The synthesis of PEG-azide (PEG-N3) for copper-catalyzed azide-alkyne cycloaddition was
adapted from a previous protocol [265]. Briefly, mPEG-OH (Mn ≈ 2000 Da) (5 g, 2.50 mmol, 1
eq.) was dissolved in 15 mL anhydrous dichloromethane (DCM). A fresh solution of
toluenesulfonyl chloride (1.906 g, 10.00 mmol, 4 eq.) and Et3N (1.57 mL, 11.25 mmol, 4.5 eq.) in
15 mL DCM was added dropwise to the PEG solution under vigorous stirring, at 0 °C and
under nitrogen atmosphere. After 24 h, the reaction mixture was concentrated by rotary
evaporation, dissolved in warm (37 °C) ethanol, then cooled down in ice, and the precipitate
was collected by centrifugation (3x). Subsequently, the crude product was dissolved in DCM
and isolated by precipitation (3x) in diethyl ether (Et2O). The precipitate was collected by
centrifugation and dried under vacuum to obtain the final product (PEG-OTs) (3.83 g, 70.7 %).
H-NMR (400 MHz; CDCl3): δ 7.74 (m, 2H), 7.29 (m, 2H), 3.77-3.39 (m, 200H), 3.31 (s, 3H), 2.39

1

(s, 3H) (Appendix B, Fig. B1).
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3.2.4 Synthesis of PEG-N3

PEG-OTs (2 g, 0.92 mmol, 1 eq.) and sodium azide (NaN3) (237 mg, 3.65 mmol, 4 eq.) were
suspended in 8 mL anhydrous N,N-dimethylformamide (DMF) and stirred overnight under
nitrogen atmosphere, at RT. Then, the reaction mixture was poured into a brine solution and
extracted with DCM (3x). The organic layers were combined and washed once with ultrapure
water, dried over sodium sulphate (Na2SO4) and filtered. The solvent was evaporated and the
crude product was isolated by precipitation in Et2O (3x). The precipitate was collected by
centrifugation and dried under vacuum to obtain the final product (PEG-N3) (1.44 g, 77 %). 1HNMR (400 MHz; CDCl3): δ 3.82-3.45 (m, 200H), 3.38-3.36 (m, 5H) (Appendix B, Fig. B2).

3.2.5 Synthesis of Compound 1

Compound 1 (hex-5-ynal) was obtained following a reported procedure [266] with minor
modifications. Oxalyl chloride ((COCl)2, 1.29 mL, 15.28 mmol, 1 eq.) was dissolved in 37.5 mL
DCM and the solution was cooled down to -78 °C. Dimethyl sulfoxide (DMSO, 2.38 mL, 33.61
mmol, 2.2 eq.) was mixed with 8 mL DCM, then added to (COCl)2 over a period of 20 min, and
stirred for 30 min. 5-hexan-1-ol (1.68 mL, 15.28 mmol, 1 eq.) was dissolved in 20 mL DCM and
the solution was added to the reaction mixture dropwise, over 10 min. The reaction was carried
out for 1 h at -78°C. Then, Et3N (5.32 mL, 38.18 mmol, 2.5 eq.) was added and the reaction
mixture was stirred for 1 h at -78°C and then allowed to warm to 10 °C over an additional
hour. Forty mL of ultrapure water were added to the reaction mixture for the extraction. The
water phase was separated and acidified with hydrochloric acid (HCl), and back extracted
with DCM (3 x 20 mL). The organic extracts were washed with 1% HCl in water saturated with
NaCl (6 x 20 mL) followed by addition of 5 % sodium bicarbonate solution (2 x 11 mL). The
organic extracts were washed with brine (2 x 5 mL), dried over Na 2SO4 and filtered. The
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organic solvent was removed by rotary evaporation (temperature of the water bath below 30
°C), and compound 1 was obtained as a yellow oil (1.16 g, 79.5%). 1H-NMR (CDCl3): δ 9.81 (q,
J = 1.4 Hz, 1H); δ 2.60 (td, J = 7.2, 1.3 Hz, 2H); δ 2.27 (tdd, J = 6.9, 2.7, 1.2 Hz, 2H); δ 1.98 (td, J =
2.7, 0.8 Hz, 1H), δ 1.90-1.81 (m, 2H) (Appendix B, Fig. B3).

3.2.6 Synthesis of Compound 2

Compound 2 was obtained following a reported procedure [267], with minor modifications.
Morpholine (7.23 mL, 83.83 mmol) was dissolved in about 60 mL Et2O, under stirring. HCl
37% (6.84 mL, 83.83 mmol) was added dropwise to morpholine. Et2O and water were removed
by rotary evaporation and a white solid was obtained. The product was washed 4 times with
1,4-dioxane, followed by 4 times washing with Et2O. Et2O was removed by rotary evaporation,
and the white solid was dried under vacuum, to yield the morpholinium·HCl salt (8.32 g,
80.3%). Glyoxylic acid monohydrate (3.729 g, 40.52 mmol, 1 eq.) was dissolved in 75 mL 1,4dioxane, and morpholinium·HCl salt (5.167 g, 42.54 mmol, 1.05 eq.) was added to the reaction
mixture. Ultrapure water was added dropwise until the complete dissolution of the
morpholine salt. Compound 1 (4.09 mL, 40.52 mmol, 1 eq.) was dissolved in 12 mL 1,4-dioxane
and added dropwise to the reaction mixture. After 3 h stirring at RT, the flask was equipped
with a reflux condenser and the reaction mixture was heated up to 100 °C for 14 h. Then, the
reaction mixture was cooled down and dioxane was removed by rotary evaporation. The
isolated material was transferred in a separation funnel with 10 mL Et2O and 10 mL ultrapure
water, the organic layer was collected, and the aqueous layer was extracted twice with Et 2O.
The organic extracts were washed with brine, dried over Na2SO4, filtered and concentrated
under vacuum. The crude product was purified by silica chromatography, using a 20 → 40%
ethyl acetate/n-hexane elution gradient. Solvents were removed by rotary evaporation to
isolate compound 2 (2.01 g, 32.6%). 1H-NMR (CDCl3): δ 6.08 (d, J = 0.8 Hz, 1H); δ 6.00 (td, J =
1.6, 0.9 Hz, 1H); δ 2.79 – 2.67 (m, 1H), δ 2.66 – 2.56 (m, 1H); δ 2.56 – 2.49 (dddd, J = 8.7, 7.5, 4.7,
1.9 Hz, 2H); δ 2.05 – 2.02 (t, J = 2.6 Hz, 1H) (Appendix B, Fig. B4).
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3.2.7 Synthesis of Compound 3

Dess-Martin periodinane (313.8 mg, 0.74 mmol, 1.05 eq.) was suspended in 2.5 mL DCM.
Compound 2 (107.5 mg, 0.71 mmol, 1 eq.) was dissolved in 1 mL DCM and added dropwise
to the Dess-Martin periodinane suspension over a period of 10 min. The reaction mixture was
stirred for 3 h at RT. Fifteen mL of a 1:1 (v/v) NaHCO3/Na2SO3 saturated aqueous solution were
added to the reaction mixture for quenching, and the suspension was stirred for 15 min. The
aqueous phase was extracted with DCM (3x), the organic extracts were washed with brine,
dried over Na2SO4, filtered and concentrated under vacuum. The crude product was purified
by silica chromatography, using a 96:4 → 92:8 DCM/acetone elution gradient. Solvents were
removed by rotary evaporation to isolate compound 3 (40.9 mg, 38.53 %). 1H-NMR (CDCl3): δ
6.81 (s, 1H); δ 2.76 (m, 2H); δ 2.59 (m, 2H); δ 2.07 (t, 1H) (Appendix B, Fig. B5).

3.2.8 Synthesis of Compound 4

Compound 3 (23.6 mg, 0.16 mmol, 1 eq.) was mixed with 0.2 mL ultrapure water. Alendronate
(Ale) sodium trihydrate (76.21 mg, 0.23 mmol, 1.5 eq.) was dissolved in 0.4 mL 1N NaOH, and
the solution was diluted to 0.7 mL with ultrapure water. Compound 3 was mixed with Ale
solution and vortexed vigorously. The pH was adjusted to 9.0 by dropwise addition of 1N
NaOH. The final pale yellow solution was stirred for 1 h on ice, then 1 h at RT. The crude
compound 4 was not further purified and was characterized by 1H NMR spectroscopy. 1HNMR (D2O): δ 5.92 (s, 1H); δ 3.23 (m, 2H); δ 2.48 (m, 2H); δ 2.40 (m, 2H), δ 1.99-1.78 (m, 2H)
(Appendix B, Fig. B6).
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3.2.9 Synthesis of PEG-2-(pent-1′-yne) maleic acid Ale amide (PEG-ma-Ale)

PEG-ma-Ale was obtained by conjugation of compound 4 and PEG-N3 via copper-catalyzed
azide-alkyne cycloaddition [268]. PEG-N3 (63.58 mg, 31.18 µmol, 0.5 eq.) was dissolved in 0.6
µL 2 mM Na2HPO4, pH 8.5. Crude compound 4 (containing 24.8 mg, 62.75 µmol, 1 eq. of
conjugated compound 3) was dissolved in 1 mL of 2 mM Na2HPO4, pH 8.5 and added to the
PEG-N3 solution, under vigorous stirring. Click solution C (30 µL) was added to the reaction
mixture to initiate the click reaction. This solution was freshly prepared by mixing click
solution A and click solution B (1/2, v/v). Click solution A was freshly prepared by dissolving
copper(I) bromide (CuBr) (0.8 mg, 5.58 µmol) in DMSO/tert-butanol (tBuOH) (70 µL, 3/1 v/v).
Click solution B was prepared by dissolving tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
(TBTA) (2.7 mg, 5.08 µmol) in 100 µL DMSO/tBuOH (3/1 v/v). The reaction mixture was stirred
for 3 h at RT. Then, insoluble salts were isolated by centrifugation (2 min, RT, 12,000 x g), and
the final product was purified from free Ale by size exclusion chromatography, using a
Sephadex G-25 PD-10 column and 10 mM Na2CO3, pH 9.0 as eluent. Fractions containing the
PEG derivative were identified via cobalt thiocyanate staining [185], and the positive fractions
were further purified by size exclusion chromatography as previously described (6x). The final
product was lyophilized (PEG-ma-Ale, 64.7 mg 85.73%) and subsequently dissolved in 20 mM
Na2HPO4 buffer, pH 7.4 in D2O and characterized by 1H-NMR spectroscopy. 1H-NMR (D2O):
δ 7.89 (s, 1H); δ 5.85 (s, 1H); δ 4.61 (m, 2H); δ 3.98 (m, 2H), δ 3.90-3.52 (m, 200H), δ 3.39 (m, 2H),
δ 3.24 (m, 2H), δ 2.91 (m, 2H), δ 2.67 (m, 2H), δ 19.6 – 1.84 (m, 4H) (Appendix B, Fig. B7).
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3.2.10 Synthesis of Compound 5

