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Abstract

Nanomedicine is a potential strategy to improve the clinical applicability of active molecules
through the formulation of drug delivery systems (DDSs). One of the main hurdles for
developing DDSs lies in their potential toxicity. The aim of the present work was the
development of biocompatible nanoparticles (NPs) for innovative applications of small
therapeutic molecules. Lipid and polymer-based nanocarriers were designed to improve the
therapeutical applicability of pentamidine (PTM) as repurposed anticancer drug, avoiding drug
derivatization and exploiting the classical nanoprecipitation technique. However,
manufacturing limitations opened the way to the development of innovative production
processes. To address challenges in NP formulation, the microfluidic technology has been
proposed for its advantages. Thus, a manufacturing translation study of poly(lactic-co-glycolic
acid) (PLGA)-based NPs from conventional nanoprecipitation to the microfluidic process was
setup, choosing a model drug, namely 991. Moreover, biological evaluation of 991-loaded NPs,
as a potent activator of AMP-kinase protein involved in reducing inflammation and fibrosis in
Duchenne muscular dystrophy, was assessed. Biological findings demonstrated a reduction in
a pro-inflammatory cytokine in presence of drug in fibrotic macrophages cells. In vivo
administration of loaded NPs resulted in a 10% of fibrosis reduction in muscular cells,
suggesting an improvement of muscular homeostasis.

In the last part of the project, stearoyl-L-carnitine (SC) was used to actively target polymer NPs
toward muscular specific receptors, namely OCTN2. In vitro tests on C2C12 cell line
demonstrated a higher expression of OCTN2 receptor on myotubes than myoblasts, occurring
in increased NPs internalization. In the frame of drug repurposing, PTM has been efficiently
encapsulated into SC-associated NPs to enhance drug delivery toward muscular cells.

Overall, this thesis provided an extensive investigation of lipid and polymer-based DDSs to
improve the therapeutic applicability of two small molecules and underlined the importance of

the manufacturing technique for NP features.



Sommaire

La nanomédecine est une stratégie efficace pour améliorer le potentiel clinique de molécules
actives par la formulation de systémes d'administration de médicaments (DDSs). L'un des
principaux obstacles au développement de ces systemes réside dans leur toxicité éventuelle.
L'objectif de ce travail était de développer des nanoparticules (NPs) biocompatibles pour des
applications innovantes de petites molécules thérapeutiques. Des NPs a base de lipides et de
polymeres ont été congus pour améliorer le potentiel thérapeutique de la pentamidine (PTM)
en tant que médicament anticancéreux, en exploitant la technique classique de
nanoprécipitation. Cependant, les difficultés de fabrication ont ouvert la voie au développement
d’un processus de production innovant. Pour relever les défis de la formulation des NPs, la
technologie microfluidique a été€ proposée pour ses avantages. Ainsi, une étude de transposition
de la nanoprécipitation classique au processus microfluidique pour la fabrication de NPs a base
d’acide poly(lactique-co-glycolique) (PLGA) a été mise en place, en choisissant un médicament
modele, a savoir le 991. En outre, I'évaluation biologique des NPs chargées de 991, en tant
qu'activateur puissant de la protéine AMP-kinase impliquée dans la réduction de 1'inflammation
et de la fibrose dans la dystrophie musculaire de Duchenne, a été évaluée. Les résultats
biologiques ont démontré une réduction d'une cytokine pro-inflammatoire, en présence du
médicament dans les cellules macrophages fibrotiques. L'administration in vivo de NPs
chargées a entrainé une réduction de 10% de la fibrose dans les cellules musculaires, ce qui
suggere une amélioration de I'homéostasie musculaire.

Dans la dernicre partie du projet, la stéaroyl-L-carnitine (SC) a été utilisée pour marquer les
NPs polymériques et cibler activement des récepteurs musculaires spécifiques, a savoir
OCTN2. Des tests in vitro sur la lignée cellulaire C2C12 ont démontré une plus grande
expression du récepteur OCTN2 sur les myotubes que sur les myoblastes, ce qui a entrainé une
plus grande internalisation des NPs. Dans le cadre du repositionnement de médicaments, le
PTM a été efficacement encapsulé¢ dans des NPs marquées avec de la SC pour améliorer
I'administration de médicaments aux cellules musculaires.

Dans 1'ensemble, cette thése a permis d’étudier de maniére approfondie les DDS a base de
lipides et de polymeres pour améliorer I’efficacité thérapeutique de deux petites molécules et a

¢galement souligné I'importance de la technique de fabrication sur les caractéristiques des NPs.



Riassunto

La nanomedicina ¢ considerata una strategia per migliorare I'applicabilita clinica di molecole
farmacologicamente attive attraverso la formulazione di sistemi di rilascio dei farmaci (DDSs).
Uno dei principali ostacoli allo sviluppo dei DDSs risiede nella loro potenziale tossicita. Lo
scopo del presente lavoro ¢ stato lo sviluppo di nanoparticelle (NPs) biocompatibili per
applicazioni innovative di diversi principi attivi. Nanoparticelle a base lipidica e polimerica
sono state progettate per migliorare l'applicabilita della pentamidina (PTM) nella terapia
antitumorale, evitando la derivatizzazione del farmaco e sfruttando la tecnica classica della
nanoprecipitazione. Tuttavia, alcuni limiti formulativi delle NPs hanno reso necessario lo
sviluppo di processi produttivi innovativi. A questo scopo la tecnologia della microfluidica ¢
stata proposta per i1 suoi vantaggi: ¢ stato quindi proposto uno studio di traslazione della
produzione di NPs a base di acido poli(lattico-co-glicolico) (PLGA) dalla nanoprecipitazione
convenzionale al processo microfluidico, incorporando un farmaco modello chiamato 991,
potente attivatore della proteina AMP-chinasi coinvolta nella riduzione dell'inflammazione e
della fibrosi nella distrofia muscolare di Duchenne. Successivamente, € stata effettuata una
valutazione biologica delle NPs caricate con 991. I risultati hanno dimostrato una diminuzione
di una specifica citochina pro-infiammatoria, in presenza di farmaco nelle cellule macrofagiche
fibrotiche. La somministrazione in vivo di 991 incorporato nelle NPs ha determinato una
riduzione del 10% della fibrosi nelle cellule muscolari, suggerendo un miglioramento
dell'omeostasi muscolare.

Nell'ultima parte del progetto la stearoil-L-carnitina (SC) ¢ stata utilizzata per indirizzare
attivamente le NPs polimeriche verso recettori muscolari specifici, in particolare OCTN2. I test
in vitro sulla linea cellulare C2C12 hanno dimostrato una maggiore espressione del recettore
OCTN2 nei miotubi rispetto ai mioblasti, con conseguente aumento dell'internalizzazione delle
NPs. Sulla base di dati in letteratura riguardanti un possibile repurposing della PTM, questa
molecola ¢ stata incapsulata in modo efficiente in NPs associate a SC per migliorare la
veicolazione di farmaci verso le cellule muscolari.

Complessivamente, questo lavoro ha fornito un'analisi approfondita sui DDSs a base di lipidi e
polimeri per migliorare 'applicabilita terapeutica di due diversi principi attivi, sottolineando

l'importanza del processo produttivo per le caratteristiche delle NPs.
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Nanoprecipitation and (B) microfluidic technique. (C-D) Stability ratio versus NaCl and CCC
calculation. (C) Nanoprecipitation and (D) microfluidic technique.

Fig. 3 Turbidity variation in function of salt addition in presence of Pluronic F68. Neither
nanoparticles prepared by nanoprecipitation technique (A), nor nanoparticles prepared by

microfluidic process (B) showed aggregation after salt addition.

Chapter 1V

Fig. 1 Schematic representation of the microfluidic micromixer.

Fig. 2 Release profile of drug-loaded PLGA NPs in PBS medium at 37 °C.

Fig. 3 TEM images of (A-B) PLGA NPs and (C-D) loaded NPs prepared by microfluidic
technique.

Fig. 4 Contour plots of the response surface for EE and DL at FRR 1:5 (a), 1:3.5 (b) and 1:2
(©).

Fig. 5 Characterization of drug-loaded NPs after freeze-drying. (A) Stability study (size, and
PDI) upon resuspension of loaded freeze-dried nanoparticles. (B) TEM images of freeze-dried

loaded-PLGA NPs after resuspension.

Chapter V

Fig. 1 (A) Scheme of the experimental design. (B) Intracellular uptake of PLGA nanoparticles
in fibrotic BMDMs. Confocal fluorescence microscopy of BMDMs (I-VI) that have been
incubated with nanoparticles for 2 h (I, II), 4 h (IIL, IV) and 24 h (V, VI). PLGA nanoparticles
were loaded with DiD (red fluorescence) and cell membranes are counterstained with Cy3
fluorophore (green fluorescence). Hoechst 33258 (blue fluorescence) staining depicts nuclei.
(C, D) BMDMs were treated with free and loaded 991 (NPs 991-PLGA) for 6 h, and the
phosphorylation of ACC (p-ACC) was quantified by immunoblotting (C-D). (C) Representative
immunoblots showing p-ACC, total ACC, and B-actin as a loading control (NT, non-treated).
(D) Quantification of the ratio of phosphorylated and total ACC protein. (E) TGFf: production
of BMDMs incubated overnight with free drug, PLGA nanoparticles, and drug-loaded PLGA
nanoparticles at a concentration of 10 uM. (F) Annexin V/DAPI staining of fibrotic BMDMs.
The cells were incubated for 24 h with free 991 and 991-loaded nanoparticles at a concentration
of 20 uM. Data are presented as means + SEM. **p<0.01, *** p<0.0005.

Fig. 2 (A) Scheme of the experimental design. (B) Organ ex vivo biodistribution of DiD-loaded

PLGA nanoparticles, at selected time points. (C) Quantification of mean fluorescence intensity
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in fluorescent organs. (D) Quantification of mean fluorescence intensity in diaphragm. (E)
Quantification of cells which internalized fluorescent-PLGA nanoparticles by FACS analysis
in diaphragm cells. (F) Quantification of cells which internalized fluorescent-PLGA
nanoparticles by FACS analysis in gastrocnemius cells. Data is shown as mean + SEM (n =3).
Fig. 3 991-PLGA nanoparticles treatment ameliorates dystrophic muscle phenotype. (A-F)
D2.mdx mice were treated every other day for three weeks, and diaphragm and gastrocnemius
were harvested. (A) Scheme of the experimental design. (B-C) FACS analysis of the surface
marker CD45+ and CD64+ in gastrocnemius for sample treated with PLGA nanoparticles (B,
left) and 991-PLGA nanoparticles (B, right). (C) Percentage of positive macrophages in
gastrocnemius. (D-E) Muscle sections were immunostained for Colll. (D) Representative
images of Colll immunostained in the diaphragm. (E) Percentage of Colll area in the
diaphragm. (F-G) Muscle mass normalized to mouse body weight for diaphragm (F) and (G)

gastrocnemius.

Chapter VI

Fig. 1 Cellular uptake of SC-PLGA nanoparticles: functionalized nanoparticles bind to OCTN2
receptor on cell membrane, forming a complex that is then internalized into the cell.

Fig. 2 PTM-B release from 5% SC-nanoparticles as a function of time after incubation in PBS
pH 7.4 at 37 °C.

Fig. 3 C2C12 cell viability evaluated by MTT test after 2 h (A), 24 h (B), 24 h + 24 h recovery
(C) treatment in presence of 5% SC-nanoparticles. Data are given as mean SEM, representative
of three independent experiments. * p< 0.03 vs control (CTR) sample.

Fig. 4 TEM analysis of 5% SC-nanoparticles uptake and intracellular fate. TEM images of a
C2C12 myoblast incubated for 2 h with 5% SC-nanoparticles (A-B). Two nanoparticles
(arrows) are entering the cell by endocytosis (A). A nanoparticle (arrow) is escaping an
endosome (B). TEM images of a C2C12 myoblast incubated for 24 h with 5% SC-nanoparticles
(C-E). Two nanoparticles (arrows) occur free in the cytosol (C). Three nanoparticles (arrows)
occur inside secondary lysosomes (D-E).

Fig. 5 Fluorescence microscopy micrographs of a myoblast (A) and a myotube (B)
immunolabelled for OCTN2 (green); counterstaining with phalloidin (red). Note the high
number of receptors in the myotube

Fig. 6 (A) Confocal fluorescence microscopy analysis of myotubes that have been incubated
with (A-a) untargeted nanoparticles and (A-b) 5% SC-conjugated PLGA nanoparticles.

Nanoparticles are loaded with Nile Red (red fluorescence) and cells are counterstained with
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phalloidin conjugated with Alexa488 (green fluorescence). Hoechst 33342 (blue fluorescence)
staining depicts cell nuclei. (B) Morphometric analysis of C2C12 myoblasts for nanoparticles

(NPs).
Discussion

Fig. 1 Schematic representation of self-assembled NPs by electrostatic interactions.

Fig. 2 Comparative analysis of nanoprecipitation and microfluidic technique.
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Thesis overview

Nanomedicine is a potential strategy to improve the clinical applicability of several active
molecules through the formulation of nanosystems, namely drug delivery systems (DDSs).
Over the last decades, DDSs have been extensively studied for designing more effective and
safer treatments with significant applications against many pathologies, such as cancer, brain
disorders, and immune diseases. One of the main hurdles for developing DDSs lies in their
potential toxicity. On these bases, the aim of the present work was the development of
biocompatible nanoparticles (NPs) for innovative applications of small therapeutic molecules.
In particular, lipid and polymer-based nanocarriers were designed to improve the therapeutical
applicability of pentamidine (PTM). PTM is an old antiprotozoal drug, whose repositioning for
its anticancer activity and application in muscular dystrophy treatment has been recently
proposed. Therefore, in the first part of this thesis, a squalene derivative (SQ-COOH) and
poly(lactic-co-glycolic) acid (PLGA) were selected as biocompatible materials to efficiently
encapsulate PTM free base (PTM-B), thus avoiding drug derivatisation. Electrostatic
interactions between the positively charged amidine groups of PTM-B (pKa=12) and negatively
charged lipid or polymer vehicle (pKa=4.5) occurred to stabilize the loaded nanosystems. For
SQ-COOH-based NPs, the maximization of drug loading (DL) was achieved working at SQ-
COOH/PTM-B molar ratio 3:1 and 0.2 volume ratio (Vethanol/ Vwater) during the preparation
procedure. The formulation of PTM-B into polymer NPs led to system stabilization by
electrostatic interactions between the drug and acid-terminated PLGA. Both nanosystems were
designed to test the anticancer activity of PTM-B in vitro, confirming the internalization of NPs
in cancer cell lines and the pH-depend drug release profile. Lipid and polymer-based
nanocarriers were formulated by exploiting the classical nanoprecipitation technique. However,
manufacturing limitations, such as batch-to-batch variability, control of NP physicochemical
characteristics and the need to scale up the process, opened the research to the development of
innovative production processes. To address these current challenges in NP formulation,
microfluidic technology has been proposed for its advantages. Thus, in the second part of this
thesis, a manufacturing translation study of PLGA NPs from conventional nanoprecipitation to
the microfluidic process was set up, choosing a small benzimidazole molecule as the model
drug, namely 991. By setting microfluidic parameters (e.g., total flow rate - TFR - and flow rate
ratio - FRR) we obtained sub-100 nm NPs with high DL. NP translation was optimized with
the aid of a design of experiments (DoE), which checked the influence of FRR, polymer and
drug concentration in the organic phase on encapsulation efficiency and DL. Our findings
demonstrated how FRR (1:5) plays a key role in improving the nanosystem drug content.
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The third part of this project was focused on the biological evaluation of the 991-loaded NPs,
as a potent activator of AMP-kinase (AMPK) protein involved in reducing inflammation and
fibrosis in Duchenne muscular dystrophy (DMD). Biological findings demonstrated a reduction
in transforming growth factor-f (TGF1) expression, a pro-inflammatory cytokine, in presence
of free or loaded drug in fibrotic bone marrow-derived macrophages (BMDMs) cells. In vivo
administration of loaded PLGA NPs resulted in a 10% of fibrosis reduction in muscular cells
of the diaphragm and gastrocnemius, the most representative muscles in DMD mouse model.
The preliminary in vivo results suggested an improvement of muscular homeostasis by 991-
loaded nanocarrier administration.

The last part of the research project gave preliminary results to develop an active targeting
strategy to increase muscular tropism. Stearoyl-L-carnitine (SC) was used to precisely target
PLGA NPs toward muscular specific receptors, namely Na'- organic/cation transporter 2
(OCTN2). Two different concentrations of SC (5% and 10% w/w) were assessed to find the
balanced ligand density. In vitro tests on C2C12 cell line demonstrated a higher expression of
OCTN2 receptor on myotubes than myoblasts, occurring in increased NPs internalization. In
the frame of drug repurposing, PTM-B has been efficiently encapsulated into SC-associated
PLGA NPs to enhance drug delivery toward muscular cells.

Overall, this thesis provided an extensive investigation of lipid and polymer-based DDSs to
improve the therapeutic applicability of two small molecules. The critical analysis of the
manufacturing process underlined the importance of the technique and formulative parameters
which might influence NP features. Moreover, these small molecules have been assessed for
alternative applications, highlighting drug repositioning in cancer therapy and treatment of

muscular diseases.
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General Introduction

General introduction

Controlled drug delivery technology has progressed over the last years as reflected by the
exponential growing of publications and preclinical/clinical studies showing the importance of
micro- and nano-carriers. Innovation has been developed by the formulation of systems that are
able to deliver molecules of different nature (e.g. essential oil, drugs, antimicrobial molecules,
etc.) and even target specific tissue [ 1-3]. These innovative systems may have a different nature
including polymer, lipidic and inorganic structures and they are referred as drug delivery
systems (DDSs) [4-6]. The application of DDSs to human health identifies a large and
interesting field of study called nanomedicine. Nanomedicine gives the tools to overcome many
drawbacks related to the therapeutic and pharmacological issues of many drug molecules. Mean
advantages arise from the properties of technological carriers and the ability to encapsulate
molecules, modulating their physicochemical characteristics [7]. In this frame, the use of
nanoparticles (NPs), particularly lipidic and polymer NPs, proved to be a promising strategy to
improve drugs administration and delivery in therapeutic approaches. By leveraging the
mechanism of passive (endocytosis, extravasation into inflamed tissue, enhanced permeation
and retention effect - EPR) or active targeting by the modification of the surface of DDSs
(selective ligands, peptides, antibodies), a variety of nanocarriers have been developed. Among
polymer DDSs, poly(lactic-co-glycolic acid) (PLGA) NPs are attractive candidates because of
their biocompatibility and biodegradability, and their ability to encapsulate hydrophobic as well
as hydrophilic molecules [8]. PLGA is considered one of the most successfully biodegradable
polymers, approved by Food and Drug Administration (FDA) and European Medicine Agency
(EMA) for human parental administration [9]. PLGA is able to spontaneously form NPs upon
dispersion in an aqueous phase, resulting in a stable colloidal dispersion. The formulation of
polymer NPs involves a large range of methods; among them, solvent displacement or
nanoprecipitation is the simplest and most commonly used laboratory procedure [10,11].
Despite several technological advances, some biological challenges, improvable drug loading,
modulation of drug release, active targeting toward a precise site of action, and off-target
effects, are still preventing these delivery strategies from complete application in clinics [12].
In this context, the application of nanomedicine is a key point in research activity due to the

enormous advantages that a nanotechnological approach can provide.
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Introduction

I.1 Current state-of-art of nanotechnology applications

Nanotechnology and nanoscience play a key role in the field of medicine, mainly due to the
limitations affecting the conventional medical agents, older formulations and delivery systems.
Nanomedicine is highly active field, which involves several production devices and systems
with innovative properties and functions. The design of nanomaterials in nanometer size range
for medical applications is aimed at the identification of a sort of shuttle that transports active
substances (e.g., genetic materials, probes, small molecules) specifically to the intended target,
reducing off-target effects and enhancing pharmacological activity, overcoming biological
barriers. Over the years, pieces of evidence have confirmed the ability of several nanomedicines
(both non-targeted and targeted) to improve active payload concentrations at the target site (e.g.
tumor environment) [1,2], as well as to reduce toxicity [3] and enhance therapeutic efficacy
compared with free drugs in preclinical studies [4]. Moreover, clinical studies in humans
underlined the importance of nanotechnology in biomedicine for the diagnosis and therapy of
many human diseases [5—7]. There are currently over 50 nanomedicine and nanotechnology-
based medical products approved for a variety of clinical indications (Tab. 1) [8]. When
administered, the fate of DDSs in the human body can be modulated by changing their surface
chemistry or their physicochemical features to improve the accumulation into the target tissues
or avoid rapid clearance (Fig. 1). The possibility to personalize treatments and address the
therapies needed to increase the promising shift within the nanomedicine field involving
cardiovascular [9], autoimmune [10] and genetic and rare disorders [11].

Notably, in cancer therapy, the application of DDSs led to the commercialization of
doxorubicin-loaded PEGylated liposomes in the treatment of solid tumors (Doxil®) [12].
Thanks to the EPR effect, liposomes easily accumulate into tumors, delivering doxorubicin and
avoiding adverse effects and high doses. The development steps of the Doxil® formulation
evidenced the importance of the cross-talk between physicochemical, nanotechnological and
biological principles to reach a final commercialized product. Furthermore, the importance of
nanotechnology to improve pharmacological efficacy compared to the free drug was achieved
by Abraxane® (albumin-bound paclitaxel NPs). It showed its superior efficacy to conventional
paclitaxel for the treatment of solid cancers [13]. The 2018 FDA and EMA approval of the first
RNA interference NPs treatment (Onpattro®) defined a shift in the market of nucleic acid
therapies [14]. Messenger RNA vaccines development for the Sars-CoV-2 has gained
emergency use authorization by international agencies. Indeed, BioNTech/Pfizer and Moderna
vaccines are based on lipidic DDSs able to deliver genetic material and stimulate immune

response towards virus infection [15,16]. The development of lipid nanoparticles (LNPs) has
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become the gold standard in the non-viral delivery of genetic material. The study of LNPs
morphology and lipid composition has crucial application in the prevention and treatment of
infectious diseases via LPN-mRNA vaccines [17,18], opening the possibilities for new
approaches to diseases prevention.

However, challenges are involved in the clinical development of nanomedicines, making
difficult their clinical applicability. The translation of nano-strategies from the research level
into the market product faces several challenges, which include characterization of
physicochemical properties, process and quality control, biocompatibility and nanotoxicity,
scalability-related issues and improvement of production scale as well as reproducibility [19].
Although the constant research and application of nanotechnology in the treatment of human
diseases increased the interest in overcoming the drawbacks related to nanotechnology
application, the continuous advances in preclinical studies do not correspond to the
implementation of universally standardized practice and regulatory guidelines to easily promote
clinical translation [20,21].

Although some aspects of the critical points of nanomaterials need to be put into perspective, it
is undoubted that the overall poor transferability of nanoparticulate concepts into clinical
applications calls for fundamental improvement [22]. While numerous nanoparticulate systems
have already reached marketability, it is also clear that the current nanomedicine research,

therefore, needs to rethink implementations of nanocarriers development [23].
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1.2 Polymer-based drug delivery systems

Many different DDSs have been developed for a large number of applications in human
diseases. Among the most used nanosystems, polymer-based DDSs have dominated the
nanomedicine field, due to their ability to modulate their properties by combining different
materials in a wide variety of macromolecular architectures. They are usually referred to as NPs
and considered solid and spherical structures, produced adopting natural or synthetic polymers
that can be either lipophilic or hydrophilic [24-26]. Polymer NPs offer drug protection from
degradation, increased water solubility for hydrophobic molecules and allow a targeted
administration to specific organs or cells. They are easily internalized by cells, partly through
fluid-phase pinocytosis and also through clathrin-mediated endocytosis [27]. Their surface is
generally considered thicker, stronger, and more stable than other DDSs (e.g. liposomes), thus
opening additional interest for clinical applications. The wide range of polymers used for their
preparation identifies polymer NPs as excellent candidates for molecules of different natures.
Moreover, polymer-based DDSs can be administered by different administration routes, being

suitable for intravenous injection (i.v.) due to their size of around 100-200 nm.

I.2.1 Classification of polymer-based drug delivery systems

Recent advances in nanotechnology provided a wide range of polymers able to be formulated
into nanoparticulate carriers for various active molecules. The most adopted polymer-based
nanocarriers for drug delivery comprise polymer micelles, polymersomes, dendrimers and

polymer NPs (Fig. 2).
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Fig. 2. Polymer DDSs

Polymersomes are spherical nanostructures made up of amphiphilic block copolymers, in which
a hydrophobic bilayer encloses an aqueous core. Thanks to their nature, polymersomes are
considered the only type of polymer DDSs that can physically encapsulate in the same NPs
hydrophilic drugs in their aqueous core and/or hydrophobic agents within their lamellar

membranes [28]. This characteristic represents the most important advantage of using
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polymersomes. Despite this, the scalability of the production processes is still challenging, as
well as storage and sterilization methods limit their application [29].

Dendrimers are polymer-based macromolecules with highly branched three-dimensional
architecture whose monomers can impact both the surface and internal properties. The
dendrimer architecture is characterized by void space for molecular encapsulation, branching
points and surfaces groups [30]. Poly(amidoamine) (PAMAM) dendrimers were the first
reported dendrimers and are commercially available with different surface groups [31], a
strategy to encapsulate molecules with different chemical natures. Despite their versatility and
flexibility as DDSs, dendrimer-based therapies are not available on the market.

Polymer micelles are considered a relevant part of polymer-based DDSs. They are obtained
from surfactant or block copolymers that can self-assemble in water above their critical micellar
concentration (CMC). Their hydrophilic part is exposed on the surface and in contact with
aqueous phase. The formation of polymer micelles is thermodynamically driven and their
disruption occurs once below their CMC [32].

Unlike micelles, polymer NPs require physical or chemical processes for their formulation,
using natural or synthetic polymers as main components [33,34]. NPs can be easily coated on
their surface to efficiently control their superficial and physicochemical features. Moreover,
active targeting agents can be associated onto their surface to improve cellular uptake in target
tissues. For example, surface functionalization by hyaluronic acid can enhance cellular uptake
in CD-44 overexpressed tissues [35]. Among the polymers used for NPs formulation,
biodegradable and biocompatible molecules are preferentially selected to limit the nanocarrier
toxicity. Different chemical structures of polymers are used to guarantee the encapsulation of
hydrophobic as well as hydrophilic drug molecules, making them the best candidates for drug
delivery. The possibility of tuning their characteristics leads to increased colloidal stability and

improved administration and storage [36].

1.2.2 Polymer nanosystems in the clinic
Despite the plethora of different polymer nanosystems reported in the literature, only a few

formulations reached the clinical phase and/or have been marketed (Tab. 2).

27



Introduction

Table 2 Polymer NP-based formulations currently on clinical trials

Product name Particle Drug Indication Clinical Trials

PMSA targeted PEG-PLGA Prostate, metastatic,

BIND-014 Docetaxel 4 trials completed

or PLA-PEG particle cervical or lung cancers
Genexol-PM® PEG-poly(D,L-lactide) Paclitaxel Head and neck or breast I trial completed
cancer 2 new trials
NC-600 4 Polyamino acid, PEG o Solid tumor, lung, ‘
. . . Cisplatin biliary, pancreatic 3 new trials
Nanoplatin micellar nanoparticle
cancers
CriPec® mPEG-methacwlates Docetaxel Solid tumors, ovarian 1 trial completed
micelles cancer 2 new trials
Cveclodextrin-polvethylene Ovarian, renal cell, small
CRLX101 Y potyethy Camptothecin cell lung or rectal 9 new trials

glycol co-polymer cancers

Translation of polymer NPs into clinics is limited due to their recent discovery and
development, compared to liposomal formulations [37]. More frequently, commercialized
polymer nanomedicines refer to free drugs attached to a hydrophilic polymer to improve drug
circulation or modify its chemical properties [38]. The most well-established polymer is
poly(ethylene glycol) (PEG), which increases the molecule half-life (e.g. for antibodies, growth
factors, etc.) in plasma thanks to its stealth effect [39]. Recently, the formulations of polymer
NPs for clinical application are moving toward the study of hydrophobic or hydrophilic
materials that facilitate the controlled release of the active molecule. This aim is achieved by
using slowly degradable compounds that lead to a kinetically driven release of the drug. Among
the different polymers, PLGA had significant success for drug encapsulation for its

biocompatibility and biodegradability [40].

1.2.3 Poly(lactic-co-glycolic) acid (PLGA)

PLGA is one of the most successfully used biodegradable polymers to develop a nanomedicine
approach. PLGA hydrolysis leads to the production of biodegradable metabolites, lactic (LA)
and glycolic acid (GA), easily metabolized into cells via the Krebs cycle, making PLGA a
biocompatible polymer (Fig. 3).
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Fig. 3. Schematic representation of PLGA NPs internalization in cells. Hydrolysis of PLGA leads to the formation
of LA and GA, monomers constituting PLGA polymer

PLGA is approved by FDA and EMA for its low toxicity in medical applications and is suitable
for human parental administration [41]. Chemically, PLGA, an aliphatic polyester co-polymer,
is randomly constituted of LA and GA. The hydrolysis rate of PLGA can be modulated by
changing the monomer ratio and/or molecular weight [42].

PLGA is able to spontaneously form NPs upon dispersion in an aqueous phase, achieving a
colloidal dispersion [43]. The simple production methods of polymer NPs made PLGA a
promising carrier for the nanotechnological approach. Hundreds of published articles and
patents reported different applications of PLGA DDSs, such as NPs, microparticles, implants,
nanogels [44-46]. Moreover, PLGA DDSs can load cargos of different chemical nature,
ranging from small molecules to large proteins, hydrophilic to lipophilic drugs, as well as
amphiphilic molecules [47-49]. Among the advantages of polymer nanosystems, PLGA-based
carriers can protect the drug from degradation, sustain and control drug release, and modify
cargo pharmacokinetics. A recent application of PLGA attracted the attention of the research
community, concerning the role of LA in its pharmacological contribution. Lactate plays a key
role as fuel for cells and as a chemical messenger [50]. For example, the effect of exogenous
lactate was tested for wound healing. Studies reported the effect of lactate derived from PLGA
NPs, which enhanced re-epithelialization, collagen deposition and angiogenesis [51]. Ongoing
studies are devoted to evaluating the importance of lactate, released from PLGA NPs, in
biological processes. New clinical potential applications and mechanisms related to PLGA

polymer may be deeper investigated to understand the role of PLGA NPs, not only as DDSs.
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1.3 Lipid-based drug delivery systems

Lipid-based DDS is a wide-ranging designation for formulations containing a dissolved or
suspended drug in lipid excipients. Lipid NPs are considered one of the most appealing delivery
tools for genetic material and drug delivery. This class includes various subset structures,
sharing a typical spherical organization of one lipidic bilayer surrounding at least one internal
aqueous compartment. As polymer NPs, lipid nanocarriers have many advantages, such as
formulation simplicity, biocompatibility, self-assembly properties and the ability of high drug
encapsulation [52,53]. For these reasons, lipid-based NPs are the most common class of FDA-
approved nanomedicines together with more and more undergoing clinical trials [54]. Their
composition includes phospholipids of several natures, which influence physicochemical
properties and surface charge. After being administered, they are rapidly taken up by the
reticuloendothelial system. For this reason, lipid-based DDSs include surface modification to

increase their blood half-life and prolong circulation [55].

1.3.1 Classification of lipid-based drug delivery systems

Lipid-based nanosystems can be classified on the basis of their internal structure (Fig. 4).
Among lipid DDSs, liposomes are the best known ones. Since their discovery, liposome-based
DDSs have been exploited as biocompatible and simply modifiable nanosystems. Liposomes
are composed of phospholipids, which can form unilamellar or multilamellar vesicular
structures. Drug encapsulation strategy exploits their double chemical nature, allowing the
aqueous core to contain the hydrophilic drugs and the phospholipid bilayer to localize lipophilic
drugs [56]. Furthermore, the surface-modification process increases their blood circulation and
tunes drug delivery [57].

Another remarkable subset of lipid-based DDSs is commonly referred to as lipid nanoparticles
(LNPs). They are characterized by a liposome-like structure and are currently mostly used for
genetic material delivery [58,59]. Ionizable phospholipids constitute the base structure of LNPs
allowing the complexation with nucleic acid and exploiting their pH sensitivity to promote
endosomal escape [60]. Another class owing to lipid nanocarriers is nanoemulsions.
Nanoemulsions are thermodynamically unstable colloidal dispersions consisting of two
immiscible liquids, with one of the liquids dispersed as small spherical droplets in another liquid
(oil-in-water, O/W, or water-in-oil, W/O). Lipids/oils used in nanoemulsions are chosen by
considering the solubility of the drug to encapsulate [61]. The term lipid-based nanocarrier also
includes the solid lipid nanoparticles (SLNs) and lipid nanocapsules (LNCs). SLNs represent a

colloidal dispersion of non-polar lipids such as triglycerides, fatty acids or phospholipids, which
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are solid at room temperature as well as body temperature. An advantage of SLNs is the non-
toxic nature of nanocarrier itself, as they made up of safe excipients. There are different
preparation methods which generally include the formation of an emulsion, followed by size-
reduction using methods such as homogenization and ultracentrifugation [62].