2,5-dihydro-4-metyl-2,5-dioxo-3-furanpropanoic acid (100 mg, 0.54 mmol, 1 eq.) was dissolved
in 2 mL anhydrous DCM and placed in ice bath. (COCl) 2 (69.85 µL, 0.81 mmol, 1.5 eq.) was
added to the reaction mixture, followed by dropwise addition of DMF (3.96 µg, 54.3 µmol, 0.1
eq.). The solution was stirred at 0 °C for 40 min, then at RT for 2 h. Toluene was added to the
reaction mixture, which was then concentrated by rotary evaporation. The crude product was
dissolved in 2 mL DCM. mPEG-OH (Mn ≈ 2000 Da) (869 mg, 0.43 mmol, 0.8 eq.) was dissolved
in 2 mL DCM, followed by addition of Et3N (83.25 µL, 60.44 mg, 0.60 mmol, 1.1 eq.). The
reaction mixture containing PEG was added dropwise to the anhydride solution and stirred
at RT for 1 h. Then, 10 mL of DCM and 10 mL of 1N HCl were added to the crude product,
and the aqueous phase was extracted with DCM (3x). The organic fractions were collected,
washed with brine, dried over Na2SO4 and filtered. The crude product was dissolved in DCM
and precipitated in Et2O (3x). Compound 5 was isolated by filtration and dried under vacuum
for 5 days (619.4 mg, 66.8%). 1H-NMR (CDCl3): δ 4.2 (m, 2H); δ 3.79-3.44 (m, 200H); δ 3.35 (m,
3H); δ 2.72 (m, 4H), δ 2.10 (m, 3H) (Appendix B, Fig. B8).

3.2.11 Synthesis of PEG-1-methyl-2-(2′-carboxyethyl) maleic acid Ale amide (PEG-mmaAle)

Ale sodium trihydrate (4.47 mg, 13.75 µmol, 1 eq.) was suspended in 150 µL 20 mM Na2CO3
buffer, pH 9.0, followed by addition of 10 µL 1N NaOH, to dissolve the salt. Compound 5 (30
mg, 13.75 µmol, 1 eq.) was dissolved in 200 µL of 20 mM Na2CO3, pH 9.0, and quickly added
to the Ale solution, under vigorous stirring, in ice bath. pH was adjusted to 9-10 by dropwise
addition of 1N NaOH. The reaction mixture was stirred for 30 min in ice bath, followed by 1
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h at RT. The crude product was purified by size exclusion chromatography with a Sephadex
G-25 PD-10 size exclusion column using 20 mM Na2CO3, pH 10 as eluent. PEG-containing
fractions were identified via cobalt thiocyanate staining [185] and lyophilized to obtain the
final product (PEG-mma-Ale, 16 mg, 48.3%). PEG-mma-Ale was dissolved in 20 mM Na2CO3,
pH 9.5 in D2O and characterized by 1H-NMR. 1H-NMR (D2O): δ 4.29 (m, 2H); δ 3.91 - 3.53 (m,
200H); δ 3.4 (m, 3H); δ 3.21 (m, 2H), δ 2.61-2.52 (m, 4H), δ 1.93 – 1.81 (m, 7H) (Appendix B, Fig.
B9).

3.2.12 Synthesis of PEG-amide-Ale (PEG-a-Ale)

PEG-a-ALE was synthetized according to a previously reported protocol [185], with minor
modifications. Ale sodium trihydrate (400 mg, 1.23 mmol) was dissolved in 1 mL 2N NaOH,
followed by addition of 800 µL of ultrapure H2O. pH was adjusted to 7 by dropwise addition
of 1N HCl. Methoxy-PEG succinimidyl carboxymethyl ester (Mn ≈ 2000 Da) (30 mg, 13.8 µmol)
was dissolved in 200 µL ultrapure H2O and then added dropwise to the Ale solution, under
vigorous stirring. The reaction mixture was stirred in ice for 1 h, followed by 1 h at RT. The
compound was purified by size exclusion chromatography with a Sephadex G-25 PD-10 size
exclusion column using ultrapure water as eluent. Fractions containing the PEG derivative
were identified via cobalt thiocyanate staining [185]. Free PEG was removed by anion
exchange using a column filled with Dowex 1×2, 200-400 mesh. As elution buffer, Na2HPO4
(10, 50, and 200 mM) was used. Fractions containing only conjugated PEG were collected,
desalted using a Sephadex G-25 PD-10 size exclusion column (eluent ultrapure water) and
finally freeze-dried to obtain PEG-a-Ale (15.3 mg, 48.2%). 1H-NMR (D2O): δ 9.81 (q, J = 1.4 Hz,
1H); δ 2.60 (td, J = 7.2, 1.3 Hz, 2H); δ 2.27 (tdd, J = 6.9, 2.7, 1.2 Hz, 2H); δ 1.98 (td, J = 2.7, 0.8 Hz,
1H), δ 1.90-1.81 (m, 2H) (Appendix B, Fig. B10).
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3.2.13 Determination of Ale release from PEG-Ale prodrugs
The kinetics of Ale release from the PEG-ma-Ale and PEG-mma-Ale maleic acid amide
prodrugs were monitored at room temperature (RT) by 1H-NMR spectroscopy at different pH
values. Each derivative was dissolved at a 20 mg/mL concentration in D2O‐based 20 mM
Na2HPO4 buffer, and the pH of the solution was adjusted to 7.4, 5.0 of 4.0 with 1N NaOD or
1N DCl. For the measurement at basic pH values, a 20‐mM Na2CO3 buffer was used, and the
pH of the prodrug buffered solution was adjusted to 9.0 or 10.0 by addition of 1N NaOD or
1N DCl. For the hydrolysis experiments on PEG-ma-Ale performed at pH 5.0, for each time
point an aliquot of the prodrug was incubated in acidic Na2HPO4 buffer, followed by
purification of the conjugate via size‐exclusion chromatography using a Sephadex G-25 PD-10
column (eluent 20 mM Na2HPO4 buffer, pH 8.5). Subsequently, the purified PEG‐ma‐Ale
derivative was lyophilized and then resuspended at a 20 mg/mL concentration in D2O‐based
20 mM Na2HPO4, pH 7.4 for NMR analysis of hydrolysis. For each time point, semi‐
quantitative degradation analysis on PEG‐ma‐Ale was calculated according to Equation 3.1.
Hydrolysis (%) = [ 1 − (integration of peak at 3.24 ppm / PRE)] · 100

(3.1)

where PRE is the value of integration of peak at 3.24 ppm at time 10 min of PEG-maAle dissolved in D2O‐based 20 mM Na2HPO4 buffer, pH 7.4 (Appendix B, Fig. B11). For
comparison purposes between NMR spectra, integration of the peak at 2.6 ppm was
normalized to 2 H for each time point.
In the same way, the extent of hydrolysis of PEG-mma-Ale was calculated according to
Equation 3.2.
Hydrolysis (%) = [ 1 − (integration of peak at 3.21 ppm / PRE)] · 100

(3.2)

where PRE is the value of integration of peak at 3.21 ppm at time 10 min of PEG-mmaAle dissolved in D2O‐based 20 mM Na2CO3 buffer, pH 10 (Appendix B, Fig. B14). Due to the
fast kinetics of hydrolysis of PEG-mma-Ale in neutral and acidic conditions, the NMR
spectrum of the conjugate dissolved at pH 10 was used as a reference for the intact derivative.
To compare NMR spectra, integration of the peak at 4.29 ppm was normalized to 2 H for each
time point.

88

Chapter 3. Dual delivery of nucleic acids and PEG-BPs via CaP NPs

3.2.14 Plasmid DNA amplification
Plasmid DNA (pcDNA3; enhanced green fluorescent protein (EGFP) insert, ampicillin
resistance) from Addgene (Cambridge, MA) was amplified in DH5α E. coli and then extracted
and purified using a plasmid purification maxi kit (Qiagen, Valencia, CA). Purity was assessed
by the ratio of absorbance at 260 and 280 nm, using a NanoPhotometer spectrophotometer
(Implen, München, Germany). Plasmids with an absorbance ratio of ~1.8 were considered as
pure.

3.2.15 Particle preparation
CaP NPs were prepared according to reference [186]. Briefly, one volume of 50 mM HEPES
buffer (containing 140 mM NaCl and 1.5 mM Na2HPO4, pH 7.4) was mixed with one volume
of a 250-mM CaCl2 solution containing 20 µg/mL pEGFP, under vigorous agitation. After
particles nucleation, one volume of 10 or 20 µM PEGylated chelator in 10 mM TRIS, pH 7.4,
was quickly added to stabilize the particles. For cytotoxicity assays, additional solutions with
40, 80 and 100 µM of PEGylated chelators were used. CaP NPs for in vivo studies were
prepared according to the standard method using buffers with a lower ionic strength (vide
infra) to limit the increase in osmolality after particles concentration [269]. One volume of 7
mM HEPES buffer (containing 18 mM NaCl and 1.5 mM Na2HPO4, pH 7.4) was mixed with
one volume of 125 mM CaCl2 (containing 40 µg/mL pEGFP), followed by quick addition of
one volume of 15 µM PEG-ma-Ale in 2 mM TRIS, pH 7.4. Subsequently, 375 µL of NP
suspension was mixed 1:1 (v/v) with a 26 mg/mL trehalose solution in ultrapure water, snapfrozen in liquid nitrogen and freeze-dried at -50 °C and 0.18 mbar with an ALPHA 2-4 LSC
freeze-dryer (Martin Christ, Osterode am Harz, Germany). For the in vivo experiments, the
freeze-dried CaP NPs were reconstituted in ultrapure water to a final volume of 50 µL,
vortexed shortly and sonicated for 5 min.

3.2.16 Particle characterization
Particle size, PDI and ζ-potential were determined by DLS and laser Doppler anemometry
respectively, using a DelsaNano C Particle Analyzer (Beckman Coulter, Krefeld, Germany).
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The CONTIN method was used to calculate the hydrodynamic diameter of the particles. ζpotential was measured after dilution of the particles 1:2 (v/v) in 10 mM TRIS, pH 7.4.
Osmolality was measured with a freezing point osmometer (Osmomat 3000, Gonotec GmbH,
Berlin, Germany). Transmission electron microscopy (TEM) and selected-area electron
diffraction (SAED) analysis of the particle suspension were performed at 100 kV (FEI
Morgagni268, FEI Company, Hillsboro, OR). To calculate the EE, Label IT® plasmid fluorescein
delivery control was loaded on CaP NPs (in the same way as described in 3.2.15 for the pEGFP
plasmid) to obtain a volume of CaP NPs suspension of 225 µL, corresponding to a final pDNA
concentration of 6.66 µg/mL. The particles were then isolated by centrifugation (30 min, 4 °C,
18,000 x g) and 180 µL of supernatant were taken to measure the fluorescence intensity of free
pDNA (λex = 485 nm, λem = 520 nm) with a plate reader (Infinite M-200, Tecan, Männedorf,
Switzerland). The EE was estimated by subtracting the free DNA concentration in the
supernatant from the total concentration, using the fluorescence signals (FI), according to
Equation 3.3.
EE (%) =

FI total pDNA added −FI pDNA in supernatant
· 100
FI total pDNA added

(3.3)

3.2.17 Colloidal stability of CaP NPs
Stability of 10 µM PEG-ma-Ale-coated CaP NPs at different pHs was evaluated over time by
DLS after adjusting the pH to 7.0, 6.8 or 6.5 by addition of 1N NaOH or 1N HCl. The stability
in serum-containing media of pEGFP loaded NPs (pDNA concentration: 6.66 µg/mL) prepared
with 10 and 20 µM feeding amount of PEG-ma-ALE was assessed overtime at 37 °C in
complete medium containing FBS. CaP NPs were diluted 1:7 (v/v) in DMEM containing 10 or
50% FBS, and their hydrodynamic diameter was recorded over time by DLS at 37 °C.
Additionally, the stability of pEGFP-loaded CaP NPs coated with different PEG-ma-Ale
feeding amounts (10, 15 and 20 µM) was measured by DLS at RT at defined time intervals, for
up to 21 days.
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3.2.18 Cell culture
4T1 (murine mammary carcinoma) and J774.2 (murine macrophage-like) cells were grown in
DMEM with GlutaMAXTM (high glucose) supplemented with 10% (v/v) FBS, 100 IU/mL
penicillin and 100 µg/mL streptomycin. Cells were kept at 37 °C in a humidified atmosphere
containing 5% CO2. Cells were used from passages 3 to 20, and regularly checked for
mycoplasma contamination.

3.2.19 In vitro particles uptake
The uptake of pDNA loaded CaP NPs stabilized with PEG-ma-Ale was evaluated in 4T1 and
J774.2 cells. In order to track the internalized particles, CaP NPs were loaded with Label IT®
Fluorescein Plasmid Delivery Control as model pDNA. 4T1 and J774.2 cells were seeded into
24-well tissue-treated plates at a density of 60,000 and 100,000 cells/well, respectively, in 0.5
mL complete DMEM containing 10% FBS. After 24 h incubation at 37 °C in a humidified
atmosphere containing 5% CO2, the medium was changed to complete DMEM supplemented
with 10% FBS, and particles prepared with 10 or 20 µM feeding amounts of PEG-ma-ALE were
diluted 1:6.66 (v/v) in complete medium to a final pDNA concentration of 1 µg/mL. After 5 h
or 24 h incubation, the medium was removed, and cells were washed twice with 200 µL PBS.
Then, 4T1 cells were detached by trypsinization, followed by addition of complete medium to
stop the trypsin action. To detach J774.2 cells, 0.5 mL of complete medium were added to each
well, and cells were recovered with a cell scraper. Cells were isolated by centrifugation (10
min, 4 °C, 300 x g) and subsequently resuspended in ice cold buffer (PBS, 2 mM EDTA, 0.5%
m/v bovine serum albumin, BSA) for fluorescence-activated cell sorting (FACS) analysis. Data
for 10,000 cells were collected on a CytoFLEX Flow Cytometer (Beckman Coulter Inc., Brea,
CA) and analyzed using the FlowJo software (Tree Star Inc., Ashland, OR). Uptake of CaP NPs
was determined as percentage of fluorescein isothiocyanate (FITC)-positive cells, compared to
control wells that did not receive CaP NPs. For the uptake in the inverted configuration, 4T1
and J774.2 cells were seeded on 13-mm Nunc™ Thermanox™ Coverslips (ThermoFisher
Scientific, Carlsbad, CA) in a 24-well plate at a density of 60,000 and 100,000 cells/well
respectively. After 24 h incubation at 37 °C in a humidified atmosphere containing 5% CO2,
0.5 mL of complete medium containing 10% FBS were added to each well of a 24-well plate,
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and CaP NPs containing fluorescein-labeled pDNA were added at a 1:6.66 (v/v) final dilution,
corresponding to a final pDNA concentration of 1 µg/mL. The coverslips on which cells
adhered were carefully transferred upside down onto the surface of the medium. After 24 h,
the medium was removed and the coverslips were transferred in a 24-well plate and washed
twice with PBS. Cells were prepared for fluorescence-activated cell sorting (FACS) analysis
and data were processed as previously described for the uptake in upright configuration.

3.2.20 In vitro particles transfection efficiency
4T1 and J774.2 cells were seeded into 24-well tissue-treated plates at a density of 20,000 and
80,000 cells/well, respectively, in 0.5 mL complete DMEM containing 10% FBS. After 24 h
incubation at 37 °C in humidified atmosphere containing 5% CO2, the medium was removed
and the cells were incubated with CaP NPs formulations diluted 1:6.66 (v/v) in Opti-MEM
containing 10% FBS, to a final pDNA concentration of 1 µg/mL. Cells were exposed to PEGma-Ale stabilized CaP NPs for different incubation times (5, 24 or 48 h). X-tremeGENE™ was
used as positive control, as well as not stabilized CaP NPs. After the 5 and 24 h incubation time
points, the medium containing the CaP NPs was removed, the cell layer was washed twice
with PBS and then incubated with 500 µL complete medium for up to 48 h after particles
addition. Then, the medium was aspirated and the cell layer was washed twice with PBS. Cells
were prepared for FACS analysis and data were processed as described in section 3.2.19. EGFP
expression was evaluated as the percentage of FITC-positive cells, compared to control wells
not exposed to CaP NPs. Fluorescence images of EGFP expressing cells were acquired with a
LEICA DMI600B epifluorescence microscope (Leica Microsystem, Wetzlar, Germany).

3.2.21 In vitro particles cytotoxicity
The viability of 4T1 and J774.2 cells after incubation with CaP NPs stabilized with the different
PEG-Ale stabilizing agents was evaluated by the MTS assay. 4T1 and J774.2 cells were seeded
into flat-bottomed 96-well plates at a density of 5000 and 10,000 cells/well, respectively, in 100
µL complete DMEM containing 10% FBS. After 24 h incubation, the medium was removed
and the cells were incubated with different formulations of blank (devoid of pEGFP) CaP NPs
prepared as described in 3.2.15 and stabilized with increasing concentrations of the PEGylated
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chelator (i.e. 10, 20, 40, 80 or 100 µM). The particle suspensions were diluted 1:6.66 (v/v) in
complete medium, to achieve different final concentrations of each PEG-ma-Ale or PEG-a-Ale
stabilizing agent (0.5, 1, 2, 4, and 5 µM, calculated based on the corresponding Ale molar
concentrations). Cells were exposed to the CaP NPs for different incubation times (5, 24 or 48
h). As control, cells were incubated with only PEG-ma-Ale. After the 5 and 24 h incubation
time points, the medium containing the CaP NPs was removed, the cell layer was washed
twice with PBS, and 100 µL of complete medium were added to each well for up to 48 h from
particles addition. Then, the medium was aspirated, the cell layer was washed twice with PBS
and 120 µL of DMEM without phenol red containing the MTS reagent in the ratio 6:1 (v/v)
were added. After 1 h incubation at 37 °C, the absorbance of the wells was measured at 490
nm with a Tecan plate reader. Cell viability was determined according to Equation. 3.4:
Cell viability (%) = (OD490 sample / OD490 control) · 100

(3.4)

where OD490 sample represents the optical density (OD) of the wells treated with CaP
NPs, and OD490 control represents the wells treated with growth medium only. One mM
hydrogen peroxide was used as positive toxic control (viability < 20%), and wells containing
only reaction mixture but no cells were used as blank.

3.2.22 Western Blot analysis of Rap1A
4T1 and J774.2 cells were seeded in 12-well plates at 40,000 and 80,000 cells/well, respectively,
in 1 mL complete DMEM containing 10% FBS. Twenty-four hours after seeding, blank CaP
NPs stabilized with PEG-ma-Ale or PEG-a-Ale were added to each well. The particles were
prepared as described in 3.2.15 and stabilized with solutions containing 10, 20, 40 or 80 µM of
the PEGylated chelator. The particle suspensions were added to each well at a 1:6.66 (v/v) final
dilution, corresponding to different PEG-Ale concentrations (0.5, 1, 2 and 4 µM, calculated
based on the corresponding Ale concentrations). Complete medium without NPs was used as
negative control. After 24 h incubation, the medium was removed, cells were washed twice
with PBS and cell lysates were prepared in 120 µL lysis buffer (20 mM Tris–HCl pH 7.7, 150
mM NaCl, 5 mM EDTA, 1% (v/v) Triton X-100, 25 mM NaF, 1 mM phenylmethylsulfonyl
fluoride, 1 mM sodium orthovanadate), supplemented with cOmpleteTM EDTA-free protease
inhibitor cocktail, on ice for 15 min. Cell debris were removed by centrifugation (15 min, 4 °C,
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15,000 × g) and protein concentration in the supernatants was determined using the BCA assay
(ThermoFisher Scientific, Waltham, MA). Ten micrograms of total protein per sample were
resolved by a 12% SDS-PAGE and transferred to a PVDF membrane. The membrane was
blocked with Tris-buffered saline containing 0.1% (v/v) polysorbate 20 and 5% (m/v) skim milk
(blocking buffer) for 1 h at RT. The membrane was cut in two at 35 kDa, determined by
molecular weight markers. The lower part containing Rap1A (22 kDa) was incubated
overnight at 4 °C with mouse Rap1A monoclonal antibody diluted 1:500 in blocking buffer.
The upper part containing β-actin (internal control) was incubated with mouse polyclonal antiβ-actin antibody at a dilution of 1:500 in blocking buffer. Membranes were washed with Trisbuffered saline containing 0.1% (v/v) polysorbate 20, and then incubated for 2 h with the
secondary antibody, horseradish peroxidase-conjugated polyclonal goat anti-mouse IgG,
diluted 1:1000 in blocking buffer. Membranes were washed with Tris-buffered saline
containing 0.1% (v/v) polysorbate 20 and protein bands were detected with ImmunoCruz®
Western blotting Luminol Reagent and revealed on Super RX X-ray films, using an AGFA
Curix 60 film processor (AGFA, Mortsel, Belgium).