LNCs are vesicular nanocarriers constituted by an oily phase and an aqueous phase, stabilized
by surfactants and a polymer shell. The polymer shell has a relevant impact on nanocarrier
properties (e.g. surface charge, hydrophilicity). The preparation methods are based on two main
steps: the formulation of a nanoemulsion and then, the formation of the polymer shell through
different methods, which include interface polymerization or interfacial deposition. LNCs are
very tempting due to their easiness of formulation, small size and high encapsulation efficiency

of hydrophobic or amphiphilic drugs [63].
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Fig. 4. Lipid DDSs

1.3.2 Lipid nanosystems in the clinic

The versatility of lipid-based nanosystems in terms of their composition, particle size and
surface charge allows the marketing of several nanomedicines. Doxil® was the first liposome-
based therapeutic approach FDA-approved for cancer treatment (Tab. 1) [12] and over the years
even more nano-therapeutics were clinically approved and marketed. Although the cancer
nanomedicine field has exponentially grown in recent years and the vast majority of
nanomedicines currently in preclinical and clinical trials target malignant tumors [64], the
application of nanomedicine to noncancer conditions increased [65,66]. Indeed, a breakthrough
in the development of pharmacologically acceptable lipid formulations was the advent of

ionizable cationic lipids, guaranteeing the fusion process with endosomal membranes to nucleic
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acid delivery. One prominent example is the recent approval of Onpattro®, the first gene-
silencing product using cationic lipids as carriers for siRNA in the treatment of hereditary
transthyretin amyloidosis [67]. Similar compositions are still used for many mRNA-based
vaccines, which can be used to enhance immune stimulation in the case of infectious diseases.
mRNA-based COVID-19 vaccines (Comirnaty® and Spikevax®) are based on lipid NPs which
underlined the flexibility and swiftness of the production of mRNA vaccines [68,69]. The
efficacy of the nucleic acid delivery along with their simple synthesis, small size and serum

stability have made lipid NPs a suitable platform for the delivery of genetic material [70].

1.3.3 Squalene

Loading drugs into nanocarriers could require different approaches. Couvreur et al. have
pioneered the exploitation of squalene, a metabolic precursor of cholesterol, as DDS [71].
Squalene has been chemically conjugated to compounds from several therapeutic classes to
improve their biological applications [72-75]. The bioconjugation of squalene
(squalenoylation) with drug molecules induces an auto-assembly in aqueous media to form NPs
without adding surfactant or other co-formulants. Furthermore, squalene derivatives changed
the delivery of therapeutic molecules safely and more efficiently. Thus, squalene and its
modified subsets can be considered as bricks for the preparation of different lipid NPs.
Moreover, it is a biomimetic carrier that interacts with low-density lipoproteins (LDL) [71],
counting as an efficient indirect targeting agent towards cells that overexpress LDL receptor
[76,77]. Finally, squalene and its conjugates are well tolerated after intravenous or oral
administration [78]. A different strategy to exploit squalene derivatives to form lipid NPs will

be a part of the subject of this thesis.

1.4 Formulation methods

Depending on the type of drug to be loaded and the chrematistics required for a selected
administration route, diverse manufacturing processes can be selected for NPs production [79].
In particular, the classical methods for polymer NPs preparation include solvent evaporation
emulsification, solvent diffusion, salting-out [80] and nanoprecipitation [81]. Each procedure
counts an organic solution that dissolves the polymer and hydrophobic drugs and an aqueous
or water phase. Organic solvents can generate toxicity problems, reducing in vitro and in vivo

applications. Thus, solvent residues must be removed from the final suspension.
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1.4.1 Nanoprecipitation

The nanoprecipitation method, also called solvent displacement, was firstly developed by Fessi
et al. [81]. It requires a water/buffer phase and a water-miscible solvent as the organic solution
that can be easily eliminated from the final nanosuspension. This technique is based on the
displacement of organic solvent from a lipophilic solution to an aqueous phase [82]. The most
used solvents in nanoprecipitation process are ethanol, acetone and acetonitrile, which can be
added to lyophobic excipients. Practically, the organic solution of the polymer and the
hydrophobic drug is added dropwise into an aqueous phase, under moderate magnetic stirring,
to promote drug encapsulation into the polymer matrix (Fig. 5). The fast spontaneous diffusion
of the polymer solution into the water phase induces the instantaneous formation of NPs. The
driving force of NPs constitution is the attempt of polymer solution to avoid contact with water
molecules. Indeed, the mutual contact of water and solvent phases leads to interfacial turbulence
which causes the insolubility of particle-matrix and the formation of NPs [83].
Nanoprecipitation is based on four steps, which include the generation of supersaturated spots,
nucleation, growth and coagulation. Every single step could affect the physicochemical
characteristics of NPs such as size, polydispersity and drug encapsulation. The supersaturation
rate is the main step to determining NPs size, where a higher rate decreases particle diameter.
Then, the nucleation step promotes the thermodynamical stability of the colloidal system until
a critical point characterized by improved stability than NPs dissolution. Each nucleus starts to
grow by surface deposition of solute molecules into the matrix.

Although it was firstly proposed for polymer NPs [84], the manufacturing process was then
adapted to formulate lipid NPs and polymer-hybrid NPs [85,86]. The solvent displacement
technique was widely studied for the encapsulation of hydrophobic drugs that were dissolved
in the organic miscible-water solvent. However, the encapsulation of hydrophilic drugs by
nanoprecipitation was investigated [87]. Nanoprecipitation is widely considered as a simple,
low-cost, environmentally friendly, quite reproducible technique, obtaining submicron particle
sizes with narrow size distribution using low energy. Moreover, either nanocapsules or
nanospheres can be produced by nanoprecipitation with good stability properties.

Based on its feasibility, nanoprecipitation has important applications for pre-clinical and
clinical studies. However, the employment of organic solvents during the NP preparation steps
is considered a limit of this technique. Several methods are currently used to eliminate organic
solvent residuals to obtain a suitable preparation for in vitro and in vivo tests [88].

The simplicity of the nanoprecipitation technique is the key point in the scaling-up process. Its

success depends on the mixing way of the aqueous and organic phases. At lab-scale, the
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procedure conditions can be easily controlled to obtain stable colloidal suspensions. However,
the translation from batch to industrial production requires a large amount of both phases. On
these bases, the scale-up process needs a critical investigation of industrial equipment to
optimize formulation and operative parameters. Indeed, the feasibility of nanoprecipitation
depends on the way the organic and aqueous phases are mixed. At lab-scale, the mixing rate is
suitable for the small amounts of the two solutions (mL), reaching stable conditions for the
whole process. However, the industrial scale needs a larger amount of both phases and
continuous production, which do not guarantee stable conditions during the nanoprecipitation
process: the continuous addition of the organic phase can lead to transient supersaturation due
to solvent diffusion and therefore repeated nucleation. For this reason, nanosuspension in
industrial production can be characterized by an increased polydispersity index [89]. To
overcome the potential scale-up issues, an ultra-rapid one-step antisolvent precipitation process
termed flash nanoprecipitation (FNP) has been developed for polymer NPs production [90].
Flash nanoprecipitation is a modified technique based on stimulating supersaturation conditions
required, using a jet mixer to mix the two phases [91]. Such rapid mixing induces a
homogeneous supersaturation state that initiates the precipitation process, reducing the size and
polydispersity of NPs compared to the classical nanoprecipitation procedure [92]. FNP can be
considered an advanced version of the simple nanoprecipitation process which could lead to
more precise and reproductive nanosuspensions. Moreover, FNP is proposed as the first method
that can be run at a laboratory scale with small amounts of the solution but that opens the

opportunity for industrial scale-up [93].
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Fig. 5. Nanoprecipitation schematic representation
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1.4.2 Microfluidic technique

Conventional methods for NPs preparation regularly result in particles with a broad size
polydispersity, leading to problems of reproducibility, biodistribution, encapsulation efficiency,
drug loading and release profile. Recently, manufacturing developments addressed these issues
improving NPs production. Microfluidic technique is a new field that deals with fluid contact
at the micro- and nanoscale and has been exploited as a promising tool to boost the formulation
of DDSs, based on the classical solvent displacement method [94,95]. The microfluidic
approach takes advantage of the channel geometry and architecture of microfluidic devices, to
generate a turbulent flow that guarantees high mixing efficiency, not possible using
conventional methods [96]. Microfluidic devices include a network of microchannels, inlets to
inject fluids, micropumps and outlets to remove fluids and are based on enhanced mixing and
precise fluid control. Important formulation and operative parameters, such as total flow rate
(TFR) and flow rate ratio (FRR), need a precise control to modulate NPs features. TFR is
considered as the total speed of the two phases within the channels. Generally, polymer NPs
are characterized by a size lower than 100 nm as higher the TFR and higher FRR, that is the
ratio between aqueous and organic phases [97]. The speed of the mixing process in
microchannels is generally faster than the nucleation step of NPs, leading to controlled size
with a narrow polydispersity index [98,99]. Other variables that can influence the
physicochemical characteristics of NPs include the composition of the mixing solutions, the
polymer and drug concentration, the nature of organic solvents or surfactant concentration
[100,101]. Furthermore, by tailoring the inner structure of microfluidic devices, the size, the
payload and the release profile can be tuned [102]. Different mixing structures are
commercialized for microfluidic-assisted NPs preparation. For example, the staggered herring-
bone micromixer contains patterned micro-ruts of different shapes and angles which generate a
turbulent chaotic stirring in a very short time, 5-10 ms [103]. This device has been adopted for
the formulation of polymer and lipid NPs to modulate size and encapsulation efficiency
[100,104]. However, the multi-dimensional variables and the limitation on the size of the
herring-bone features limit the achievement of the Good Manufacturing Practice (GMP)
standards in terms of final product volume. To overcome these issues, an innovative
microfluidic device has been projected, based on a toroidal mixer design (Fig. 6). The inner
circular structure guarantees an efficient inner mixing process at high fluid speeds. This design
induces a chaotic flow, increasing the number of chaotic vortices and centrifugal forces

[105,106].

35



Introduction

The growing interest in microfluidic technologies led to the commercialization of a great variety
of microfluidic devices with different shapes, inner architecture and geometry, to address the
formulation of different DDSs (Fig. 6). Microfluidic process is able to answer the urgent need
to scale up the NPs production, moving from a batch to an industrial level. Indeed, the constant
continuous flow provides the same mixing quality during all the process, obtaining very
reproducible NPs over time and limiting the batch-to-batch variability of classical methods
[107]. As already mentioned, the possibility to control particle size changing FRR or TFR
parameters is an important advantage of microfluidic technique compared to classical methods.
Indeed, the particle smaller size improves the cellular uptake and therapeutic effectiveness
[108]. The production of mRNA-based vaccines represents the most important application of
the microfluidic process, exploiting its important advantages for a continuous and reproducible
production of mRNA lipid NPs [109].

While microfluidic technologies have many advantages, one key disadvantage is the volumetric
throughput. The very small dimension of microchannels limits the amount of volume
production. This issue remains one of the main challenges for some microfluidic devices to be
translated into large-scale production. To address this challenge and the large amount of time
needed to produce a significant amount of NPs, new innovative devices have been engineered
to operate in parallel [110].

Therefore, microfluidic offers new opportunities for the production of highly reproducible
nanomedicines which guarantee the same critical quality across different productions. It
provides a rapid and direct production of loaded DDSs and accurate control over synthetic

conditions for a clinical translation.
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Fig. 6. Design of microfluidic devices for NPs formulation
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Aim of the work

The main aim of this work was to design drug-loaded polymer and lipid nanosystems for
biomedical applications of small molecules. Firstly, we assumed that the chemical
characteristics of lipid and polymer NPs could be exploited to formulate loaded DDSs. Indeed,
the structure of SQ derivatives and PLGA could allow the electrostatic interaction with
positively charged drug molecules and/or the hydrophobic interaction for an efficient drug
encapsulation avoiding a covalent linkage between the drug and the polymer. Such
biocompatible and biodegradable nanoparticulate systems could increase drug stability and
bioavailability, minimizing side effects.

Secondly, we hypothesized that by embedding selected ligands able to specifically recognize
receptors overexpressed by cells DDSs cellular uptake could be increased. After screening in
literature possible targeting molecules, a small zwitterion compound has been selected for

muscular active targeting.

Therefore, the project was divided into different parts: 1) formulation of drug-loaded SQ and
PLGA NPs, selecting an old drug in the frame of drug repurposing for anticancer applications,
i1) encapsulation of a novel therapeutic molecule able to act on pro-inflammatory macrophages
involved in muscular diseases (MDs) physiopathology, ii1) association of PLGA NPs to specific

agents directed toward muscular cells.

To reach this aim, specific objectives were:

1. to prepare, optimize and physicochemically characterize pentamidine free base (PTM-B)-
loaded PLGA and SQ NPs and test the anticancer activity

2. to prepare, optimize and physicochemically characterize 991-loaded PLGA NPs produced
by the microfluidic technique

3. to evaluate the in vitro activity of 991-loaded PLGA NPs on fibrotic bone marrow-derived
macrophages (BMDMs) to reduce inflammation and fibrosis

4. to study the in vivo biodistribution and activity of 991-loaded PLGA NPs after intravenous
administration to MDs mouse model

5. to associate a derivative of carnitine to PLGA NPs, thus allowing the targeting of carnitine
receptor overexpressing muscular cells

6. to evaluate the preferential uptake of actively targeted PLGA NPs by muscular cells.

The manuscript is divided into two parts: a general overview of nanomedicine and its
applications and an experimental section that is further divided into 6 chapters (Chapter I, 11,

II1, IV, V and VI).
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Aim of the work

A Dbibliographical section included a general introduction about the main DDSs, their

applications and manufacturing processes.

Then, a description of PTM as a repurposed drug for different biological applications is

highlighted by a published review in Pharmaceutics, doi: 10.3390/pharmaceutics13020278.

Moreover, a focus on nanomedicine application in inflammatory status of muscular dystrophies
is provided by a published review in Drug Delivery and Translational Research, doi:

10.1007/s13346-022-01127-4

Chapter I is dedicated to the formulation of lipid SQ NPs. The process of NPs preparation,
optimization and physicochemical characterization is presented. A formulation study on the
feasibility of SQ NPs obtained by electrostatic interactions is provided. On the bases of the
chemical characteristics of the drug, PTM-B-loaded SQ NPs were prepared studying the
influence of different formulation parameters on nanosuspension physicochemical properties

(submitted original research article).

Chapter II is dedicated to the formulation of PLGA NPs. The study of the preparation of
polymer NPs, the optimization and physicochemical characterization is presented. A proof-of-
concept of the PTM-B anticancer activity is reported. The results of this part have been
published in Journal of Pharmaceutical Sciences, doi: 10.1016/1.xphs.2019.11.011.

Chapter III describes a physicochemical analysis of PLGA NPs colloidal stability in presence

of different stabilizers and media (original research article in preparation).

Chapter 1V is devoted to the design and development of PLGA NPs for 5’-AMP-activated
protein kinase (AMPK) activator molecule encapsulation. A small benzimidazole molecule,
termed 991, has been selected as a model drug. The work presents the process of the
conventional formulation method and the microfluidic manufacturing process. The
optimization of translated formulation and physicochemical characterization is reported

(original research article in preparation).

Chapter V includes the in vitro evaluation of the 991-loaded nanosystem activity on BMDMs.
The in vivo biodistribution of PLGA NPs in superior Duchenne muscular dystrophy (DMD)
mouse model (D2.mdx) is described. Then, the activity of encapsulated 991 has been studied
in vivo to evaluate the positive effect on fibrosis and inflammation that characterize mdx mouse

model (original research article in preparation).
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Aim of the work

Chapter VI focuses on the design of PLGA NPs actively targeted towards muscular cells. To
this aim, a derivative of L-carnitine has been added to NPs and a formulation study of has been
set up to optimize the nanosystem. Results concerning the in vitro evaluation of preferential

uptake of targeted NPs are presented.
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Abstract

Pentamidine (PTM), which is a diamine that is widely known for its antimicrobial activity, is a very interesting drug whose
mechanism of action is not fully understood. In recent years, PTM has been proposed as a novel potential drug candidate
for the treatment of mental illnesses, myotonic dystrophy, diabetes, and tumors. Nevertheless, the systemic administration
of PTM causes severe side effects, especially nephrotoxicity. In order to efficiently deliver PTM and reduce its side effects,
several nanosystems that take advantage of the chemical characteristics of PTM, such as the presence of two positively
charged amidine groups at physiological pH, have been proposed as useful delivery tools. Polymeric, lipidic, inorganic, and
other types of nanocarriers have been reported in the literature for PTM delivery, and they are all in different development
phases. The available approaches for the design of PTM nanoparticulate delivery systems are reported in this review, with
a particular emphasis on formulation strategies and in vitro/in vivo applications. Furthermore, a critical view of the future

developments of nanomedicine for PTM applications, based on recent repurposing studies, is provided.