3.2.23 In vivo transfection efficiency study
All animal experiments were approved by the Animal Care Committee of the University ParisSud (registered under no. 11894/2017102312072785). Experimental procedures were
performed according to the 2010/63/EU European directive and the instructions of laboratory
animal care and legislation in force in France. Female BALB/c mice (6-8 weeks) were purchased
from Janvier Labs (Le Genest-Saint-Isle, France). To establish the orthotopic mammary tumors,
4T1 cells were harvested using trypsin, isolated by centrifugation at 200 x g x 5 min and
resuspended in PBS at a density of 1x106 cells/mL. Mice were anesthetized under isoflurane
(3% v/v in 1 mL/min oxygen flow) and 50 µL of the cell suspension were injected in the fourth
inguinal mammary fat pad, using a 29-G syringe (Terumo, Tokyo, Japan). Tumour size was
regularly measured with a caliper, and its volume was estimated using Equation 3.5:
v = (𝑎𝑏 2 )/2

(3.5)

where a is the larger tumour dimension and b the smallest. When the tumors reached
a volume of approximatively 100 mm3, mice were anaesthetized under isoflurane (3% v/v in 1
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mL/min oxygen flow) and divided into 4 random groups of 3-8 animals, that received the
following treatments: (i) pEGFP loaded CaP NPs, (ii) pEGFP in 5% (m/v) glucose, (iii) pEGFP
complexed with in vivo-jetPEI® with a N/P ratio of 6, in 5% (m/v) glucose (positive control),
(iv) 5% (m/v) glucose (negative control, n = 3). The formulations were slowly administered
intratumorally in multiple spots, at a final pDNA dose of 2 µg in 20 µL. The mice received a
total of three doses of 2 µg pDNA each, every other day over one week. After 24 h from the
last dose, mice were anaesthetized under isoflurane (3% v/v in 1 mL/min oxygen flow) and
sacrificed via cervical dislocation. Excised tumour tissues were fixed in 4% PFA at 4 °C
overnight, then washed twice with PBS and placed in 15% (m/v) sucrose in PBS at 4 °C until
sinking. The specimens were then transferred in 30% (m/v) sucrose in PBS and stored at 4 °C
overnight. The samples were embedded in OCT and subsequently frozen on a metal support
placed in liquid nitrogen. The frozen samples were stored at -80 °C until cryosectioning
procedure. Tissue cryosections (10 µm) were cut with a CryoStar NX70 (Thermo Fisher
Scientific, Waltham, MA) and the slices were mounded on SuperFrost Plus glass slides
(Thermo Fisher Scientific, Waltham, MA). The slices were fixed and permeabilized in ice cold
methanol for 15 min, then blocked in 5% (m/v) BSA in PBS for 30 min. ATTO488-GFP-Booster
was added at a 1:200 dilution in blocking buffer, followed by overnight incubation at 4 °C. The
slices were stained for 20 min with Hoechst 33342 added at a 1:2000 dilution in PBS, then
mounted on a coverslip using ProLong™ Diamond and visualized with a Leica
epifluorescence microscope.

3.2.24 Statistical analysis
All values were expressed as mean ± standard deviation of at least three independent
experiments. All statistical analyses were performed using the GraphPad Prism software,
version 8. Normality was evaluated with the Kolmogorov-Smirnov test. When data followed
normal distribution, pairwise comparison between multiple groups was performed using the
one-way analysis of variance (ANOVA) test, followed by Tukey's (Holm-Sidak) post-hoc test.
For non-normal distribution (e.g., cell viability assays) treatment groups were compared with
one-way Kruskall–Wallis test followed by Dunn’s post-hoc test. Results were considered
statistically significant at p ≤ 0.05.
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3.3

Results and Discussion

3.3.1 Synthesis and characterization of the PEGylated chelators
The PEG-ma-Ale derivative was synthetized by conjugation of Ale to one PEG molecule, using
a monosubstituted maleic anhydride as acid-cleavable linker. The cyclic anhydride was
synthetized via a three-step procedure from a terminal alkyne bearing a primary alcohol,
which was converted to aldehyde, followed by Mannich cyclization and oxidation to cyclic
anhydride. Then, a maleic acid amide was obtained by coupling with Ale under basic
conditions, and a PEG chain was introduced through a copper(I)-catalysed alkyne–azide
cycloaddition reaction, to finally afford PEG-ma-Ale (Fig. 3.1a; only one of the two isomers is
shown here, see Appendix B, Fig. B7).

Figure 3.1. Synthesis of PEG-ma-Ale (a) and PEG-mma-Ale (b). Reagents and conditions: (i) 1.
(COCl)2, DMSO, DCM, -78 °C; 2. Et3N, -78 °C; (ii) Glyoxylic acid monohydrate,
morpholine·hydrochloric acid salt, aq. dioxane, 100 °C, (iii) Dess-Martin periodinane, DCM,
RT; (iv) Ale sodium trihydrate, water, pH 9; (v) mPEG-N3, CuBr(I), TBTA, aq. DMSO/t-BuOH,
pH 8.5; (vi) 1. (COCl)2, DMF, DCM; 2. mPEG-OH, DCM; (vii) Ale sodium trihydrate, water,
pH 9-10. For both PEG-ma-Ale and PEG-mma-Ale, only one isomeric product is shown.

In order to compare the Ale release rate from a different anhydride linker, a disubstituted
maleic anhydride linker, i.e. 2-propionic-3-methylmaleic anhydride (here named mma), was
coupled to one PEG molecule via an ester bond and then conjugated to Ale, to yield PEG-mmaAle (Fig. 3.1b; only one of the two isomers is shown here, see Appendix B, Fig. B9). The PEG96
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a-Ale stable derivative was obtained by conjugation of Ale and PEG via an amide bond, as
previously reported (Appendix B, Fig. B10) [185]. The hydrolysis rate of the two pH-sensitive
PEG-Ale derivatives at various pH values was measured over time by 1H-NMR spectroscopy.
A negligible (< 10%) Ale release was observed after 24 h incubation of PEG-ma-Ale both at pH
9.0 and 7.4 (Fig. 3.2a and Appendix B, Fig. B11). The compound slowly hydrolyzed at pH 5.0
(Appendix B, Fig. B12), with ~50% Ale released after about 3 h (Fig. 3.2a). The amide was
almost fully cleaved (> 80% hydrolysis) within 1 h at pH 4.0 (Fig. 3.2a). At this pH value, Ale
release was complete after 6 h incubation, as inferred from the disappearance of the methylene
protons next to the nitrogen in the intact amide in the NMR spectrum (at 3.24 ppm) (Appendix
B, Fig. B13). Conversely, Ale was quickly released from PEG-mma-Ale at pH 7.4 (Appendix
B, Fig. B14), with ~50% of hydrolysis reached after about 50 min (Fig. 3.2b), while a slow
hydrolysis was observed at pH 9.0, with 50% of the Ale released within 24 h. In cells, the pH
varies significantly depending on the cellular compartment, ranging from 8 in mitochondria
to as low as 5.0 to 4.0 in endosomes and lysosomes. Moreover, the pH is generally slightly
lower in tumour mass (pH ≈ 6.5-7.2) than in blood and normal tissues [270]. The optimal pH
sensitive moiety for intracellular release should be stable in biological fluids and cleavable
within the cell, exploiting mild pH changes. Maleic anhydrides react with amines to yield
maleic acid amides, which are cleaved in slightly acidic environments, when the nitrogen of
the amide bond is in equilibrium with its protonated form. The whole cleavage process is
driven by intramolecular catalysis of the anhydride that favors the formation of the cyclic form
(Fig. 3.3) [271]. This peculiar characteristic of acid labile maleic anhydride derivatives was
extensively exploited in a variety of pharmaceutical applications, such as to generate prodrugs
for controlled drug release [272], or to design pH‐dependent charge-conversion derivatives
that confer endosomolytic properties to a carrier [273–275]. Depending on the nature of the
substituents at the unsaturated carbon−carbon bond, as well as on the pK a of the conjugated
amine, the release rate of the amine can be finely tuned at acidic pH. For instance, Kang S. et
al. [276] observed that a faster amine release could be achieved at a higher degree of
substitution at the cis-double bond of the anhydride ring, due to the Thorpe-Ingold effect [277,
278]. Accordingly, the monosubstituted anhydride linker provided appropriate stability to
PEG-ma-Ale at neutral pH, and controlled degradability at weak acidic pH. On the other hand,
substitution of the hydrogen atom with a methyl group at the cis-double bond of PEG-mmaAle accelerated the release rate of the BP at pH 7.4. Therefore, the conjugate obtained from the
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disubstituted anhydride was not selected for further studies, due to its predicted instability in
formulation buffers and biological fluids.

Figure 3.2. Hydrolysis of PEG-ma-Ale (a) and PEG-mma-Ale (b) cleavable conjugates at
different pHs. PEG-ma-Ale showed excellent stability after 24 h incubation at both pH 9.0 and
7.4 (< 10% hydrolysis). A sustained Ale release was observed at pH 5.0, with ~50% hydrolysis
reached after about 3 h. At pH 4.0, the conjugate was almost completely cleaved (> 80%) within
1 h. On the other hand, PEG-mma-Ale showed rapid cleavage at pH 7.4 and 5.0 and slow
amide cleavage at pH 9.0. Data are presented as mean + SD (n = 3).

Figure 3.3. A possible degradation mechanism of PEG-ma-Ale and PEG-mma-Ale maleic acid
amide derivatives in acidic conditions proposed by Kang et al [276].

3.3.2 CaP NPs preparation and characterization
PEG-ma-Ale stabilized CaP NPs were prepared by co-precipitation of calcium and phosphate
ions in aqueous buffer, followed by quick addition of the Ale conjugate. Blank particles (not
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loaded with pDNA) had a hydrodynamic diameter of about 140 nm and a PDI of 0.1-0.2, while
pEGFP encapsulation increased the particle size to around 170 nm (Table 1). In both cases, ζpotential values were slightly negative and close to neutrality (-5 to -2 mV), which is in
agreement with previous data for similar NPs [185]. The size difference between 10 and 20 µM
PEG-ma-Ale was not significant both for blank and pDNA loaded CaP NPs. To confirm DNA
entrapment, the gene loading efficiency was measured, and found to be of 95.4 ± 0.9% and 93.7
± 1.0% at a PEG-ma-Ale concentration of 10 and 20 µM, respectively. Morphology of CaP NPs
was investigated by TEM. CaP NPs displayed a spherical shape with a diameter of ca. 50 nm
(Fig. 3.4a), forming clusters of several single units, with a smaller size compared to the
hydrodynamic diameter measured via DLS. This finding correlates with previously reported
data of similar systems [186], indicating that the CaP NPs may be present in suspension as
small aggregates of single particles. No diffraction spots typical of crystalline materials were
observed from the SAED analysis (Fig. 3.4b), revealing that the particles were mainly
composed of amorphous CaP [186].
Table 1.1. Physicochemical properties of PEG-ma-Ale coated CaP NPs. Means ± SD (n = 3-6).
Blank CaP NPs

pEFGP loaded CaP NPs

PEG-ma-Ale (µM)

10

20

10

20

Diameter (nm)

138 ± 7

142 ± 4

170 ± 8

162 ± 4

PDI

0.19

0.14

0.105

0.115

ζ –potential (mV)

-5 ± 1

-1 ± 3

-3 ± 2

-3 ± 2

Figure 3.4. CaP precipitates formed spherical amorphous NPs. TEM micrograph (a) and SAED
acquisition (b) of CaP NPs prepared with 10 µM PEG-ma-Ale.
Size, morphology and crystallinity degree of CaP nanoprecipitates are affected by the
reaction conditions, such as initial Ca/P ratio, pH, presence of additives (e.g. ions, charged
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molecules and polymers), temperature and pressure [279, 280]. When CaP NPs are produced
by precipitation under super-saturated conditions, amorphous CaP is generally formed first
during the nucleation process, being the most kinetically favored CaP form [186, 217, 281]. For
the in vivo studies (vide infra), the NPs suspension had to be concentrated to allow a sufficient
dose of pDNA to be delivered. The particles could not be concentrated by centrifugation or
ultrafiltration as aggregation and partial dissolution were observed. Therefore, the NPs were
freeze-dried in the presence of a trehalose as a lyoprotectant. HEPES and TRIS buffers at lower
ionic strength were used, to compensate for the increase in osmolality that occurred after
concentration. pEGFP loaded CaP NPs prepared under “low osmolality” conditions had a
hydrodynamic diameter of about 150 nm with a PDI of 0.15 (Fig. 3.5) and an osmolality of 139
mOsm/kg. Resuspension of the particles after lyophilization resulted in a small but significant
(p = 0.0480) increase in size to ~200 nm.

Figure 3.5. Hydrodynamic diameter of pEGFP loaded CaP NPs stabilized with 15 µM PEGma-Ale prepared in “low osmolality” conditions, generated using 7 mM HEPES buffer
(containing 18 mM NaCl and 1.5 mM Na2HPO4, pH 7.4), 125 mM CaCl2, and 2 mM TRIS, pH
7.4. After resuspension following lyophilization, the size of the particles increased from ~150
to ~200 nm. Data are presented as mean ± SD (n=3). * p ≤ 0.05 (refers to diameter).

CaP NPs prepared with 10 µM PEG-ma-Ale were stable at RT for 3 days, whereas 15
and 20 µM PEG-ma-Ale increased particle stability to 7 and 15 days, respectively (Fig 3.6).
While a higher concentration of PEGylated chelator was shown to be more efficient in
preventing particle size growth [185], slow PEG-ma-Ale hydrolysis on the particle surface
could explain the physical instability of the system upon long term storage.
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Figure 3.6. Long-term stability of PEG-ma-Ale coated CaP NPs at RT. At 10 µM PEG-ma-Ale
initial concentration, CaP NPs remained stable for up to 3 days. PEG-ma-Ale concentrations
of 15 and 20 µM could surface stabilize the particles for up to 7 and 15 days, respectively. Data
are presented as mean + SD (n=3).

CaP NP stability in the presence of serum components was assessed by DLS at 37 °C.
The average hydrodynamic diameter of PEG-ma-Ale stabilized CaP NPs did not significantly
vary after 6 h incubation in DMEM containing 10 or 50% FBS, indicating good colloidal
stability in biological media (Fig. 3.7a), at least under these non-diluted conditions. The
addition of 10% FBS, resulted in a size increase from ~160 to ~220-240 nm, which was more
pronounced at a lower PEG-ma-Ale feeding concentration (10 µM). This effect may be related
to unspecific protein binding on the particle surface and/or more pronounced particle
aggregation [186]. To assess the pH-dependent dissolution of the particles, PEG-ma-Ale
stabilized CaP NPs were incubated at RT in 10 mM TRIS, and pH was slowly decreased by
addition of 1N HCl. No significant change in size was initially observed in the pH range 6.87.4 (Fig. 3.7b). Upon acidification of the suspension buffer from pH 7.4 to pH 6.5, mimicking
the early endosome environment, size of the particles dropped to ~5 nm, indicating nearly
complete dissolution.
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Figure 3.7. PEG-ma-Ale-chelated CaP NPs were stable in FBS-containing media, and quickly
dissolved at mild acidic pH. The hydrodynamic diameter of PEGylated CaP NPs (PEG-maAle 10 µM or 20 µM) was measured by DLS in the presence of 10 or 50% FBS (a). Size of CaP
NPs was constant between pH 7.8 and 6.8, and the particles almost completely dissolved ()
upon acidification to pH 6.5 (b). Data are expressed as mean + SD (n=3). ** p ≤ 0.01 and *** p ≤
0.001 vs. pH 6.5, 0.1 h.

3.3.3 Uptake of CaP NPs in 4T1 and J774.2 cells
To investigate the uptake of PEG-ma-Ale coated CaP NPs in 4T1 cancer cells and J774.2
macrophages, the particles were loaded with a fluorescein-labeled pDNA and incubated with
the cells for 5 or 24 h in complete medium containing 10% FBS. X-tremeGENE™, a
commercially available lipid-based transfection reagent, was used as positive control.
Although the extent of cell-associated fluorescence was slightly different between the two cell
lines, in both cases a modest uptake (~20%) was observed after 5 h incubation compared to the
positive control (~70 %). A small but significant (p = 0.0043) lower uptake efficiency difference
was found for the 20 µM PEG-ma-Ale formulation compared to the 10 µM one in 4T1 cells
(Fig. 3.8a), which may be related to the higher surface PEG density. An increase of the
incubation time to 24 h resulted in a 3- to 6-fold increase in particle internalization in 4T1 and
J774.2 cells, respectively (Fig. 3.8b and 3.8c). In order to investigate whether particle
sedimentation could affect the cellular internalization of CaP NPs, the same experiments were
performed for the 24 h incubation time point with cells in the inverted configuration [282]. As
expected, uptake efficiency of CaP NPs was significantly reduced in both cell lines in the
inverted set up (cells on top), indicating that the internalization is dependent on the extent of
particle sedimentation (Fig. 3.8b and 3.8c).
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Figure 3.8. Cellular uptake of PEG-ma-Ale stabilized CaP NPs encapsulating a fluorescently
labeled pDNA, after 5 h incubation with 4T1 and J774.2 cells (a), and after 24 h incubation in
upright or inverted set-up with 4T1 (b) and J774.2 (c) cells. A 0.5-µg amount of DNA per well
was applied and X-tremeGENE™ was used as positive control. Data are expressed as mean +
SD, n=3-6. ** p ≤ 0.01 vs. CaP NPs, 10 µM PEG-ma-Ale on 4T1 cells; *** p ≤ 0.001 and **** p ≤
0.0001 vs. CaP NPs in the upright configuration at the same PEG-ma-Ale concentration.

We previously reported that the cellular uptake of CaP NPs in different cell lines was
strongly influenced by their size, shape and surface PEG density [184, 186]. Amorphous
spherical particles of 250-280 nm were internalized by HepG2 cells at an almost 4-fold higher
extent compared to similar NPs of 150 nm after 4 h incubation, possibly in part due to a larger
sedimentation effect [186]. In addition, a higher surface PEG density generally reduces
particles adhesion to cell and hinders their uptake [283]. For example, we reported that the
uptake of 80 nm-CaP NPs stabilized with 30 or 40 µM PEGylated chelator was drastically
decreased to around 10% compared to larger particles stabilized with a lower PEG
concentration [186].

3.3.4 Transfection efficiency of CaP NPs in 4T1 and J774.2 cells
The transfection ability of PEG-ma-Ale stabilized CaP NPs loaded with pEGFP plasmid was
investigated by flow cytometry in 4T1 and J774.2 cell. CaP NPs were diluted in Opti-MEM
supplemented with 10% FBS and exposed to the cells for different incubation times (5, 24 and
48 h). X-tremeGENE™ was used as positive control. The EGFP expression in 4T1 cells
increased with incubation time, ranging from a negligible (< 10%) transfection efficiency after
5 h cell exposure to CaP NPs, to about 50% EGFP positive cells after 48 h incubation, compared
to ~80% cells transfected with X-tremeGENE™ (Fig. 3.9a and 3.10). This finding may correlate
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with a higher amount of CaP NPs internalized by cells for longer incubation times due to a
sedimentation effect, as previously discussed. A lower transfection efficiency was observed
for the particles coated with 20 µM of PEG-ma-Ale compared to 10 µM, which may be
associated to the lower cellular uptake [186]. On the other hand, low or no transfection was
observed for J774.2 macrophages incubated with PEG-ma-Ale stabilized CaP NPs (Fig. 3.9b).
In both cell lines, few EGFP expressing cell were detected after 48 h incubation with the control
uncoated CaP precipitates (Fig. 3.11).