Keywords Pentamidine - Drug delivery - Liposomes - Nanoparticles - Repurposing

Introduction

Nanocarrier-based drug delivery has gained ever increas-
ing amounts of attention in recent decades thanks to the
characteristics that it can provide: increased drug solubility,
modified pharmacokinetics, sustained release, tissue target-
ing, reduced toxicity, biosafety, and the ability to bypass
biological barriers, which result in higher drug efficacy and
bioavailability [1-3]. A plethora of different nanocarriers
have been proposed for different diseases, such as cancer,
central nervous system-related disorders, immune diseases,
and, more recently, viral infections [4-7]. Proposed drug
nanocarriers differ in their composition (mainly lipid, poly-
meric, or inorganic) and their structure (matrix or vesicu-
lar systems, including those with an aqueous, lipid, or gas
core) and several incorporation strategies have been adopted,
both for lipophilic and, sometimes, hydrophilic compounds,
which is even more challenging [8, 9]. Among the molecules
that have been considered for nanoencapsulation, we can
find pentamidine (PTM), which is a drug that was initially
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developed as a synthetic analogue of insulin and is now a
Food and Drug Administration (FDA)— and European Medi-
cines Agency (EMA)-approved molecule for the treatment
of a range of parasitic infections (Table 1) [10, 11].

PTM [1,5-bis(4-amidinophenoxy)pentane] (CAS Reg-
istry number 100-33-4) (Fig. 1) is an aromatic diamidine,
which has been marketed in the form of two salts, isethion-
ate [bis(2-hydroxyethane-1-sulfonic acid)] and mesylate
[bis(methanesulfonic acid)], and is administered via the intra-
venous (1.v.) and intramuscular routes (i.m.) and via inhala-
tion [12, 13]. Its chemical and physical properties indicate
that PTM is a solid (melting point 186 °C, decomposes) that
is completely water soluble at 25 °C (0.0236 mg/mL, pre-
dicted) with a logP of 4 (experimental) and a pKa of 12.13
(predicted) [14]. At physiological pH, both amidine groups
are positively charged. meaning that PTM has poor oral bio-
availability [15, 16]. Consequently, PTM is used i.v. in the
treatment of trypanosomiasis, leishmaniasis, and Pneumocys-
tis pneumonia (PCP), and is usually inhaled in aerosol form
to prevent PCP in high-risk, HIV-infected patients [17-19].

Although PTM is widely used, its application as a cura-
tive strategy for infectious diseases and in new therapeutic
options urgently requires approaches to improve its thera-
peutic efficacy, to overcome drug resistance, and to reduce
the complications that are caused by its associated adverse

@ Springer



Review

Drug Delivery and Translational Research

Table1 Commercially available products containing pentamidine isethionate

Name Physical description Dosage as active Company

ingredient (mg)
Ncbupcnt® Powder for solution 300 Fresenius Kabi, APP Pharmaceuticals
Pentacarinat® Lyophilized powder 200/300 Aventis Pharma, Lepetit
Pentam® Powder for solution 300 Fresenius Kabi, APP Pharmaceuticals
Pneumopent® Lyophilized powder 60 Fisons Pharmaceuticals

Pentamidine isethionate Powder for solution 200/300

Mayne Pharma, David Bull Laboratories, Taylor Pharmaceuticals,
Avet Pharmaceuticals, Seton Pharmaceuticals, Abbott
Laboratories

Administration route: by inhalation or i.v. injection

effects [20]. The objective of this review is to discuss the
advanced strategies that have been adopted to improve
PTM delivery. Two different approaches have been devel-
oped to overcome the issues inherent in PTM use. The
first is the synthesis of new PTM derivatives to provide
compounds with better pharmaceutical activity, higher
lipophilicity, and lower cytotoxicity. The most promis-
ing compounds have been tested in in vitro and in vivo
models. This approach is out of the scope of this review.
However, papers by Porcheddu et al. and Soeiro et al. pro-
vide a full description of the chemical modification meth-
ods and synthetic routes used to obtain PTM derivatives
[21, 22]. The second approach involves nanotechnology
and is the topic of this review. Although not reported in
this paper, microcapsules have also been proposed as a
means to encapsulate PTM [23-26]; in these preliminary
formulation studies, PTM was used as a model drug to
analyze the influence of various preparation parameters
on the physico-chemical characteristics of drug-loaded
poly(lactide-co-glycolide) (PLGA) microparticles.

Herein, we will initially explore the previously
approved and newly proposed therapeutic applications of
PTM, focusing on its repurposing in cancer, as well as in
brain and muscular disorders (Fig. 2). Secondly, we will
consider the most relevant nanomedicine-based strategies
that make use of the physico-chemical properties of PTM
to overcome its drawbacks and increase its therapeutic
compliance. An in-depth analysis of structure, composi-
tion, features, benefits, and uses has been conducted for
these systems.

Fig. 1 Ball and stick representation of PTM structure (carbon atoms
are gray, oxygen red, nitrogen light blue, hydrogen white) [14]
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Applications of PTM
Current PTM applications

PTM was first synthesized in the late 1930s as a hypogly-
cemic drug against trypanosomes as it was observed that
the parasites require glucose for their in vitro maintenance
[12]. PTM has been used since the 1940s and is still one of
the most frequently used drugs for the treatment of the first
stage of human African trypanosomiasis and other neglected
diseases, such as malaria and leishmaniasis [27]. Moreo-
ver, aerosolized PTM was approved for use in prophylaxis
against PCP in HIV-infected patients who are at high risk
when infected [28]. It has been reported that the benzami-
dine moiety is the essential pharmacophore of several com-
mercially available drugs for the treatment of parasitic and
fungal diseases; these compounds are characterized by a
symmetrical structure in which the aromatic rings are sepa-
rated by a short acyclic linker [29, 30].

Leishmaniasis and human African trypanosomiasis are
infective and endemic diseases that affect the population
the world over. Leishmaniasis incidence occurs mainly in
three geographical regions (South-East Asia, Latin Amer-
ica, and East Africa) with a total number cases of up to 1.2
million [31, 32]. The parasites are transmitted to humans
in the bites of infected female phlebotomine sandflies as a
flagellated, metacyclic promastigote, which is phagocyted
by host macrophages and then differentiates into non-flagel-
lated, replicative amastigotes, culminating in the expression
of clinical disease [33, 34]. Leishmaniasis is characterized
by several different clinical manifestations: ulcerative skin
lesions that develop at the site of the sandfly bite, multiple
non-ulcerative nodules, destructive mucosal inflammation,
and disseminated visceral infection [35]. The development
of the disease is determined by the parasite’s characteristics,
vector biology, and host factors, such as immune response
[33], and affects organs including the liver and spleen. Pen-
tavalent antimonials, which have a narrow therapeutic index
and whose use has largely been limited, are still the first-line
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Fig.2 Approved and proposed
therapeutic applications of PTM
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drugs in several parts of the world [36]. As a second choice,
amphotericin B, PTM, and paromomycin are considered to
be curative strategies. Amphotericin B is a highly effica-
cious antifungal drug, whose associated side effects are ame-
liorated in its liposomal formulation [37]. Over the years,
paromomycin, an aminoglycoside antibiotic, has been used
for the topical treatment of leishmaniasis, showing positive
results in disease resolution [38]. Many clinically resist-
ant cases have recently been found and treatment failure
is an increasing problem. Technological and therapeutic
approaches are urgently required if clinical outcomes are to
be reached [39, 40]. Although PTM has poor oral bioavail-
ability and pharmacokinetic issues, it can be successfully
used for drug-resistant leishmaniasis.

Despite the pharmaceutical drawbacks of PTM, it is
also used in the treatment of African trypanosomiasis.
Human African trypanosomiasis, also known as sleeping
sickness, is considered a neglected disease. It is caused
by infection with protozoan parasites that belong to the
genus Trypanosoma, which is widespread in 23 African
countries [41-43]. Trypanosomes are surrounded by a sur-
face glycoprotein that is recognized by the host’s immune
system. Nevertheless, a few of the parasites have changed
their surface protein to continue proliferating unnoticed by
the immune system [44]. It is transmitted via the bite of
the blood-sucking tsetse fly, which is a viviparous insect
that deposits a fully developed larva, which then needs to
become an adult fly and feeds on an infected mammalian
host in order to evolve into the infective form. Only about
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0-1% of flies carries a mature infection that can be trans-
mitted to another host [45]. The early stage of the pathol-
ogy is characterized by headaches, weight loss, fever, and
lymphadenopathy, which evolve into more serious symp-
toms that potentially involve the nervous system when the
parasite crosses the blood—brain barrier (BBB) [46], pro-
ducing neurological disturbances including sleep disorder,
tremor of the hands, and motor weakness, and can lead to
death if untreated [47]. The first-line therapeutic strategy
in the early stage currently consists of suramin, melarso-
prol, or PTM, although the application of PTM is limited
because of its well-known side effects. In particular, hypo-
glycemia and hyperglycemia are the most common con-
sequences of PTM therapy in patients affected by African
trypanosomiasis [41, 48]. Hypoglycemia, with possible
progression to insulin-dependent diabetes mellitus, has
been reported in HIV-infected patients [49]. Moreover,
PTM treatment may be accompanied by a prolongation of
the QT interval on electrocardiograms and hypotension
[50-52]. Other PTM side effects include abscesses at the
site of intramuscular injection, abnormal liver function,
pancreatic complications, nephrotoxicity, leucopoenia,
thrombocytopenia, and hypocalcaemia [53—-56].

PTM repurposing
As PTM is widely used in clinics and can be readily repur-

posed, it is the most studied member of the diamidines
series, which is a class of compounds that can interfere
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with many biomolecular targets, meaning that they have
been studied as potential drugs for the treatment of a variety
of diseases, such as parasitic diseases, tumors, brain disor-
ders (Alzheimer’s and Parkinson’s diseases), hypertension,
diabetes, and muscular dystrophy [57]. Indeed, PTM has
been investigated, alone and in combination with approved
drugs (to foster the discovery of new antimicrobial syn-
ergies), in several screenings for the targeting of fungal,
Gram-negative, and other pathogens [58-63]. In addition,
PTM has recently been identified as a potential blocker of
the SARS-CoV-2 3a-channel in a library of 2839 approved-
for-human-use drugs, although PTM activity is still to be
tested on the whole virus [64].

The mechanism of action of PTM is not well understood
despite all of these studies. It has been shown experimen-
tally to interfere with numerous cellular processes [65].
PTM can act as an N-methyl-D-aspartate (NMDA) receptor
antagonist, and thus displays neuroprotective effects [66,
67]. It is actively transported into trypanosomes and binds
to DNA within the nucleus and kinetoplasts. Additionally,
PTM interferes with polyamine synthesis, RNA polymerase
activity, enters protozoan cells and binds to transfer RNA,
and prevents the synthesis of proteins, nucleic acids, phos-
pholipids, and folate. It is also known to be an antagonist of
histone acetyltransferase and calmodulin [68, 69].

Recently, PTM has been reported to exhibit anticancer
properties and has shown antiproliferative effects on vari-
ous human cancer cell types, such as melanoma, prostate,
ovarian, colon, breast, lung, and cervical cancers in in vitro
and in vivo models. In these studies, several different sites
of action were proposed for PTM, but the mechanism of its
anticancer activity still remains elusive [70-78].

In another research field, PTM was the first small mol-
ecule proposed for the treatment of Dystrophia myotonica
type 1 (DM1); it gave interesting initial results as it is able
to reverse the splicing defects associated with myotonic
dystrophy. Indeed, DM is a genetic disorder of autosomal
dominant inheritance caused by pathological expansions of
small DNA sequences ((CTG),) of the DMPK gene. The
expanded DNA sequences are transcribed into RNA tri-
plets which aggregate in specific structures called nuclear
foci. The unstable structures sequestrate the muscleblind
protein (MBNL) in the nucleus, resulting in a local reduc-
tion of protein level and characteristic symptoms of DM1
[79]. Several compounds have been shown to bind (CUG),,
RNA and release the splicing factors. PTM was selected,
together with aminoglycoside antibiotic neomycin B, from a
small library of RNA binding compounds using in vitro and
in vivo studies. Results showed that PTM is capable of bind-
ing the minor groove of AT-rich DNA and of preventing the
formation of CUG —MBNL aggregates [80]. Additionally,
PTM has recently been indicated as a therapeutic candidate
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for cardiac defects in DM and Dystrophia myotonica type 2
using fly heart models (Drosophila). Unfortunately, its high
toxicity at therapeutic dose in vivo prevented its clinical use
[81].

Administration, fate, and clinical trials of PTM

Because of its toxicity, the pharmacokinetics of PTM has
only been studied in patients and has best been described
by open, two- or three-compartment models [82, 83].
After the i.v. and i.m. administration of 4 mg/kg, the mean
peak serum concentrations were found to be 0.6 mg/L and
0.2 mg/L, respectively, with large volumes of distribution
at steady-state of 821 L and 2724 L, respectively. Multiple
dosing results in progressive drug accumulation, and the
steady-state was achieved after 8 days of i.v. therapy [83].
Mean plasma levels after 21 days of inhaled PTM isethion-
ate at 600 mg/day via a nebulizer averaged 11.8 + 10 ng/
mL in patients with acute PCP [19]. PTM is approximately
70% protein bound and accumulates especially in the liver,
spleen, kidneys, and adrenal glands [84]. Biliary excretion is
the major elimination pathway for PTM, but release from the
liver is slow (99% of the absorbed PTM in the liver is still
present 24 h after i.v. infusion), whereas renal elimination
only accounted for 4 to 7% of the administered dose [85].

The following clinical trials have been carried out, or
are currently ongoing, to investigate the use of PTM for the
treatment of a range of diseases.

l.v. administration

An i.v. formulation of PTM isethionate, OCZ 103 OS, has
been tested as a potential therapy for cancer, including colo-
rectal, pancreatic, and non-small cell lung cancers. However,
the development of this formulation appears to have been
discontinued after some phase I/II trials were completed
(NCT00809796 [86], NCT01378143 [87], NCT00810953
[88], and NCT01844791[89]) (source US National Library
of Medicine clinicaltrials.gov).

Oral administration

An oral formulation of PTM isethionate is being developed
for the treatment of liver diseases, including hepatocellular
carcinoma, non-alcoholic steatohepatitis, alcoholic steato-
hepatitis, non-alcoholic fatty liver disease, and liver metas-
tasis. To date, as far as we know, the oral formulation has
only been tested in a phase I study in adult cirrhotic patients
with early-stage hepatocellular carcinoma, and safety, phar-
macodynamics, and pharmacokinetics data were presented
at the 67th Annual Meeting of the American Association for
the Study of Liver Diseases [90, 91].



Review

Drug Delivery and Translational Research

Local administration

The topical administration of PTM in a silicone-based
gel is currently being tested for the treatment of hyper-
trophic scars in a phase I clinical trial that is still recruiting
(NCT03403621) [92].

Intralesional injections of PTM for the treatment of cuta-
neous leishmaniasis have been tested in phase II/I11I studies
in combination with topical miltefosine or paromomycin

(NCT03445897 and NCT03096457) [93, 94].

PTM delivery approaches
PTM for parasitic diseases

The formulation of antiprotozoal drugs with nanocarriers
is currently highly regarded as a promising approach in the
treatment of leishmaniasis and trypanosomiasis [95-97], for
which nanocarriers of different matrixes have been dem-
onstrated to be effective [98—100]. The strategies that have
been used to encapsulate PTM with drug delivery systems
for the treatment of parasitic diseases are discussed below,
and the characteristics of the PTM-based formulations are
summarized in Table 2 and Fig. 3.

Liposomes

Liposomes, as drug delivery systems, are vesicles com-
posed of phospholipids organized in concentric bilayers that
enclose one or more aqueous spaces. A description of the
preparation methods and their characteristics can be found
elsewhere [101, 102]. The advantage of using liposomes as
vehicles is their rapid accumulation in phagocytic cells as
they are recognized as foreign particles, allowing liposomes
to enhance the non-specific host defense [103]. However,
there are only a few studies on the encapsulation of PTM
in liposomes for use against Leishmania and human Afri-
can trypanosomiasis. Nevertheless, after several different
in vitro tests, researchers have found that glycoside-bearing
liposomes can be used as systems to deliver drugs to mac-
rophages in vivo [104]. On this basis, Banerjee et al. have
described how sugar-grafted liposomes were prepared and
tested against leishmaniasis in hamsters. Golden hamsters
were infected via the intracardial passage of strain AG 83
from an Indian kala-azar patient. Different types of sugars,
including mannose, galactose, and glucose, were tested.
These formulations were injected subcutaneously (s.c.)
into each animal every 3 days for a total of four doses over
10 days. Mannose-grafted liposomes that encapsulated PTM
isethionate reduced the parasite load of the spleen by 85.1%,
whereas liposomes without sugar lowered it by only 46.6%.
Consequently, mannose-grafted liposomes were found to be
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the most efficient PTM delivery system, compared to other
sugar-grafted carriers and sugar-free vesicles [105].