Figure 3.9. Influence of incubation time and PEG-ma-Ale concentration on transfection
efficiency of CaP NPs in 4T1 (a) and J774.2 (b) cells in Opti-MEM containing 10% FBS. A
prolongation of the incubation time from 5 to 48 h significantly increased the percentage of
EGFP positive cells among 4T1 cells. In contrast, low CaP NPs transfection efficiency was
observed in J774.2 cells at all tested conditions. Results are expressed as mean + SD (n=3-6). **
p ≤ 0.01 and **** p ≤ 0.0001 vs. 5 h incubation with CaP NPs at the same PEG-ma-Ale feeding
concentration.

Discrepancies in the transfection efficiency of CaP NPs in different cell types were
previously highlighted by Neuhaus et al., investigating triple-shell CaP NPs (CaP–DNA–CaP–
polyethylenimine) [284]. Despite the fact that multi-shell CaP NPs were rapidly taken up by
all the cell lines used in their study, a lower transfection efficiency was achieved in 4T1 cells
compared to HeLa cells, and no EGFP expressing cells were observed among monocytic cell
lines. After CaP NPs internalization, endosomal escape of the cargo and DNA processing
follow various intracellular mechanisms dependent on the cell type, which may eventually
result in a different amount of protein expressed. A high transfection efficiency generally
occurs in cells with a high proliferation rate, e.g., Hela, compared to cells that divide slower,
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such as 4T1 cells [285]. Moreover, due to their scavenging role monocytes and macrophages
possess a high enzymatic activity which may result in DNA degradation before the genetic
material reaches the nucleus [286]. We previously reported that CaP NPs stabilized with
similar PEGylated chelators had a high transfection efficiency in HeLa cells (~60% cells
expressing GFP) [184]. The ability of our CaP NPs to transfect 4T1 cells was slightly lower
compared to HeLa. On the contrary, their transfection efficiency in macrophages remained
low.

Figure 3.10. Representative fluorescent images of transfection with pEGFP: X-tremGENE™
(a), CaP NPs stabilized with 10 (b) and 20 µM (c) PEG-ma-Ale. 4T1 cells were incubated with
the transfection agent for 48 h in the presence of 10% FBS. Scale bar represents 100 µm.
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Figure 3.11. Transfection efficiency of uncoated CaP NPs after 5, 24, or 48 h incubation with
J774.2 or 4T1 cells in Opti-MEM supplemented with 10% FBS. Data are presented as mean +
SD (n=3).

3.3.5 Cytotoxicity
The cytotoxicity of PEG-ma-Ale stabilized CaP NPs was evaluated on 4T1 and J774.2 cells,
following exposure to the particles for increased PEG-ma-Ale concentrations (0.5, 1, 2, 4 and 5
µM, based on the corresponding Ale molar concentrations) and incubation times (5, 24 and 48
h). As a control, CaP NPs coated with the non-cleavable PEG-a-Ale derivative were used.
These particles had physicochemical properties comparable to those of PEG-ma-Ale stabilized
CaP NPs (Table 1.2), and their characteristics were previously reported [185].
Table 1.2. Physicochemical properties of PEG-a-Ale coated CaP NPs. Means ± SD (n = 3).
Blank CaP NPs
PEG-a-Ale (µM)

10

20

Diameter (nm)

139 ± 3

140 ± 1

PDI

0.11

0.12

ζ –potential (mV)

-1 ± 1

0±1

On J774.2 macrophages, PEG-ma-Ale coated CaP NPs induced a time- and
concentration-dependent cytotoxic effect, displaying a significant decrease of cell viability
(~60-70%) after 24 h exposure to concentrations of conjugated Ale ≥ 0.5 µM (Fig. 3.12a). After
48 h incubation and PEG-ma-Ale concentrations ≥ 1 µM, J774.2 viability dropped to less than
20%. Incubation with free PEG-ma-Ale resulted in a moderate but significant decrease of cell
viability (~20-35%) at high conjugate concentrations (≥ 4 µM) (Fig. 3.13). Conversely, CaP NPs
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stabilized with the non-cleavable PEG-a-Ale derivative did not display cytotoxicity on
macrophages under similar conditions (Fig. 3.12b). Uncoated CaP precipitates (no Ale) had no
effect on macrophages viability at the same dilution factor tested for the other CaP NPs
formulations (Fig. 3.14). As shown in Figure 3.12c, PEG-ma-Ale associated with CaP NPs was
substantially less cytotoxic towards 4T1 cells compared to macrophages.

Figure 3.12. PEG-ma-Ale stabilized CaP NPs affected cell viability of macrophages and cancer
cells and induced accumulation of unprenylated Rap1A, via inhibition of the mevalonate
pathway. Cell viability after 5, 24 or 48 h incubation of PEG-ma-Ale stabilized CaP NPs (a) and
PEG-a-Ale stabilized CaP NPs (b) with J774.2 cells. In the same way, 4T1 cell viability was
evaluated after exposure to PEG-ma-Ale coated CaP NPs (c). Data are expressed as mean + SD
of three independent experiments performed in triplicate. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001;
**** p ≤ 0.0001 vs. control wells (not treated). Western blot analyses were performed to examine
unprenylated Rap1A accumulation in J774.2 (d) and 4T1 (e) cell lysates after 24 h incubation
with CaP NPs coated with PEG-ma-Ale or PEG-a-Ale. Representative Western blot of 3
independent experiments.
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Treatment with nitrogen-containing BPs was reported to affect in vitro viability of
different cell lines, primarily osteoclasts, monocytes and macrophages. For free Ale, a dosedependent cytotoxic effect in monocytic and cancer cell lines was observed for rather high
concentrations (20-500 µM, depending on the cell line) [189, 287–289]. However, adsorption or
encapsulation of the BP in nanoparticulate systems were shown to drastically decrease the half
maximal inhibitory concentration of Ale, as they facilitated the cellular uptake of the drug
[289–292]. BPs induction of apoptosis is correlated to inhibition of the mevalonate pathway,
which leads to reduced biosynthesis of isoprenoid compounds that are essential for protein
prenylation [189]. Prenylated GTPases, such as Rap, Rho, Rac, Rab and Ras, are involved in
the regulation of the cytoskeletal organization, cell morphology, endocytosis and apoptosis.
Therefore, insufficient GTPases prenylation results in impaired cell function and cell death. To
further examine whether cytotoxicity of CaP NPs was mediated by inhibition of FPPS activity,
we measured the level of an unprenylated GTPase, Rap1A, after 24 h incubation with CaP NPs
coated with PEG-ma-Ale or the more stable control PEG-a-Ale [185]. Accumulation of
unprenylated Rap1A was observed in both cell lines treated with CaP NPs bearing the pHsensitive derivative, at concentrations of conjugated Ale ≥ 0.5 µM (Fig. 3.12d and 3.12e). The
effect was stronger on macrophages, for which the particles uptake was slightly higher
compared to 4T1 cells (Fig. 3.8b and 3.8c). On the other hand, the unprenylated protein was
not detected in lysates from cells exposed to PEG-a-Ale chelated CaP NPs. These findings
indicate that the cytotoxicity associated to PEG-ma-Ale stabilized CaP NPs in both cell lines
was correlated to the inhibition of protein prenylation, which is the major mechanism induced
by Ale that ultimately triggers cell apoptosis. Since the protonated form of the Ale nitrogen is
required for the binding to FPPS [293], we can hypothesized that pH-driven hydrolysis of
PEG-ma-Ale allows for a greater intracellular release of Ale. In comparison, no detectable
accumulation of unprenylated Rap1A after exposure to PEG-a-Ale stabilized CaP NPs may
indicate insufficient cleavage of Ale from the stable conjugate [185].
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Figure 3.13. Viability of J774.2 cells after exposure to free PEG-ma-Ale for 5, 24 and 48 h. Data
are presented as mean + SD (n=6-9). * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001 vs. control wells (not
treated).

Figure 3.14. Uncoated CaP precipitates are not toxic for macrophages. Cell viability of J774.2
cells incubated for 5, 24 or 48 h with not PEGylated CaP NPs. Data are expressed as mean +
SD (n=6). Difference between treated wells and control wells (not treated, cell viability = 100
%) were not statistically significant (p > 0.05).

3.3.6 In vivo transfection efficiency
Since PEG-ma-Ale stabilized CaP NPs displayed good in vitro transfection efficiency in 4T1
cancer cells, we investigated their ability to deliver in vivo pEGFP to xenografted 4T1 breast
cancer tumors following intratumoral injection, to maximize the amount of pDNA delivered
to the tumour. Due to hyperosmolality of the reconstituted CaP NPs after concentration, a
small volume of CaP NPs formulation (20 µL) was slowly injected in multiple spots of the
tumour, to avoid pain and tissue damage [269, 294]. The transfection efficiency study was

109

Chapter 3. Dual delivery of nucleic acids and PEG-BPs via CaP NPs

performed by administration of three single doses of pEGFP loaded CaP NPs (each dose
consisting of 2 µg), every other day over one week. In vivo-jetPEI®, a commercial cationic
polymer-based agent for in vivo transfection, was used as positive control. A low GFP
expression was found in the tumours injected with PEG-ma-Ale stabilized CaP NPs, which
was similar to that of in vivo-jetPEI®. (Fig. 3.15a and 3.15b) On the other hand, a lower
transfection was observed after administration of the naked plasmid, suggesting that pDNA
incorporation in NPs increases the degree of DNA transfer efficiency across the cell membrane
(Fig. 3.15c). However, the low in vivo transfection efficacy of the PEG-ma-Ale coated CaP NPs
could be potentially explained by a lower pDNA dose compared to those found in the
literature [295], a lower particle uptake in vivo (due to the absence of a sedimentation effect)
and/or to the premature CaP dissolution (and subsequent extracellular pDNA release) that
may occur under dilute conditions [296]. Moreover, particles aggregation at the injection site
and/or poor diffusion through the extracellular matrix could also have impaired the
transfection ability of the system.
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Figure 3.15. Representative fluorescence micrographs of histological analysis of tumour frozen
sections after administration of PEG-ma-Ale stabilized CaP NPs (a) in vivo-jetPEI® (b) and
naked pEGFP (c). A solution of 5% (m/v) glucose was used as negative control (d). The
formulations were injected intratumorally in 4T1 xenografts in BALC/c mice every other day
for one week. Samples were isolated 24 h after the last injection. For EGFP visualization, the
tissue slices were stained with ATTO488-GFP Booster. Scale bar represents 100 µm.

3.4

Conclusions

In the present study, an acid-cleavable PEG-Ale conjugate was used to generate stable CaP
NPs loaded with pEGFP and allow the combined cellular uptake of the two poorly permeable
compounds. In vitro, the pH responsive nanocarrier exhibited good transfection efficiency in
cancer cells and a strong cytotoxic effect on macrophages with potent inhibition of the
mevalonate pathway, probably due to efficient endo/lysosomal cleavage of the BP from the
particle coating. By providing an efficient approach for the combined delivery of drugs, further
anticancer applications may be envisaged, i.e. replacing the model pDNA with therapeutic
nucleic acids, if the in vivo transfection efficiency is improved. The introduction of a selected
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targeting ligand on the particles surface could boost their uptake in cancer cells or tumourassociated macrophages, overcoming the negative effect of the PEG layer on internalization.
While particle dissolution under mildly acidic condition allows for the complete discharge of
the payload, further optimization strategies are needed to improve the stability of CaP NPs,
which tend to dissolve under highly diluted conditions, such as those encountered in vivo. For
example, particle dissolution may be tuned varying the crystalline phase of the nanomaterial
[222], investigating hydrothermal treatments or synthetic routes that allow for a precise
control over the Ca/P ratio [220].
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The clinical application of novel APIs and diagnostic agent is often hampered by unfavourable
physicochemical and biopharmaceutical properties, including for example poor target
selectivity. The progress made in the past 20 years in nanosciences and drug delivery has, in
some instances, enabled to partially overcome these hurdles. Among the plethora of
investigated nanocarriers, inorganic CaP-based NPs are promising biocompatible and
bioresorbable vehicles for the delivery of negatively charged compounds, such as nucleic
acids. The general poor colloidal stability of CaP NPs can be reduced using crystal-growth
inhibitors with high affinity for CaP matrices. For this purpose, PEGylated stabilizing agents
based on the BP drug Ale were developed, given its naturally high binding capacity for apatite.
CaP NPs obtained with this approach exhibit high encapsulation efficiency for nucleic acids,
and can efficiently transfect mammalian cells in vitro [184–186].
The main objective of this thesis was to develop two PEG-Ale stabilized CaP NPs
formulations for diagnostic and therapeutic applications, thoroughly characterize them in vitro
and evaluate their performance in vivo. In the first case, CaP NPs encapsulating the MRI
contrast agent Gd-DTPA were produced. The particles were characterized in terms of size,
colloidal stability, cytotoxicity, MRI enhancement properties and imaging of the popliteal LN
after foot paw injection in mice. The second CaP nanocarrier was loaded with a pDNA and
stabilized with a newly developed pH-cleavable PEG-Ale derivative designed to release Ale
under acidic conditions. With the combined incorporation of nucleic acids and Ale, the system
could potentially serve as a dual delivery system. The particle uptake, transfection efficiency
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and interference with the mevalonate pathway were investigated in vitro, and the transfection
efficiency was also assessed in vivo after intratumoral injection.
In Chapter 2, Gd-DTPA loaded CaP NPs were prepared via co-precipitation of Ca2+ and PO43in the presence of Gd-DTPA, according to a previously reported protocol [186]. The particles
were coated with a PEGylated chelator synthesized by conjugation of Ale to PEG via a stable
carbamate bond. According to the XRD pattern (Fig. 2.4), the NPs were amorphous, which
corresponds to the metastable CaP phase that generally precipitates first from a
supersaturated solution (kinetically favoured over the other phases). Due to the relatively high
solubility of these amorphous CaP NPs, a HT was performed to improve the colloidal stability
of the particles toward several purification steps (dialysis and ultrafiltration) From TEM
analysis, the particles were spherical with a size of about 50 nm (Fig. 2.6). However, their
hydrodynamic diameter was larger (about 150 nm), indicating that clusters of single particles
may be present in suspension.
Despite the low EE of Gd-DTPA (6.85 ± 0.22 %), the CaP NPs displayed a ~1.6-fold
higher r1 relaxivity value than gadobutrol (i.e. 8.73 mM-1 s-1 and 5.58 mM-1 s-1, respectively) at
a magnetic field strength of 7 T (Fig. 2.9). Most of the small molecule T1 contrast agents in
clinical use generally exhibit r1 relaxivity values of 3-6 mM-1 s-1 at 37 °C, which vary depending
on strength of the magnetic field and the composition of the medium [297, 298]. Encapsulation
of Gd-based tracers in NPs was reported to sensitively enhance the MRI contrast, due to the
confinement of the Gd3+ nuclei in the small volume of the NPs and their slower rotational
motion [299]. For instance, Marangoni et al observed up to a ~8-fold increase in relaxivity at
4.7 T for Gd(III) incorporated into hybrid gold/silica NPs vs. the free Gd(III) tracer (i.e. ~24 mM1

s-1 and ~3 mM-1 s-1, respectively) [300]. However, the T1 relaxivity of Gd(III) contrast agents

typically decreases as the magnetic field increases, and this effect is more pronounced for
slowly tumbling molecules (e.g. when the tracer is encapsulated in nanocarriers) [300]. This
phenomenon was also reported by Mi et al [301]. They observed a 13-fold relaxivity increase
at 0.59 T after Gd-DTPA incorporation in micellar structures, but at 7 T the MRI contrast of the
system was similar to that of free Gd-DTPA. Hence, due to their high relaxivity at 7 T, the GdDTPA/CaP NPs could be suitable for higher-field MRI applications, which generally provide
a higher sensitivity and/or reduced acquisition times. However, for a broader MRI utility the
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relaxivity of the Gd-DTPA/CaP NPs should be also evaluated at different magnetic field
strengths and under diverse experimental conditions (e.g. in plasma).
After foot paw injection in mice, the Gd-DTPA/CaP NPs exhibited a clear kinetic of
lymphatic uptake, with a slow deposition in specific areas of the LN (Figs 2.12a and 5.1).
Lymphotropic stimulation of anaesthetized mice at the injection site was shown to accelerate
the particle lymphatic uptake (Figs 2.17a and 5.1). The gadobutrol control was generally taken
up by the lymphatics faster, regardless of the applied stimulation (Figs 2.12b and 2.17b).
However, the gadobutrol MRI signal displayed more variable kinetics and patterns of
deposition in the popliteal LN. These results are in accordance with previous studies reporting
that after foot paw administration and without external stimulation, NPs in the size range of
10-120 nm preferentially enter the lymphatics, and the kinetics of lymphatic uptake and
deposition in the popliteal LN are sensitively influenced by the particle size [238, 239].
Conversely, small molecule contrast agents generally diffuse more rapidly in the blood
circulation or in the lymphatics. Thus, this in vivo evaluation of Gd-DTPA/CaP demonstrated
that Gd-DTPA encapsulation in CaP NPs can potentially be exploited to monitor physiological
and dysfunctional lymphatic conditions with less variability compared to conventional non
encapsulated Gd-DTPA tracers.
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Figure 5.1. Graphical representation of the outcomes of the in vivo evaluation of Gd-DTPA
loaded CaP NPs. After Gd-DTPA/CaP NPs administration in the foot paw, in the absence of
an external stimulation at the injection site a delay in the MRI signal onset in the popliteal LN
was observed, due to slow particle drainage from the foot (a). Conversely, the application of a
lymphotropic stimulation at the injection site, to restore the lymphatic contractility and
propulsion, resulted in a faster lymphatic uptake and LN deposition of the particles (b).
Orange arrows indicate localization of the MRI signal (purple star) in the LN. A characteristic
pattern of particle accumulation in the medial part of the LN was observed.

Despite the enhanced colloidal stability achieved with the HT, the dissolution profile
of the Gd-DTPA/CaP NPs was still suboptimal, with a relatively fast release of Gd-DTPA (Fig.
2.8a). For short-term imaging applications, such as the one investigated in this study, the
system may be sufficiently stable and bear the advantage of a relatively fast elimination from
the body. However, for broader in vivo imaging applications (e.g. necessitating i.v.
administration of the particles) an improvement of the physical stability of the system is
required.
Amorphous CaP nanoprecipitates are characterized by a continuous structural rearrangement process. Over time, Ca2+ uptake by the metastable amorphous particles was
shown to lead to an increase in Ca/P ratio, with densification of the matrix and the formation
of crystalline domains [217]. Eventually, the amorphous phase fully transforms into other CaP
polymorphs, which have different dissolution kinetics, such as octacalcium phosphate and
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HA. This process has been reported to take place for instance with the introduction of an aging
step at 37 °C for up to several weeks [302]. Moreover, other strategies to increase the physical
stability of the system might consider variations of the initial Ca/P ratio or the composition of
the formulation buffers (e.g. with incorporation of Mg2+). Lastly, the association of organic
molecules and polymers (e.g. the PEGylated chelators) with the CaP particles should be
thoroughly investigated, as different protocols of additives introduction in the formulation
were shown to significantly affect the stability and transformation rate of CaP amorphous
nanomaterials [186, 303] .
A second CaP nanocarrier was developed and investigated for potential therapeutic
applications, delivering both pDNA and Ale (Chapter 3). CaP NPs loaded with pDNA were
prepared with the same co-precipitation method used to produce Gd-DTPA/CaP NPs, and
surface-coated with a pH-cleavable PEG-Ale stabilizer. This chelator was synthesized using a
monosubstituted cyclic maleic anhydride linker, which provided colloidal stability at neutral
pH, and was cleaved at mild acidic conditions, releasing Ale (Fig. 3.2).
Similarly to the Gd-DTPA/CaP NPs, the pDNA loaded CaP NPs (appearing from the
TEM micrographs as ~50-nm particles forming clusters with a hydrodynamic diameter of ~
170-180 nm) had a spherical morphology (Fig. 3.4a) with the absence of crystalline domains
(Fig. 3.4b). In this case, the HT was not performed after CaP nanoprecipitation, to avoid any
damage to the nucleic acid. However, due to the high pDNA EE (~98%) and the mild
formulation conditions, purification of the CaP NPs could be avoided. In vitro, the particles
displayed good colloidal stability in the presence of serum and exerted a modest transfection
efficiency (~40%) in murine breast cancer cells after 48 h incubation. However, for shorter
incubation times (5 h) the transfection efficiency was lower (< 10%), reflecting a significant low
particle uptake for short cell exposure to the nanocarrier (~20% uptake after 5 h incubation, vs.
~80%. after 24 h). Although the higher particle uptake for long incubation time was likely a
consequence of NPs sedimentation in vitro, the introduction of a targeting moiety specific for
tumor cells on the particle surface could be one strategy to increase the cellular uptake of the
particles [304]. In murine macrophages, CaP NPs stabilized with the pH-cleavable PEG-Ale
conjugate exhibited a dose-dependent cytotoxic effect. Western blot analyses of Rap1A
accumulation confirmed that the cytotoxicity was induced by Ale, which inhibited the
mevalonate pathway once released inside the cell (Fig. 5.2).
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Figure 5.2. Ale inhibition of the mevalonate pathway. Nitrogen-containing BPs, such as Ale,
inhibit the key enzyme FPPS, responsible for the farnesylation and geranylation of small Gproteins. The inhibition of post-translational modification of signalling proteins that regulate