In another study, PTM isethionate was loaded into
liposomes and tested against Acanthamoeba, which is an
opportunistic protozoan pathogen that can cause blinding
keratitis and fatal granulomatous encephalitis. Liposomes
were prepared via the dehydration-rehydration method using
L-a-phosphatidylcholine and either cholesterol or ergosterol.
The results showed that both liposomal cholesterol-PTM and
ergosterol-PTM were about 10 times more effective than
the free drug at preventing the binding of Acanthamoeba
to human brain microvascular endothelial cells. Moreover,
loaded liposomes were more effective at reducing parasite-
mediated human cell cytopathogenicity than free PTM
[106].

Polymeric nanoparticles

The use of polymers has been widely investigated as they
offer several advantages, such as controlled drug release,
the protection of drugs against premature degradation, and
surface engineering [107, 108]. Studies on PTM delivery
have reported the applicability of polymeric nanoparti-
cles as potential tools for the improvement of the drug’s
pharmacokinetics and pharmacodynamics drawbacks
[109]. In one of the first studies on the encapsulation of
anti-Leishmania therapeutic agents into polymeric nano-
particles, Gaspar et al. described the ability of polyalky-
lcyanoacrylate nanoparticles to reduce the effective dose
(EDs,) of primaquine. Increased effectiveness was dem-
onstrated in vitro in macrophages infected with the Leish-
mania parasite, compared to free primaquine [110]. The
emerging knowledge of nanomedicine and the potential
applicability of PTM have led to the same technological
approach being studied and activity investigations being
performed on the formulation of PTM with different
acrylate nanoparticles. Optimized formulations of PTM-
loaded methacrylate nanoparticles (mean size: 350 nm)
were firstly tested in vitro using a strand of Leishmania
major MON 25 and monocytes U 937, with increased drug
efficacy being reported, compared to the free drug [111].
These interesting results led to Fusai et al. describing
PTM-loaded polymethacrylate nanoparticles and their effi-
cacy in vivo. The nanoparticles were first prepared via the
emulsion polymerization technique using PTM isethion-
ate, based on electrostatic interactions between drug and
polymer [112]. Subsequently, in vivo studies on BALB/c
inbred mice were performed to confirm the superior
effectiveness of the PTM-loaded nanoparticles. The mice
that were administered the free drug by i.v immediately
showed side effects, while in the group that received drug-
loaded nanoparticles there was no evidence of shock after
the injection. The state of infection was evaluated after
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Table 2 (continued)

Ref

Admin. route Pathology

Development phase

Preparation technique

Class of nanocarrier Nanocarrier composition PTM form

Alzheimer’s disease Rinaldi et al. [141]

Physico-chemical

Thin film hydration

Isethionate salt

Polysorbate 20,

characterization

method

cholesterol, dicetyl

phosphate, chitosan

(niosomes)
Polysorbate 20,

Parkinson’s disease Rinaldi et a. [143]

Nasal

In vivo Parkinson’s

Thin film hydration

Isethionate salt

disease mouse model

method

cholesterol, dicetyl

phosphate, chitosan

(niosomes)
Polysorbate 20,

Seguella et al. [145]

/ Cancer

In vitro tests on human

Thin film hydration

Isethionate salt

biopsies

method

cholesterol, dicetyl

phosphate, chitosan
(niosomes)

Peretti et al. [151]

Physico-chemical

Sol-gel method and

Free base or isethionate

Functionalized

Inorganic

characterization

functionalization
Seed-mediated growth

salt
Not specified

mesoporous silica

PEG-gold

Her at al. [153]

/ Cancer

In vitro tests on cancer

cell lines

and PEGylation
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21 days by counting the number of amastigotes in the liver.
Seventy-seven percent parasite suppression was reported
in the group treated with loaded nanoparticles relative to
the control group [113, 114]. Due to the increased interest
in polyacrylate nanoparticles, Durand et al. have tested
the activity of PTM-loaded methacrylate nanoparticles
on a Leishmania infantum mouse model. The efficacy of
encapsulated PTM against a different form of Leishma-
nia was confirmed by the low value of EDy, obtained,
demonstrating the ability of methacrylate nanoparticles to
increase the efficacy of PTM and reduce side effects [115].
Nevertheless, the main problem of acrylate nanoparticles
is their low biodegradability, which can be inconvenient
for in vivo administration.

Moving on to other polymers, recent studies have
involved the use of polycaprolactone polymer (PCL) loaded
with PTM to enhance permeation through the BBB. PTM-
loaded PCL nanoparticles were obtained using the double
solvent evaporation method and their physiochemical char-
acteristics were evaluated. Their spherical shape decreased
from 345 to 270 nm after complexation with PTM, with a
negative zeta potential value of around —30 mV and 12%
drug release over a period of 24 h. The integrity of the BBB
was evaluated in vitro on brain endothelial cells after loaded
and unloaded nanoparticles were added; no significant tight
junction alterations were observed, while loaded nanopar-
ticles were shown to transport 66% of the PTM across the
BBB [116].

Drug resistance, which complicates the management of
Leishmania and African trypanosomiasis, is an important
issue in the treatment of parasitic diseases [117, 118]. Afri-
can trypanosome is generally covered by a single variant
surface glycoprotein, termed VSG [42]. Combining PTM
with targeted drug delivery systems overcomes possible
drug resistance by taking advantage of the delivery systems’
enhanced absorption into target cells, which is caused by
surface engineering. Based on the chemical and biologi-
cal structure of the infective parasite, Unciti-Broceta et al.
have developed PEGylated chitosan nanoparticles that are
surface-targeted with nanobodies that are able to specifi-
cally recognize specific VSG regions on a parasitic surface
[119]. Indeed, these nanobodies are small enough to be able
to infiltrate the dense parasite VSG coat and specifically
recognize conserved epitopes common to the majority of
the VSG molecules [120]. To this aim, nanobodies were
coupled to the PEGylated PLGA nanoparticles via the EDC/
NHS chemistry. Nanoparticles were obtained using coacer-
vation methods and by selecting the right PEG chain length
to allow the nanobodies to bind onto the parasitic mem-
brane. Spherical-shape nanoparticles had a size of around
135 nm and a negative zeta potential value for both loaded
and blank nanoparticles, meaning that PTM was completely
loaded inside chitosan nanoparticles. In vitro drug release

ﬂ Springer
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Fig.3 Nanocarriers proposed e
for the delivery of PTM in dif-
ferent therapeutic approaches

(created with BioRender.com)
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had a pH-depend profile that increased in an acidic envi-
ronment due to the chemical properties of PTM, which is
advantageous for delivery to the parasitophorous vacuole of
parasites (pH 5). The in vitro tests on the PTM-loaded nan-
oparticles showed a reduction in inhibitory concentration,
compared to the unloaded and untargeted formulations. The
in vivo therapeutic efficacy was evaluated in a mouse model
infected by Trypanosomiasis brucei in order to provide fur-
ther confirmation of the in vitro results. Mice were treated
by intraperitoneal injection (i.p.) with PTM-loaded targeted
nanoparticles, and the complete resolution of infection was
observed, unlike the group receiving the same nanoparticle
without the nanobody surface functionalization. The pos-
sibility of the alternative internalization of an active agent
may decrease spontaneous drug resistance that can limit or
reduce the applicability of some antiprotozoal drugs [119].

Other nanomedicine approaches have focused on
poly(D.L-lactide) (PLA) and PLGA polyesters as they are
known to be biodegradable and biocompatible [121, 122].
Paul et al. have described the preparation, the physiochemi-
cal properties and the stability of PTM-loaded PLA nanopar-
ticles. Loaded nanocarriers were obtained via the nanopre-
cipitation technique using a combination of phospholipids
and a poloxamer, which influences the physiochemical char-
acteristics of the nanosuspension. PTM loading improved
when the lipid content was directly increased: indeed, vary-
ing the phospholipid concentration from 0.6 to 1.25% (w:v),
the highest drug loading (75.8%) was obtained with the high-
est concentration of phospholipids (1.25%). The formulation

ﬂ Sprimger
58

was stable over 9 months, in terms of its size and morphol-
ogy [123, 124]. The biological evaluation of PTM-loaded
PLA nanoparticles was performed by determining the EDy,
against Leishmania infantum in male adult BALB/c mice by
1.v. injection. A comparison between free PTM and loaded
PTM showed the ability of PLA nanoparticles to induce a
threefold increase in PTM activity (EDs,: 1.05 mg/kg for
PTM vs. 0.32 mg/kg for loaded nanoparticles) [125].

Due to the growing interest in polymeric nanoparti-
cles for antiprotozoal drug delivery, PLGA nanocarriers
have been widely described. In particular, investigations
into PLGA nanoparticles as a potential tool to deliver PTM
have been reported. Starting from the formulation of PLGA
microparticles to improve the pharmacokinetics and phar-
macodynamics drawbacks of PTM [126], several research
groups have focused their attention on nano-structured
PLGA drug delivery systems. Recently, Scala et al. have
proposed the covalent linkage of PTM with a PEG-PLGA
block copolymer and a hyaluronic acid backbone by click
chemistry. They aimed to evaluate the activity of free
PTM and PTM bioconjugates. Moreover, they compared
the therapeutic effects of PTM-loaded PEG-PLGA-PTM
nanoparticles. The anti-leishmanial activity of PTM bio-
conjugates and PTM nanoparticles was assessed in vitro
against infected macrophages. PTM bioconjugate and PTM
nanoparticles displayed an 1Cs; 3.6 and 3.4 times lower
than free PTM, respectively. In particular, the bioconjugate
with hyaluronic acid was found to be the most active deri-
vate, characterized by an ICy, value of 1.7 uM compared
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to 7.5 uM of free PTM, confirming the effectiveness of the
hyaluronic acid targeting scaffold [127].

As has already been reported for polyacrylates, PLGA
nanoparticles were loaded with PTM and surface-engineered
to efficiently recognize the surface of the protozoan patho-
gen Trypanosoma brucei, in particular a hidden conserved
epitope within the glycophosphatidylinositol (GPI) anchor
of the VSG protein (Fig. 4). PEGylated PTM-loaded PLGA
nanoparticles were prepared via the water-in-oil-in-water
(w/o/w) double emulsion/solvent evaporation technique,
followed by PLGA functionalization with PEG chains
and NbAn33 nanobodies (both through the EDC/NHS
approach) for protozoan-surface recognition. A monodis-
persed nanosuspension that was characterized by a 145 nm
mean diameter and a negative zeta potential value, of around
-20 mV, was produced. In vitro studies highlighted the
threefold increased efficacy of PTM-loaded PLGA nano-
carriers. Moreover, the efficacy of the polymeric formula-
tion increased fourfold again after surface functionalization
by nanobodies, which underlines the importance of active
targeting in enhancing cellular uptake in parasitic diseases.
In vivo tests in an acute mouse model of African trypano-
somiasis confirmed the urgent need for surface-nanobody
conjugation. The infections of mice injected i.p. with the
nanobody-targeted formulation were completely resolved at
a tenfold lower dose. In vivo PTM activity was significantly
optimized by PLGA encapsulation and, most of all, by sur-
face functionalization, demonstrating that the trypanosome
surface was an excellent therapeutic target [128].

PTM-loaded PLGA nanoparticles were developed, using
the same preparation technique, for oral delivery in the treat-
ment of Leishmania [129]. For the first time, the applica-
tion of nanoparticles was devoted to the oral delivery of an
antiprotozoal drug. The formulation of PTM-loaded PLGA
nanoparticles included polyvinyl alcohol (PVA) as a sta-
bilizer, which reduced the zeta potential value to around
neutrality and gave a size of around 250 nm. The in vitro
release profile confirmed the data reported by Arias et al.
which described an initial burst release followed by constant

Fig.4 A Schema of the VSG A
coat on trypanosome surface, in
which the NbAn33 nanobody VS8G Structure
recognizes a hidden conserved

epitope within the GPI anchor. 1aG

B Schema of a NbAn33-PTM- 9 w
PLGA nanoparticle. Repro-

duced with permission from (]
[128]. Copyright Elsevier 2015 J

GPl »
anchor
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release over 25 days [128]. In this study, the evaluation of
the possible oral delivery of PTM-loaded nanoparticles was
innovative and highly interesting. In vivo tests performed
in a murine visceral leishmaniasis model aimed to compare
infection resolution via the oral and s.c. delivery of loaded
nanoparticles. S.c. administration did not lead to significant
reductions in spleen and liver weight, which is the major
end point in infective-disease studies. Interestingly, a reduc-
tion in the parasite presence in the spleen occurred after
oral administration, which demonstrated the enhanced PTM
uptake that was achieved by the oral route [129].

An innovative approach has recently been proposed to
understand the toxicity of PTM through the BBB in the
treatment of African trypanosomiasis. Sanderson et al.
have evaluated the complexation of PTM with Pluronic,
a polymer that can act as a stabilizer to prevent aggrega-
tion, opsonization, and recognition by macrophages and
thus increase drug half-life, but that can also assemble into
micelles to encapsulate drugs. Although the study did not
show the increased uptake of PTM by the brain, this is,
nonetheless, a new formulation of PTM that has been pro-
posed as an alternative approach to test the activity of PTM
on an African trypanosomiasis model [54].

Inclusion complexes

Cyclodextrins (CD) are composed of 6, 7, or 8 glucopyra-
nose units (named a-, f-, and y-CD, respectively) linked by
a glycosidic bond and organized in a truncated cone. Polar
hydroxyl groups on the molecule’s border confer water solu-
bility, while the inner hydrophobic cavity allows a variety
of drugs to be hosted, forming inclusion complexes. p-CD
are useful as they can improve the physico-chemical and
biological properties of the included molecules, increasing
tolerance and alleviating the drawbacks [130-133].

De Paula et al. have investigated the inclusion of PTM into
the B-CD cavity, and then studied its activity when given via oral
administration. First, f-CD that contained PTM (p-CD:PTM)
were prepared using a freeze-drying method and tested in vivo

NbAn33-pentamidine PEGylated PLGA NP

| Nanobody PEG
N-terminal VSG

coat
C-terminal
Cellular membrane

9
Nb
@ Springer
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against Leishmania infantum chagasi parasites. Groups of mice
were infected in the tail vein with promastigotes and treated with
free PTM, f-CD:PTM (1:1), a saline solution, and Glucantime®
(meglumine antimoniate, an approved antiprotozoal drug). No
differences were found in the groups treated with free PTM and
the control group, which was treated with the saline solution, in
the liver and spleen. Orally administered f-CD:PTM and Glu-
cantime® had similar efficacy, which was in contrast with the
results obtained with orally administered PTM, which did not
induce a significant reduction of the parasite burden. In addition,
B-CD:PTM showed a greater reduction of parasitemia in the
liver. The results demonstrated that p-CD:PTM are a promising
alternative for the treatment of leishmaniasis [ 134].

PTM for other therapeutic purposes

As reported above, PTM has also been considered for possible
clinical repositioning as an anti-Alzheimer’s, anti-Parkinson’s,
and anticancer drug. PTM has been incorporated into different
nanocarrier systems, whose composition and physico-chem-
ical characteristics depend on both the administration route
and physiopathological features, for each of these diseases

(Table 2 and Fig. 3).
Niosomes

Besides liposomes, other nanoscale vesicles that contain
aqueous cores have been used to deliver PTM, namely
niosomes. Also known as non-ionic surfactant vesicles,
niosomes are self-assembled vesicular nanocarriers formed
of one or more layers of non-ionic surfactants and additives;
niosomes can overcome some of the problems associated
with liposomes, such as their low physical stability and high
manufacturing costs [135].

PTM-loaded niosomes have been designed to reach the
brain via intranasal administration, bypassing the BBB as a
possible tool in brain disorders. Indeed, PTM inhibits S100
calcium-binding protein B (S100B) in glial cells through
the blockage of the interaction between the S100B and p53
proteins [136]; PTM is able to exert anti-inflammatory and
neuroprotective effects [137], as high expression levels of
S100B have been shown to cause neuroinflammation and the
progression of brain diseases [138, 139]. Nevertheless, PTM
has a poor capacity to cross the BBB and reach the brain
after intranasal administration [140]. In a first approach to
the delivery of PTM to the brain, the drug was associated
to niosomes for the treatment of Alzheimer’s disease [141].
Commercial PTM isethionate was located in the bilayer,
with an entrapment efficiency of about 10%, using the thin
film hydration method. To overcome the low drug avail-
ability that is caused by rapid mucus clearance in the nasal
cavity, mucoadhesive properties were provided to PTM-
loaded niosomes by coating them with chitosan glutamate

@ Springer
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(CG) thanks to the electrostatic interactions between posi-
tively charged chitosan and the negatively charged dicetyl
phosphate on the niosome surface. The interaction with
mucin was confirmed using dynamic light scattering and
fluorescence turbidity measurements for both uncoated and
CG-coated niosomes, and is probably due to a non-specific
mucin interaction. Nevertheless, CG can also act as a stabi-
lizer and a penetration enhancer by widening the tight junc-
tions between mucosal epithelial cells [142].