a variety of essential cellular processes impairs the normal and induce cell apoptosis. Adapted
from [262] with permission.
Despite the low transfection efficiency on macrophages (~10% after 48 h), the CaP
nanosystem showed that a combined effect (gene transfection and macrophages depletion)
could be achieved in the tumor microenvironment (Fig. 5.3). For instance, the CaP NPs could
be used to deliver a therapeutic cytostatic siRNA instead of pDNA, to elicit a tumoricidal
effect. Tumor-associated macrophages are a major component of the immune cell infiltrate in
solid tumors, and have complex functions which eventually promote tumour-cell proliferation
and angiogenesis, and favour tumor cell invasion and metastasis [305]. To further increase the
selectivity of the system for this class of polarized macrophages, the surface of CaP NPs could
be decorated with specific targeting ligands, as for example mannose [306].
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Figure 5.3. Main in vitro findings of pDNA loaded CaP NPs stabilized with a cleavable PEGAle derivative. After particles dissolution in the endosomal milieu, an increase in EGFP
positive cells (%) indicated efficient gene transfection in murine breast cancer cells. In
macrophages, the CaP NPs induced a strong cytotoxic effect, which was correlated to Ale
inhibition of the mevalonate pathway.

Unfortunately, in mice the transfection efficiency of the particles was very low. One
reason for this is related to the general instability of the system, which strongly limits the
possibility to concentrate the particles without irreversible aggregation or dissolution. CaP
NPs could be generated in buffers at lower ionic strength and concentrated via lyophilization,
though only with the addition of a rather high amount of trehalose (lyoprotector). However,
the dose of pDNA that could be delivered with this method was still limited by the increase
in osmolality of the solution after concentration. A higher pDNA dose (> 10-20 µg) would
possibly enable to better appreciate the transfection ability of the system in vivo [295]. To
increase the physicochemical stability of the CaP core, the same strategies discussed for the
nanocarrier developed in Chapter 2 might be applied, taking into consideration the fragility
and the different physicochemical properties of nucleic acid drugs. In addition, the relatively
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large size of the CaP NPs may restrict their application in vivo, e.g. limiting their diffusion in
the extracellular matrix and/or the cellular uptake [307]. Smaller NPs (< 100 nm) could be
obtained for instance using automated syringe pumps or via microfluidic platforms [169, 209,
308]
In conclusion, this Ph.D. thesis presented two CaP-based nanosystems designed to
improve the delivery of therapeutics and diagnostic agents. The system developed in Chapter
2 for MR imaging displayed a relative advantage in vivo compared to small molecule contrast
agents after s.c. injection. Nevertheless, an improvement on the physical stability of the system
is needed to extend its utility to other diagnostic application involving different routes of
administration. CaP NPs loaded with pDNA and stabilized with a pH-cleavable PEG-Ale
derivative (Chapter 3) showed that in vitro a combined action could be achieved, with the
transfection of genetic material into cancer cells and a cytotoxic effect on macrophages.
Generally, the main limitation of the nanosystems was their relatively low physical stability in
physiological conditions. Future works should address methods to improve the mechanical
properties of both CaP nanocarriers (e.g. with a polymorphic transformation into a more stable
crystalline form), allowing for their full in vivo translation.
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Figure A1. 1H NMR spectrum in CDCl3 of the intermediate derivative PEG-SC.

Figure A2. 1H NMR spectrum in D2O of PEG-Ale.
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Figure A3. Mass spectrum of PEG-Ale.
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Figure B1. 1H-NMR spectrum of PEG-OTs.

Figure B2. 1H-NMR spectrum of PEG-N3.

Figure B3. 1H-NMR spectrum of Compound 1.
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Figure B4. 1H-NMR spectrum of Compound 2.

Figure B5. 1H-NMR spectrum of Compound 3.

Figure B6. 1H-NMR spectrum of structural isomers of Compound 4.
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Figure B7. 1H-NMR spectrum of possible structural isomers of PEG-ma-Ale.

Figure B8. 1H-NMR spectrum of Compound 5.

Figure B9. 1H-NMR spectrum of possible isomers of PEG-mma-Ale.
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Figure B10. 1H-NMR spectrum of PEG-a-Ale.

Figure B11. PEG-ma-Ale was stable upon incubation at pH 7.4. 1H-NMR spectrum of PEG-maAle after 10 min incubation at pH 7.4 (i) and after 2 h (ii), 4 h (iii) or 24 h (iv) incubation at the
same pH.
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Figure B12. PEG-ma-Ale slowly hydrolyzed at pH 5.0. 1H-NMR spectrum of PEG-ma-Ale after
10 min incubation at pH 7.4 (i) and after 4 h (ii) and 24 h (iii) incubation at pH 5.0. In acidic
environment, the integral of the methylene protons next to the nitrogen in the intact amide
(i.e. 3.24 ppm) decreases, while the integral of the methylene protons close to the nitrogen in
Ale (i.e. 3.05 ppm) increases, indicating degradation of the amide.
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Figure B13. PEG-ma-Ale hydrolyzed quickly at pH 4.0. 1H-NMR spectrum of PEG-ma-Ale
after 10 min incubation at pH 7.4 (i) and its 1H-NMR spectrum after 1 h incubation at pH 4.0
(ii) and 6 h incubation at pH 4.0 (iii). After 6 h, the NMR spectrum presents a prominent peak
at 3.05 ppm, corresponding to the methylene protons close to the nitrogen in Ale, which is
released from the conjugate.
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Figure B14. PEG-mma-Ale was quickly hydrolyzed at pH 7.4. 1H-NMR spectrum of PEG-maAle after 10 min incubation at pH 10 (i) and after 1 h (ii) and 4 h (iii) incubation at pH 7.4. The
appearance of the peak at 3.05 ppm, which corresponds to the methylene protons close to the
nitrogen in Ale, indicates degradation of the conjugate.
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List of Abbreviations
Ale

Alendronate

API

Active pharmaceutical ingredient

ApppI

Triphosphoric acid 1-adenosin-5’-yl ester 3-(3-methylbut-3enyl) ester

BP

Bisphosphonate

BSA

Bovine serum albumin

CaP

Calcium phosphate

(COCl)2

Oxalyl chloride

DCM

Dichloromethane

DLS

Dynamic light scattering

DMEM

Dulbecco’s modified eagle’s medium

DMF

N,N-dimethylformamide

DMSO

Dimethylsulphoxide

DOX

Doxorubicin

D2O

Deuterium oxide

EDS

Energy-dispersive X-ray spectroscopy

EDTA

Ethylenediaminetetraacetic acid

EE

Encapsulation efficiency

EGFP

Enhanced green fluorescent protein

EMA

European Medicine Agency

EPR effect

Enhanced permeability and retention effect

Et2O

Diethyl ether

Et3N

Triethylamine

FACS

Fluorescence-activated cell sorting

FBS

Fetal bovine serum

FDA

Food and Drug Administration
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List of Abbreviations

FITC

Fluorescein isothiocyanate

FOV

Field of view

FPPS

Farnesyl pyrophosphate synthase

GTP

Guanosine triphosphate

Gd-DTPA

Diethylenetriaminepentaacetic acid gadolinium(III)

HAADF-STEM

high-angle annular dark-field imaging scanning transmission
electron microscopy

HRP

Horseradish peroxidase

HT

Hydrothermal treatment

J774.2

Murine macrophages

HA

Hydroxyapatite

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

ICP-MS

Inductively coupled plasma mass spectrometry

ICP-OES

Inductively coupled plasma atomic emission spectroscopy

IPP

Isopentanylpyrophosphate

i.v.

Intravenous or intravenously

LN

Lymph node

MALDI-TOF-MS

Matrix-assisted laser desorption/ionization mass spectrometry

Methoxy-PEG-NHS

Methoxy-PEG-succinimidyl-carboxymethyl ester

MPS

Mononuclear phagocyte system

MRI

Magnetic resonance imaging

MTS

[3-(4,4-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4sulfophenyl)-2H tetrazolium, inner salt

MWCO

Molecular weight cut-off

OCT

Optimal cutting temperature

NIR

Near-infrared

NP

Nanoparticle

OD

Optical density

PBS

Phosphate buffered saline
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List of Abbreviations

PDI

Polydispersity index

pDNA

Plasmid DNA

PEG

Poly(ethylene glycol)

PEG-Ale

PEG-amide-alendronate

PEG-c-Ale

PEG-carbamate- alendronate

PEG-ma-Ale

PEG-2-(pent-1′-yne) maleic acid alendronate amide

PEG-mma-Ale

PEG-1-methyl-2-(2′-carboxyethyl) maleic acid alendronate
amide

PEG-N3

PEG-azide

PEG-OTs

PEG-O-tosyl

PEI

Poly(ethylenimine)

PTX

Paclitaxel

ROI

Region of interest

RT

Room temperature

SAED

Selected-area electron diffraction

SEM

Scanning electron macroscopy

s.c.

Subcutaneous or subcutaneously

siRNA

Small interfering DNA

SPIONs

Superparamagnetic iron oxide nanoparticles

TBTA

Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine

tBuOH

tert-butanol

TE

Echo Time

TEM

Transmission electron microscopy

TR

Repetition time

USPIONs

Ultrasmall superparamagnetic iron oxide nanoparticles

UV

Ultraviolet

XRD

X-ray diffraction

4T1

Murine breast cancer cells
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