Further studies with PTM-niosomes were conducted
in a Parkinson’s disease murine model. In particular, chi-
tosan-coated niosomes that contained PTM (entrapment
efficiency of about 25%) were administered daily via the
intranasal route in subchronic (1-methyl-4-phenyl-1,2.3,6-
tetrahydropyridine) hydrochloride (MPTP)—intoxicated
mice. The results showed that PTM-niosomes allowed
35-40% of the drug to be delivered into the brain. Moreo-
ver, the intranasal administration of PTM-loaded niosomes
leads to an improvement of all the disease hallmarks and
a significant reduction in neuroinflammation markers in
mice, leading to a significant improvement in parkinsonian
motor dysfunctions [143].

The S100B protein is also constitutionally expressed
by enteric glial cells in the enteric nervous system; when
it is overexpressed, it has a role in the perpetuation of a
tumor-promoting microenvironment, driving the progres-
sion from chronic intestinal inflammation to colonic neo-
plastic lesions [144]. Thus, in order to evaluate PTM as a
potential anticancer drug, the expression levels of the SI00B
and p53 proteins were quantified in human biopsies that
were derived from controls, peritumoral tissues, ulcerative
colitis, and colon cancer patients, at baseline and after the
addition of PTM-loaded niosomes. The results showed that
encapsulated PTM inhibits S100B activity and rescues p53
expression, leading to pro-apoptotic control in colon cancer.
Moreover, the combination of PTM with gastro-resistant and
bioadhesive niosomes will allow the drug to increase colonic
bioavailability after oral administration [145].

Polymer nanoparticles and liposomes

In other approaches, the design of biocompatible PTM-
loaded polymer nanocarriers has taken advantage of the
drug’s chemical structure, as PTM has two terminal amidine
groups that are protonated in a wide pH range, including
physiological/neutral conditions [146]. For example, PTM
has been combined with nanocomplexes, made of the poly-
mers hyaluronic acid and polyarginine, thanks to the electro-
static interactions between the anionic polysaccharide and the
cationic drug (Fig. 5) [147]. In these structures, polyarginine
was used to crosslink hyaluronic acid and form nanoparticles.

The measurements of the counterion isethionate released
from the drug during nanoparticle formation, using ion
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Fig. 5 Formation of PTM-
loaded nanoparticles by . .
polyelectrolyte association. S (Ao Hyaluronic acid
Reproduced with permission

from [147]. Copyright Elsevier

2019
Cationic Polymer:
Polyarginine

A Cationic Drug:

Pentamidine isethionate (PTM)

exchange chromatography, showed a high drug encapsula-
tion efficiency (80%). A comparison of the in vitro anticancer
activity of free and encapsulated PTM in human lung (A549)
and breast (MDA-MB-231) cancer cell lines suggested that
the polyelectrolyte complexes allow enhanced cell internali-
zation of the cationic drug to occur, with this probably being
due to its more hydrophobic character after complexation,
and increased cytotoxicity was thus observed. Moreover, both
cell lines express CD44 receptors that specifically recognize
hyaluronic acid. The polyelectrolyte complexes can therefore
be selectively targeted towards these cancer cells through the
interaction with these receptors [147].

Other biocompatible polymers have been used to deliver
PTM to cancer cells via electrostatic interactions. In particular,
negatively charged PLGA (with and without PEG) has been
used to load the PTM free base (obtained from the commer-
cial PTM isethionate to increase the drug lipophilicity) via
the nanoprecipitation technique. In the same study, PTM was
encapsulated into liposomes, as the free base or with differ-
ent counterions, namely PTM citrate and PTM sulfate, for
comparison. PTM base—containing liposomes were prepared
using the thin lipid film hydration method by mixing phos-
pholipids, cholesterol, and the PTM base in the organic phase,
while PTM citrate and PTM sulfate were encapsulated into
liposomes with a transmembrane citrate or sulfate gradient,
starting from PTM isethionate in the external liposomal phase.
This approach increased the encapsulation efficiency from 20%
for the PTM base to 30% for PTM citrate and 45% for PTM
sulfate. In PLGA nanoparticles, the PTM free base was almost
totally incorporated (about 90%) thanks to the lipophilic and
ionic interactions between PLGA and PTM. Drug release
was faster for polymer nanoparticles than liposomes and, as a
consequence, the cytotoxicity (evaluated in the A2780 human
ovarian carcinoma cell line) was different and tunable accord-
ing to the nanocarrier and the PTM form [148].

Moving on to liposomes in the anticancer field, other lipo-
somal PTM formulations have been prepared using saturated/
unsaturated phospholipids of different chain lengths and cho-
lesterol content, with or without PEG on the outer surface. In
this study, PTM isethionate was incorporated, using the thin
lipid film hydration method, via its addition to the aqueous

61
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—
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WeS o)
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phase in the hydration procedure. The liposome composition
greatly influenced the particle mean size, zeta potential, and
encapsulation efficiency, which was in the 1-13% range. The
pharmacokinetics profile of PTM, in five liposome formula-
tions administered in non-tumor-bearing mice, showed that
both the clearance and volume of distribution of PTM were
significantly lower when administered in liposomes, com-
pared to the free drug. PTM biodistribution and tumor accu-
mulation after i.v. administration were evaluated in tumor-
bearing mice (colorectal, lung, ovarian, and breast cancer).
The results showed that liposomal PTM increased tumor drug
accumulation and lowered drug exposure to vulnerable tis-
sues, such as the kidneys, compared to the free drug [149].

Inorganic nanoparticles

Inorganic nanocarriers have also been used, with function-
alized mesoporous silica nanoparticles (MSN) having been
proposed for PTM delivery. MSN are versatile and stable
materials with a mesoporous structure, a high specific surface
area, and a huge, tunable pore volume that can accommodate
large amounts of bioactive compounds. Both the external and
inner surfaces can be functionalized with linkers, and this
functionalization can affect therapeutic agent loading and
release profiles and greatly influence MSN fate in biological
fluids [150]. In particular, the encapsulation of PTM isethion-
ate and the PTM free base into bare (MSN-OH), aminopropyl
(MSN-NH,), cyanopropyl (MSN-CN), and carboxypropyl
(MSN-COOH)-functionalized MSN has been investigated.
PTM isethionate was not incorporated into any MSN, while
the PTM free base displayed significant drug loading with
MSN-OH and MSN-COOH thanks to the electrostatic inter-
actions. MSN-CN showed slower drug loading, while the
adsorption capacity of MSN-NH, was found to be negligible.
The presence of different functional groups also influenced
the release of the drug: MSN-COOH showed higher retention
than MSN-OH, indicating that the hydrophobic interactions
of the drug with the grafted propyl chains had a significant
impact on the stabilization of the host—guest complex [151].
This work allowed the authors to select MSN-COOH as the
most promising functionalized MSN to be further used as

@ Springer
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Fig.6 Summary of PTM-loaded nanocarriers as a function of their chemical composition (created with BioRender.com)

drug delivery system that could be proposed for PTM deliv-
ery towards either cancer or muscle cells [152].

PTM has also been considered for use in combination with
PEG-stabilized gold nanoparticles (AuNP) to enhance the effect
of radiotherapy, in two triple-negative breast cancer cell lines,
by targeting multiple pathways of radiosensitization. Although
the loading of PTM onto AuNP was not the goal of the study,
the authors evaluated the effect of AuNP as a single agent, in
combination with PTM and after the pre-adsorption of the
drug onto the nanoparticle surface to elucidate the underlying
mechanisms of radiosensitization by the AuNP-PTM combi-
nation. The results showed that PTM enhances the radiosen-
sitization effect of PEG-AuNP by exerting a dual action: by
inhibiting radiation-induced DNA repair and increasing the cel-
lular uptake of PEG-AuNP after surface adsorption, causing a
change in the particle surface charge [153].

Conclusion
PTM is an old, FDA- and EMA-approved drug whose repur-
posing and delivery via nanocarriers of different composi-

tion have been extensively investigated (Fig. 6). Indeed, the
interest in PTM is due to its well-known toxicology profile
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and multifactorial mechanism of action, although the lat-
ter has not yet been fully understood. PTM is appealing in
terms of the design of nano-sized carriers as it is a small
molecule whose physico-chemical characteristics (e.g., solu-
bility in water and organic solvents) can be changed accord-
ing to the PTM form (salt or free base) and the counterion
in the salts. Moreover, PTM is positively charged at physi-
ological pH, thus allowing both electrostatic and lipophilic
interactions with nanocarrier components that can, in this
way, reduce the positive charge of the drug and increase its
passage through the cell membrane. The incorporation into
nanocarriers may also modify the toxicological profile of
PTM and/or allow the drug to be actively targeted towards
the target site, lowering the administered dose. Finally, the
reported variety of nanocarriers that are suitable for PTM
delivery facilitate the tuning of drug encapsulation efficiency
and release rate as a function of the disease and patient fea-
tures. This aspect is of a crucial importance, as it has been
demonstrated that PTM could be repurposed for pathologies
other than infectious ones, especially rare muscular diseases,
and this aspect justifies a renewed interest in PTM and fur-
ther multidisciplinary efforts for investigations in this field.

However, several papers on PTM-loaded nanocarriers
reported in the present review describe only preliminary
in vitro results or even just formulative studies. Therefore,
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a deeper analysis on the in vivo behavior of PTM-loaded
nanocarriers is needed, particularly using models with ani-
mals infected with parasites or affected by the diseases for
which PTM has been repurposed.

In conlusion, it is worth adding that the combination of
PTM and nanocarriers implies also well-known critical
features, especially in terms of industrial feasibility, as
the system complexity increases. Indeed, the encapsula-
tion of PTM would involve higher costs if compared to
the production of the free drug. Furthermore, problems
concerning the scalability, reproducibility (in terms of
physico-chemical characteristics, such as mean size, zeta
potential, drug loading), and compliance to regulatory
standards can hamper its use in the clinic. All these issues
have to be taken into account and evaluated as a function
of the repurposed application.
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Abstract: Muscular Dystrophies (MDs) are a group of rare inherited genetic muscular pathologies
encompassing a variety of clinical phenotypes, gene mutations and mechanisms of disease. MDs
undergo progressive skeletal muscle degeneration causing severe health problems that lead to poor
life quality, disability and premature death. There are no available therapies to counteract the causes
of these diseases and conventional treatments are administered only to mitigate symptoms. Recent
understanding on the pathogenetic mechanisms allowed the development of novel therapeutic strate-
gies based on gene therapy, genome editing CRISPR/Cas9 and drug repurposing approaches. Despite
the therapeutic potential of these treatments, once the actives are administered, their instability, sus-
ceptibility to degradation and toxicity limit their applications. In this frame, the design of delivery
strategies based on nanomedicines holds great promise for MD treatments. This review focuses on
nanomedicine approaches able to encapsulate therapeutic agents such as small chemical molecules
and oligonucleotides to target the most common MDs such as Duchenne Muscular Dystrophy and
the Myotonic Dystrophies. The challenge related to in vitro and in vivo testing of nanosystems in
appropriate animal models is also addressed. Finally, the most promising nanomedicine-based strate-
gies are highlighted and a critical view in future developments of nanomedicine for neuromuscular
diseases is provided.

Keywords: nanoparticles; Duchenne Muscular Dystrophy; myotonic dystrophy; antisense oligonu-
cleotides; small molecules; CRISPR /Cas9

1. Introduction

Muscular dystrophies (MDs) are a group of chronic inherited genetic diseases, with a
worldwide estimated prevalence of 19.8-25.1 per 100,000 persons [1,2]. These multi-organ
diseases mainly affect muscles, especially skeletal muscles, which undergo a progressive
degeneration causing severe health problems that lead to poor life quality, loss of indepen-
dence, disability and premature death [3,4]. Among the various types of MDs described
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so far, the most commons are the Duchenne Muscular Dystrophy (DMD) and Myotonic
Dystrophies (DMs) [2,3,5].

Currently, no therapies are available to counteract the pathogenic causes of these dis-
eases, and conventional treatments based on immunosuppressants such as corticosteroids
or anti-inflammatory treatments are aimed to only mitigate symptoms [6-10]. Although
corticosteroids are considered as the “gold standard” to preserve muscle strength in MDs,
especially in DMD, their long-term administration is associated with serious adverse effects
such as leg oedema, glaucoma, depression, hypertension, hyperglycaemia, osteoporosis,
osteonecrosis and fractures [11-13]. Medical devices such as pacemaker, respiratory as-
sistance or wheelchairs, rehabilitative therapy and as a last resort surgery are also widely
used in the management of MDs patients [14-16]. Altogether, these approaches represent
the current restricted therapies and methods approved to reduce pain and improve the
quality of life. Recently, a variety of possible therapeutic strategies have been proposed
such as repurposing US Food and Drug Administration (FDA)-approved molecules for the
treatment of other diseases or developing novel gene therapy for exon-skipping strategy
or genome editing [17-22]. However, due to their rapid clearance or associated adverse
effects, further refinements are required to enter clinics.

Over the last several years, drug delivery nanosystems, referred to as nanomedicine,
have been extensively explored for the development of more effective and safer treatments
with main applications in cancers [23-26], central nervous system-related disorders [27-29]
and immune diseases [30-32]. More recently, nanomedicine has also been investigated for
the treatment of viral infections [33] such as the lately approved Moderna’s and Pfizer’s
Covid-19 nanoparticle-based vaccines [34-37]. In cancer therapy, nanomedicine holds po-
tential to improve current treatments by reducing side effects of chemotherapeutic agents.
Moreover, combination approaches and immunomodulation strategies have been success-
fully developed to boost their performances [38—40]. Nevertheless, only 15 nanoparticle-
based cancer therapies have received clinical approval and entered the market, such as the
recent liposomal Onivyde® and Vyxeos® formulations [41,42].

Currently, novel nanomedicines are optimized for the treatment of skeletal muscle
pathologies like MDs. However, multiple biological and pharmaceutical barriers challenge
nanomedicine delivery to skeletal muscles. Biological barriers are embodied by the complex
architecture of the skeletal muscle, which encompasses the skeletal muscle parenchyma
itself, connective tissue, blood vessels and nerves. One of the main hurdles for delivery
to skeletal muscles lies in the presence of the dense extracellular matrix (ECM), which
accounts for 1 to 10% of the muscle mass [43-45]. Mostly made of fibrous-forming proteins
(collagens, glycoproteins, proteoglycans and glycosaminoglycans) it hampers nanopar-
ticles (NPs) penetration by retaining them in the ECM via electrostatic and mechanical
interactions [46,47].

Pharmaceutical barriers encompass formulation and associated aspects related to
scaling up of nanomedicine products. Recently, formulation techniques based on scal-
able processes have been developed to allow transposition of nanomedicine to industrial
settings [48-50].

In addition to these barriers, an important requirement is that NPs have to be biocom-
patible to prevent additional muscle degeneration of severely injured skeletal muscles. For
instance, sarcolemma membrane of DMD patients is severely affected and therefore more
susceptible to damage by any treatment [51].

The present review aims at highlighting the major advances in the nanomedicine-
based strategies for treating MDs. We reviewed the most recent approaches to treat
MDs focused on oligonucleotides or antisense oligonucleotides, and small molecules and
how nanocarriers have been designed to deliver them to muscle cells. In addition, the
genome editing CRISPR/Cas9 system is also described. Finally, future perspectives for
nanomedicine optimisation are presented.
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2. Muscular Dystrophies Characterised by Gene Alteration

Most common MDs are represented by the two well-known DMD and DMs [1,3 4].
These two types of dystrophies are caused by diverse gene mutations and lead to different
molecular pathogenesis, as illustrated in Figure 1.

Myotonic Dystrophies

) > "._ DNA toxic expansion
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Figure 1. Schematic representation of the pathogenesis of both Myotonic Dystrophies and Duchenne Muscular Dystrophy.
(DM1: Myotonic Dystrophy type 1; DM2: Myotonic Dystrophy type 2.)

2.1. Duchenne Muscular Dystrophy

DMD is the most common form of MD characterised by progressive muscle degenera-
tion and weakness, firstly affecting proximal muscles. This X-linked recessive rare disorder
appears essentially in males with a worldwide prevalence of one in 5000 boys in early
childhood and the clinical signs are not revealed at birth [52]. In most cases, the diagnosis
is established around four years old, when the first symptoms start to appear. The disease
progression is fast and the patients completely lose their motor functions around 10 years
old. DMD patients develop also important cardiac and respiratory complications that
generally manifest around 10 years old and are prevalent in most patients by 20 years
old [53].
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DMD is caused by mutations in the dystrophin gene (DMD gene) located on chromo-
some Xp21.2 that codes for the dystrophin protein through its 79 exons [54]. Dystrophin
protein is essential for muscle homeostasis: it is localised on the plasma membrane of car-
diac and skeletal muscles (sarcolemma), connecting the cytoskeleton to the ECM through
the dystroglycan complex (DGC) and stabilising the muscle fibre during contraction. Lack
of dystrophin induces severe muscle weakness, inflammation and wasting, described
as cardinal signs of DMD. Diverse mutations on DMD gene have been reported world-
wide [55]. Over the years, DMD gene has been characterised, identifying which mutations
lead to a severe DMD phenotype [56,57]. Of DMD cases, 60-70% are caused by large
deletions of one or more exons. Point mutations affect 15-30% of DMD patients, and there
are smaller changes that do not involve an entire exon. Among them, nonsense mutations
cause a premature stop in the gene which results in reduced dystrophin production or no
production at all. Duplications affect only 10% of DMD patients and can occur throughout
all 79 exons of the dystrophin gene. Understanding the nature of mutations improves the
identification of therapeutic approaches able to rescue genetic mutations [58,59].

2.2. Myotonic Dystrophies (Type 1 and 2)

Myotonic dystrophies (DMs) are genetic disorders of autosomal dominance inheri-
tance and represent the second most common form of MDs in adulthood [60,61]. These
multisystemic diseases cause progressive dysfunctions of multiple organs and tissues (e.g.,
muscle tissues, skin, endocrine system, ocular system, central nervous system) among
which skeletal muscle is the most severely affected tissue [5]. Muscle damages are char-
acterised by progressive myopathy, muscle weakness, and progressive myotonia which
is defined as a slow-down of muscle relaxation after a normal contraction. Most serious
features concern the cardiopulmonary system and can lead to premature death, amounting
to 70% of deaths [62].

Two distinct forms of DM caused by similar mutations are identified: i) DM1, also
named Steinert disease (OMIM 160900), which is the most common and severe form; and
ii) DM2, termed proximal myotonic myopathy (OMIM 602668). These DMs are caused
by pathological expansions of small DNA sequences regarding two different genes [63].
DM1 is due to a (CTG)n expansion in the 3’ UTR region of the DMPK gene, while DM2
is caused by a (CCTG)n expansion in the first intron of the ZNF9/CNBP gene. Mutant
(CTG)n and (CCTG)n expansions are highly unstable, leading to different repeat sizes
constantly generated and increasing when transmitted from one generation to the next [64].
These mutant DNA expansions are transcribed into (CUG)n and (CCUG)n mutant RNA
expansions for DM1 and DM?2, respectively, aggregated in the nucleus in specific hairpin
structures that are called nuclear foci [65].

The most accepted pathogenic hypothesis for DMs is an RNA-gain-of-function due to
mutant RNA expansions that alter RNA-binding splicing regulators [66]. As illustrated in
Figure 1, the main molecular hallmark of DMs is the sequestration of Muscleblind protein
(MBNL), resulting in a local reduction of these protein levels [67]. It is responsible for
several symptoms depending on the DM type and repeat size range, such as myotonia,
muscle weakness, cardiac arthythmia, diabetes, cataracts, male hypogonadism, cognitive
disorders and hypersomnia [68]. Other splicing factors are mis-regulated in DMs, such
as the up-regulation of CUGBP1 [63] and hnRNP H protein [69,70]. Understanding the
molecular pathogenic mechanism helped the development and identification of diverse
therapeutic approaches such as the reduction of toxic RNA levels [71,72], the prevention of
the MBNL protein sequestration, or the inhibition of the signalling pathway that leads to
CUGBP1 up-regulation [73-75].

3. Targets and How to Reach Them: DNA and RNA

MDs are genetic disorders caused by localised mutations of DNA. Such DNA mu-
tations result in a lack of dystrophin protein in DMD and an alteration of the protein
production in DMs (Figure 1) [57,76]. No curative therapies are available to treat the
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pathogenic causes, and the identification of new therapeutic approaches to target genetic
mutations is urgently needed [10]. The most recent strategies to counteract MDs concern
gene therapy and repurposing of drugs, as summarised in Table 1. In order to reach the
target and achieve therapeutic effect, active agents must attain skeletal muscle tissue. A
representation of their localisation is reported in Figure 2.

Table 1. Therapeutic strategies for the treatment of MDs (DMD, Duchenne Muscular Dystrophy; DM, Myotonic Dystrophy;
ASQ, antisense oligonucleotide; CRISPR, clustered regularly interspaced short palindromic repeats).

Development

Approach Active Agent Target Pathology Limitations Phase Reference
FDA approved
Etelprisen Rapid degradation by (Clin. Trial [77]
exonuclease NCT02255552)
Antisense mRNA DMD Low cellular uptake Phase IIL
oligonucleotides Drisapersen Activation of immune ( C]jnse:?l'rjal (78,79]
systemInflammatory effects NCT01254019) ’
cEt ASO CUG/CCUG™P DM Preclinical studies  [80,81]
Higher accumulation in
proliferating cells than in fully - .
Not approved DNA DMD differentiated cells Preclinical studies ~ [82-85]
CRISPR/Cas9 Rapid degradation
Uncompleted repair of protein
Not approved CTG™F DNA DM expression Preclinical studies [86]
Low transfection efficiency
. . Non-sense ..
An:ﬂgg!y;o&de mutations on DMD NOt}?lt_O:“;t)ir Preclinical studies ~ [87-89]
otics mRNA ephrotoxicity
Non-sense EMA approved
Ataluren mutations on DMD High dosage required (Clin. Trial [90,91]
Small molecules mRNA NCT01826487)
Pentamidine CUG®® RNA DM ‘Nep amofoxsoe Preclinical studies  [18,92)]
Off-label use
Evirirmichng and CTG®P DNA DM Off-label use Preclinical studies  [93-95]
erytromicin
ISQX ik MENLL-5Miing DM1 Off-label use Preclinical studies [96]
vorinostat factors
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Figure 2. Organization of the skeletal muscle tissue and the target-tissue related to the class of
experimental molecules (ASO, antisense oligonucleotide; CRISPR, clustered regularly interspaced
short palindromic repeats).

73



Pharmaceutics 2021, 13, 278

Review

6 of 32

3.1. Gene Therapy and Genome Editing for MDs

Gene therapy aims at targeting gene mutations. Genetic strategy and genome editing
offer the advantage of a durable and possibly curative approach. They aimed at improving
patient’s quality of life by i) reducing the administration frequency, thus increasing their
compliance to the treatment [97,98], and ii) providing a personalised therapy for the
correction of genetic mutations [99].

Application of gene therapy in muscle pathologies is performed by exon-skipping [58]
and CRISPR/Cas9 system [59] Exon-skipping is based on the use small of pieces of mod-
ified oligonucleotides, termed antisense oligonucleotides (ASOs), which recognise and
bind specific sequences of mRNA [58,100]. ASOs exert their activity in the nucleus by:
(i) blocking protein maturation and splicing alteration of pre-mRNA, (ii) degrading tar-
geted RNA by RNase H-enzyme and reducing mRNA level [101]. Despite their promising
features, drawbacks related to ASO’s instability, limited distribution to all diseased tissues,
rapid body clearance and difficulties of cellular internalisation have been described [102].
To overcome these issues, chemical modifications on ASO chemical structure have been
studied. Several ASO drugs were modified using the phosphorothioate backbone modi-
fication where one of the non-bridging oxygen atoms of the phosphodiester linkage was
replaced with sulphur. This modification increased the half-life of ASOs [103] and reduced
their degradation by exonucleases [104]. However, ASO-based therapies present potential
toxicities such as the off-target RNA hybridisation and the possibility to alter protein
expression [105]. In addition, they can be recognised by the immune system, inducing
proinflammatory effects [106].

In DMD patients affected by an out-of-frame mutation of DMD gene, ASO therapy
can restore the reading frame of mRNA leading to the expression of a partially functional
dystrophin protein [107]. Eteplirsen was approved in 2016 by the FDA as the first anti-
sense therapy for DMD. Eteplirsen is a 30-nucleotide phosphorodiamidate morpholino
(PMO) ASO that resulted in an increased dystrophin production in all patients treated by
weekly intravenous (LV.) infusion for at least 24 weeks [77]. Drisapersen, a 2'-O-methyl-
phosphorothioate ASO, is another exon-skipping therapy for DMD in clinical development.
Phase 3 study (DMD114044; NCT01254019) evaluated the efficacy of drisapersen after
subcutaneous (S.C.) injection. The six-minute walk distance (6MWD) was the primary
endpoint considered, and no differences were reported between placebo and treated pa-
tients. Data analysis considering secondary endpoints such as the North Star Ambulatory
Assessment (NSAA), 4-stair climb ascent velocity and 10-metre walk/run velocity, showed
lack of statistical significance due to the greater data variability and subgroup heterogeneity.
However, statistically significant results were obtained in the young patients treated in the
early stage of the pathology [78]. Further studies were focused on the preclinical optimisa-
tion of drisapersen, testing its efficacy on young and older DMD mouse model, mdx. This
mouse model is characterised by an induced nonsense point mutation in the dystrophin
gene, which leads to a loss of functional protein expression [108]. Preclinical investigation
showed a comparable efficiency of exon-skipping mechanism in young and older mice, but
functional and physical improvement was only reported for treated young mice, meaning
that the stage of pathology is relevant for treatment efficacy. In vivo studies highlighted
that an early intervention with drisapersen led to functional benefits despite the low level
of dystrophin restoration. In addition, the application of drisapersen was also limited
by the reported side effects at the injection site and mostly proteinuria, which increased
ocl-microglobulin levels [79]. Although ASO therapy and exon-skipping reached important
outcomes, their applicability is limited to patients affected by out-of-frame mutation and
requires continuous administrations throughout the lifetime of the patients [109,110].

ASO therapy is also reported for the treatment of DM where it targets and neutralises
toxic CUG/CCUG®®P RNAs which sequestrate splicing factors [111]. Although there is
no approved ASO therapy for DM, in vitro and in vivo results are promising [112-114].
It has been reported that ASOs containing 2'- 4'- constrained ethyl (cEt) modifications
can be employed to target DMPK genes and substantially reduce CUG®P RNA nuclear
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foci in patient-derived DM1 myoblasts [80]. Klein et al. developed an arginine rich Pip6a
cell-penetrating peptide-conjugated PMO ASO to overcome the poor distribution of ASOs
in skeletal muscle. Pipa6-conjugated ASO directed against CUG®*P allowed an effective
concentration of ASOs in muscle fibres recovering MBNL1-dependent splicing defects [81].

In contrast to ASO therapy, genome editing induces a permanent correction of
gene mutation [115]. Initially, engineered zinc finger nucleases (ZFNs) and transcription
activator-like effector (TALENSs) have been used to permanently remove splicing sequences
in DMD gene and to restore dystrophin expression [116,117]. Recently, Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) in association with specific DNA endonu-
clease protein called Cas9, targeting DNA sequencing, has been investigated to restore
the genetic mutation [118-120]. Cas9 nuclease requires a single guide RNA (sgRNA) to
form a complex with DNA by recognition with a defined 20 bp DNA sequence, known as
protospacer. The protospacer sequence is immediately followed by a short sequence called
protospacer-adjacent motif (PAM), needed by Cas9 for DNA cleavage and for genome
editing to start [121].

Promising results of CRISPR/Cas9 in MD treatment were reported. Dystrophin
recovery by CRISPR/Cas9 system was observed in a new DMD mouse model characterised
by a lacking exon 44 of the dystrophin gene, one of the hotspot regions for DMD gene
mutation. In this study, Cas9 and sgRNA, the main gene editing components, were encoded
by adeno-associated viruses serotype 9 (AAVs). The ratio between AAVs encoding for Cas9
and for sgRNA had an important effect on gene correction. Higher level of sgRNA ensured
higher Cas9 activity, which increased dystrophin restoration due to long-lasting presence
of sgRNA that allows continuous editing in myofibers. Combination of optimized sgRNA
and AAV vectors for delivery increased long-term correction of dystrophin mutation in
mice [82]. AAV9 have been already associated to CRISPR/Cas9 system for dystrophin
recovery in a deltaE50-MD canine model of DMD, which leads to loss of exon 50. An
sgRNA was optimised to target a region adjacent to the exon 51 splice acceptor site, and it
resulted in high frequency of reframing events. Dystrophin protein expression was restored

to 60% by intramuscular (L.M.) injection of AAV9-Cas9 and AAVs-sgRNA-51 [83]. Besides,
CRISPR/Cas9 ability to target repeated DNA sequences also provides a possible strategy in
DM therapy [122]. Dastidar et al. evaluated CRISPR/Cas9 activity, delivered through viral
vector to excise CTG repeats in DM1 patient-derived cells, leading to the normalisation of
DMPK gene expression and the degradation of toxic RNAs. The study demonstrated the
potential application of CRISPR/Cas9 excision in trinucleotides repeat expansion up to
1200 repeats [88].

Genome editing by CRISPR/Cas9 strategy requires an efficient delivery system. AAV
are used most often and have a low cargo capacity as compared with other viral vectors,
requiring a high AAV dose to deliver sgRNA for gene reprogramming in vivo [21], increas-
ing the risk of immunogenicity [123]. Traditional genome editing based on CRISPR/Cas9
technologies introduces double-stranded (ds) DNA breaks at a target locus as the first step
to gene correction. However, the potential applications of Cas9 nucleases are limited in
part by their reliance on DNA breaks, which could cause deletions, insertions or chromoso-
mal rearrangements. Due to recent advances, CRISPR/Cas9-associated base editing (BE)
approaches have emerged. These strategies do not require a dsDNA backbone but mediate
the direct conversion of base pairs, advancing the treatment of genetic disorders associated
with single nucleotide mutations [124,125]. Cytosine and adenine base-editors are the most
used tools to exert mutation transition (Cytosine (C) > Thymine (T) and Adenine (A) >
Guanine (G)), guided by a new CRISPR/Cas9 system which targets the non-edited DNA
strand [126]. Ryu et al. demonstrated the application of BE in DMD treatment, using a dual
trans-splicing AAV to deliver adenine base editors (ABE). ABE treatments achieve a precise
A-to-G base mutation, restoring dystrophin expression in 17% of myofibers, following LM.
into tibialis anterior in mdx mice [127]. Moreover, due to increased interest in BE, non-viral
vectors are under investigation to replace viral constructs as delivery systems [21]. Jiang
et al. demonstrated a successful delivery of ABE using lipid nanoparticles in Tyrosinemia
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I mice, correcting the gene mutation and showing the promise of the BE approach [128].
Despite the far-reaching capabilities of the BE strategy, a major limitation of this technique
has been the ability to generate precise edits beyond the allowed transition mutations.
Anzalone et al. described a new genome editing strategy called prime editing. This search-
and-replace technology directly writes new genetic information into targeted DNA using
a catalytically impaired Cas fused to an engineered reverse transcriptase enzyme, and a
prime editing guide RNA (pegRNA) able to recognise and bind the target site [129]. This
technology with its simplicity and precision holds great promise for the correction of point
mutation in human genetic disorders.

3.2. Drug Repurposing

Another current approach in MD treatment is drug repurposing, a strategy for identi-
fying new applications for approved or investigational drugs that are outside the scope of
the original medical indication. Drug repurposing has promising expectations regarding
efficacy, safety, cost and translation to the clinical setting. This is because repurposed
drugs have been already studied in preclinical models and humans for safety assessments.
Moreover, in many cases the formulation aspects are already developed [130].

In order to select the right candidate in a repurposing strategy, a systematic approach
that combines computational techniques and experimental studies is required. Com-
putational approaches are based on data-analysis (gene expression, chemical structure,
genotype or proteomic data, or electronic health records (EHRs)), to validate the repurpos-
ing hypothesis. Experimental approaches are also required to identify target interactions
and efficacy in appropriate models [131]. Table 1 lists the most common drugs used for
repurposing strategies in DMD and DM.

About 10% of DMD patients present a nonsense mutation, which induces a prema-
ture stop codon in dystrophin mRNA leading to non-functional protein [132-134]. Some
compounds are able to bind the stop codon, forcing the translational machinery to incorpo-
rate amino acids into the assembling protein, overcoming the stop signal and obtaining a
functional protein [87]. Restoration of dystrophin protein was studied using gentamicin,
an aminoglycoside antibiotic made of a mixture of major and minor aminoglycoside com-
ponents [88]. Barton-Davis et al. demonstrated the possibility of treating DMD nonsense
mutation using gentamicin. The drug was administered by S.C. injection to mdx mice at dif-
ferent dosages to identify the optimal dose to restore the full-length dystrophin [87,89]. To
determine the efficacy on the suppression of premature stop codon in mdx mice, evaluation
of dystrophin protection against contraction-induced damage was examined. The number
of damaged fibres was reduced in treated mdx mice, as compared with wild type mice.
Prolonged use of gentamicin implicates nephrotoxicity, limiting the long-term administra-
tion required for genetic diseases [135]. To address toxicity issues, new aminoglycosides
and non-aminoglycosides were explored. Friesen et al. demonstrated the efficacy and
greater read through-safety window than other compounds, of a minor gentamicin com-
ponent called gentamicin X2, which shows a lower toxicity than gentamicin [136]. From
the evaluation of neuromast toxicity (cytotoxic concentration, CC50), as a substitute for
ototoxicity, CC50 of gentamicin X2 was significantly reduced compared to gentamicin.
Minor component X2 has great potential for clinical utility in treating genetic diseases
caused by nonsense mutations. Among non-aminoglycoside compounds, ataluren is a
novel, orally administered, synthetic molecule that suppresses nonsense mutation in a
way similar to aminoglycosides and increases dystrophin production [90]. Data from a
phase III trial did not show improvement in 6MWD of treated patients, but less physical
deterioration was demonstrated for patients receiving ataluren than for those receiving
placebo. Results reported in this trial confirmed the clinical benefit of ataluren in terms of
preservation of muscle function in DMD patients [91]. Further studies should evaluate the
long-term benefits the drug.
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In DM, the toxic foci made of CUG/CCUG®P RNA aggregates are able to sequestrate
MBNLI splicing factor, thus altering the protein expression [61]. As an example, pentami-
dine, furamidine and erythromycin can inhibit the sequestration of splicing factors such
as MBNL1 by CUG®*P RNA sequence. Docking analyses are useful to predict the binding
conformation of small molecules to appropriate binding sites. They have been reported for
rational screens of molecules that might selectively bind CUG structures and consequently
improve biological activity in DM1 models [137].

Recently, pentamidine, a diamine compound that FDA approved for the treatment of
trypanosomiasis and leishmaniasis infections [138], has been proposed for MD treatment
and its efficacy was evaluated in vitro and in vivo. Pentamidine treatment reduced CUG*P
RNA level and rescued mis-splicing events in HeLa DM1 transfected cells, which expressed
960 interrupted CUG repeats. The number of nuclear foci was reduced by 21% [139]. The
efficacy of pentamidine treatment was evaluated on DM1 mouse model HSA'R (human
skeletal actin long repeat length) that expresses ~250 CUG repeats into the final exon of
human skeletal actin [18]. Pentamidine was administered by intraperitoneal (L.P.) injec-
tion and the correction of chloride-1 and Sercal mRNA mis-splicing was essayed. The
treatment partially reversed mis-splicing events. In vivo studies highlighted a narrow
dosage window for pentamidine which cannot be used over 30 mg/kg twice a day. To over-
come dosage toxicity, chemical modifications were performed to enhance the specificity
to CUG®*P RNA and to reduce the dosage. Based on the chemical backbone of pentami-
dine, other drugs showing chemical similarities were selected. Furamidine is a diamine
compound that rescues the mis-splicing events in vitro and in vivo models [92]. In HSALR
mice, furamidine increased MNBL1 functional expression by inhibiting transcription of
CTG®®P DNA and by disrupting the MNBL-CUG®*P complex [93]. Compared to pentami-
dine, furamidine presented the lowest number of off-target gene expression changes [94].
In combination with erythromycin, furamidine enhanced the effects on MNBL-CUG®**P
complex disruption, reducing nuclear foci presence in patient-derived DM1 cells, without
specific toxic effects [95]. Considering the reduction of MBNL1 in DM1 affected cells,
small molecules improve the pathological condition by overexpression of splicing factors.
For example, ISOX and vorinostat were tested in normal and DM1 fibroblasts, increasing
MBNLI expression and revealing positive effects on DM1 models [96].

Globally, repurposing of small molecules for the treatment of DM requires extensive
investigation concerning their off-label use and the need of novel approaches to define
their therapeutic potential for a different disease.

4. New Treatments based on Nanocarriers as Alternative Strategies to Facilitate
Skeletal Muscle Targeting

Over the last years, the application of nanomedicine as a promising innovative ap-
proach to treat different pathologies such as MDs has been investigated. The architectural
and structural complexities of skeletal muscles challenge nanomedicine delivery, especially
due to the important presence of ECM [45,140]. To restrict interactions with ECM, adminis-
tration of NPs by 1.V. appears as a potential strategy for targeting skeletal muscle. The dense
blood capillary network of skeletal muscles increases NPs access to muscle fibres [141,142].
However, once in the blood circulation, NPs can be rapidly cleared through the mononu-
clear phagocyte system via opsonisation or complexation with plasma proteins [143-146].
Physical and chemical instability [147,148], immunogenicity [149,150] or premature degra-
dation [151] are other limiting factors that might interfere with NPs delivery.

In addition, long-term administration is required to cure chronic disorders such as
MDs, which makes biocompatibility and biodegradability of the nanosystems impor-
tant requirements [152]. NPs should persist long enough to reverse muscle damages
without involving any additional muscle degeneration, before undergoing gradual degra-
dation [51,153]. Therefore, their design has to be optimised to associate or encapsulate
active compounds and to deliver them to skeletal muscles. As illustrated in Figure 3,
various NPs structures have been described [154]. RNA- and DNA-based nanocarriers
are obtained via electrostatic and hydrophobic-hydrophobic interactions with polymers or
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lipids [155-157]. In the case of delivery of the small molecules, their chemical properties,
such as their molecular size, structure and n-octanol-water partition coefficient have an
impact on the selection criteria for nanocarrier strategy [158,159]. Interestingly, synthetic
nanocarriers interacting by electrostatic and hydrophobic-hydrophobic interactions have
been demonstrated to deliver complex CRISPR/Cas9 systems under various forms such as
DNA, mRNA or ribonucleoproteins [160-162].
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Figure 3. Work flow for the design of innovative nanomedicine and therapeutic readout. (ASOs,
antisense oligonucleotides; CRISPR, clustered regularly interspaced short palindromic repeats).

As illustrated in Figure 3, many experimental molecules and macromolecules have
been selected as candidates for MD therapies, and a wide range of nanocarriers has allowed
their delivery to skeletal muscles, promoting in most of the cases their therapeutic potential.

The present section aims at highlighting nanosystems used for DMD and DM applica-
tions that reached preclinical studies. An overview of the various described nanosystems
is reported in Table 2.
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Table 2. Recapitulative table of the diverse described nanosystems tested in vivo for treating MDs (PEI, polyethylen-
imine; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid); PMMA, poly(methyl methacrylate); NIPAM, N-
isopropylacrylamide; PEA, poly(ethylene adipate); PLys, poly(l-lysine); PPE-EA, poly(2-aminoethyl propylene phosphate);
PAMAM-OH, hydroxyl-terminated poly(amidoamine); DMPC, L-a-dimyristoylphosphatidylcholine; (C12(EO)23), poly-
oxyethylene(23) lauryl ether; NPs, nanoparticles; ASO, antisense oligonucleotide; PMO, phosphorodiamidate morpholino

oligomer; GA, glatiramer acetate; CRISPR, clustered regularly interspaced short palindromic repeats; I.M., intramuscular

injection; L.V., intravenous injection; L.P., intraperitoneal).

Class of
Nanocarriers

Nanocarrier
Composition

Muscle
Pathology

Loaded
Molecules

Mouse
Model

Therapeutic
Target

Advantages and Limitations

Admin.
Route

Ref.

PEI-PEG

DMD

Dystrophin

i
2-OMeAsO 0 oA

mdx

(+) high dystrophin-positive
fibers increased
(+) long term residual efficacy
over 6 weeks
(-) low general transfection
efficiency

LM.

[163]

PEI-
PEG/PLGA

DMD

Dystrophin

!
2-OMeAsO 7 A

mdx

(-) no improvement
compared to PEI-PEG-ASO

LM.

[164]

PEI-Pluronic®

DMD

Dystrophin

FMO pre-mRNA

mdx

(+) dystrophin-positive fibers
increased up to 4-fold after
LM.

(+) dystrophin-positive fibers
increased up to 3-fold in all
skeletal muscles after IV,
(+) dystrophin-positive fibers
increased up to 5-fold in heart
after LV.

(+) low muscle tissue, liver
and kidney toxicity
(-) mild general transfection
efficiency

IM./LV.

[165]

DMD

Dystrophin

!
2'-OMe ASO pre-mRNA

mdx

(+) dystrophin-positive fibers
increased up to 10-fold

M.

[166]

PEG-
polycaprolactone
PEG-
(polylactic
acid)

Polymeric

DMD

Dystrophin

PMOASO 0 NA

mdx

(+) dystrophin-positive fibers
increased up to 3-fold
(+) low muscle tissue toxicity
(-) mild general transfection
efficiency

LM.

[167]

PMMA

DMD

Dystrophin

1
2-0MeASO 0 VA

mdx

(+) dystrophin-positive fibers
increased up to 7-fold
(-) slow biodegradability

LF.

[168]

PMMA /NIPAM

DMD

Dystrophin

!
2'-OMe ASO pre-mRNA

mdx

(+) dystrophin-positive fibers
increased up to 4-fold
(+) body-wide dystrophin
restoration after L.V,

(+) exon-skipping level
enhanced up to 20-fold
(+) long term residual efficacy
over 90 days

LP/LV.

[169,
170]

DMD

Dystrophin

!
2'-OMe ASO pre-mRNA

mdx

(+) dystrophin-positive fibers
increased up to 3-10-fold

M.

[171]

PEA

DMD

Dystrophin

PMOASO 0 RNA

mdx

(+) dystrophin-positive fibers
increased up to 3-fold
after L.M.

(+) body-wide
dystrophin-positive fibers
increased up to 3-fold
after LV.

LM./LV.

[171]

Muscle
atrophy /
DMD

pDNA Cell nucleus mdx

(+) transfection efficiency
enhanced up to 6-fold

LM.

[172]

PLys-PEG

Muscle
atrophy

pDNA Cell nucleus Balb/c

(+) transfection efficiency
enhanced up to 10-fold

LV.

[173]
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Table 2. Cont.

Class of Nanocarrier Muscle Loaded Therapeutic ~ Mouse Advantages and Limitations Admin. Ref
Nanocarriers Composition Pathology Molecules Target Model 8 Route )
(+) transfection efficiency
PPE-EA Muscle pDNA Cellnucleus  Balb/c enhanced up to 13-fold M. [174]
atrophy (+) long term residual efficacy
over 14 days
Muscle (+) high, 1
Atelocollagen atrophy/ SiRNA Cytoplasm mdx 1BHET Mass muscie LM./LV. [175]
DMD increase
Muscle Angiotensin (+) higher anti-atrophic .
PAMAM-OH atrophy (1-7) Cytoplasm Balb/c offects LP [176]
5 o (+)‘dystrop§i.n-posilti5\.f.§ fligers
ystrophin increased up to 1.5-fo! -
PEG-bubble DMD PMO ASO pre-mRNA mex (+) exon-skipping level LM (177]
liposomes enhanced up to 5-fold
Clenl IR (+) increased expression of e
Dy FMO ASO pre-mRNA HA Clenl protein up to 1.4-fold I (178]
Nanolipoden- DMD MyoD and Cytoplasm SW-1 (+) Sllg!‘lt mass muscle LM. [179]
drosomes GA increase
(+) lower inflammatory
Nanoliposomes DMD Glucocorticoide Cell nucleus mdx induced regponse \ LV. [180]
Lipidic (+) lower bone catabolic
effects
Hybrid (+) dystrophi.n-pnsitivfe fibers
liposomes .. . increased up to 4-fold
DMPC and DMD Gentamicin Ribosomes mdx (+) lower ototoxicity and LP [181]
(C12(EO)23) nephrotoxicity
(+) high muscle strength
. mTORC1 increase
Perfluorocarbon DMD Rapamycin complex mdx (4) high cardiac contractile LV. [182]
performance increase
Dystrophin . .
Lipid NPs DMD CRISPR /Cas9 DNA AEx44  (*)dystrophin expression IM.  [183]
restored up to 5%
sequence
Dystrophin . .
Inorganic Gold DMD CRISPR /Cas9 DNA mdx (+) HDE in the dys“‘jp}f““ IM.  [184]
sequence gene enhanced up to 18-fold

4.1. Antisense Oligonucleotides

ASO-based therapy is a powerful tool for inducing post-transcriptional modifications
and thereby regulating target genes. There are several classes of ASOs for therapeutic
purposes which differ from their phosphate backbone and ribose sugar group modifica-
tions [185]. Most ASOs used for DMD and DM are 2'O-methyl (2'O-Me), phosphorothioate
(PS) ASO and PMO oligomer modified ASOs. Depending on their chemistry, different
strategies can be obtained to modulate gene expression.

The phosphodiester and phosphorothicate internucleotide linkages confer a highly
negative charge to PS or 2'0O-Me ASOs. Hence, the most common approach to incorporate
such ASOs into NPs remains to form stable complexes with cationic polymers or lipids.
Polyplexes have been currently used for this purpose [186]. Poly(ethylene imine) (PEI) was
one of the first cationic polymers explored for gene therapy because of its efficient binding
association to nucleic acids and good transfection efficiency [187]. Nonetheless, the high
positive surface potential results in significant toxicity, especially for in vivo skeletal muscle
delivery, due to interactions with many biological components. To reduce the surface poten-
tial, poly(ethylene glycol) (PEG) has been added to the formulation [188,189]. Lutz’s group
developed PEI-PEG NPs obtained by the complexation of 2'0-Me ASOs with a cationic
copolymer of PEI and PEG, to restore dystrophin expression in mdx mice [163,190,191].
PEI was conjugated to nonionic linear PEG to provide NPs with a steric shield, greatly
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improving their biocompatibility. PEI-PEG-ASOs were shown to locally improve the levels
of dystrophin expression up to 20% of normal dystrophin expression in WT animals after
LM. injection without eliciting toxicity. However, cationic PEI-PEG showed poor muscle
distribution, evidenced by large untransfected areas in muscles, due to the nanoparticle
entrapment into the ECM by non-specific binding [163].

In line with Lutz’s group, Sirsi et al. proposed a strategy to shield the positive
charges of PEI-PEG-ASO polyplexes by encapsulating them into PLGA nanospheres [164].
In vitro release studies in physiological medium showed a low PEI-PEG-ASO release from
PLGA nanospheres. Such slow release was correlated to the Mw of PLGA; high PLGA
Mw (72 kDa) impaired complex release, while lower PLGA Mw (17 kDa) reached 66.5%
release over 26 days. This different release span could be ascribed to the kinetic rate of
hydrolysis of PLGA. However, in vivo studies in mdx mouse following I.M. injection of
free or PLGA (17 kDa) encapsulated PEI-PEG-ASOs showed that dystrophin expression
was not improved, probably related to an incomplete ASO release of PEI-PEG-ASOs from
PLGA. Despite this lack of dystrophin expression, polyplexes encapsulation through PLGA
nanospheres appears to be an efficient sustained delivery strategy of interest for treating
chronic diseases.

Wang et al. designed PEI conjugated with Pluronic® polycarbamates (PCM) to deliver
2'0-Me ASQOs in mdx mice [166]. After LM. administration, PEI-PCM NPs showed a local
increased number of dystrophin-positive fibres up to three-eight fold, superior to ASO
alone or unmodified ASO-PEI NPs. The addition of the carbamate hydrophobic groups
contributed to ASO complexation to the NPs and enhanced transfection efficiency. 2'O-Me
ASQOs were also complexed using poly(ester-amine) (PEA), a constructed polymer obtained
from PEI conjugated with Pluronic®. This polyplex demonstrated an efficacy similar to
that of PCM with a number of dystrophin-positive fibres up to 3-10 fold higher than ASO
alone [171].

Cationic polymethylmethacrylate (PMMA) NPs are other promising systems intended
for nucleic acids delivery [192]. Rimessi et al. proved that cationic PMMA (named T1 NPs)
complexed with 2'0-Me PS ASOs, administered by LP. injection, restored dystrophin ex-
pression in body-wide striated muscles of mdx mice [168]. Dystrophin appeared expressed
at moderate levels on the membrane of myofibers of the diaphragm, gastrocnemius and
quadriceps and was restored at lower levels on the membrane of cardiomyocytes, showing
the wide muscle distribution of T1 NPs. However, PMMA NPs are slowly degradable
and might form small aggregates at high concentration in blood circulation, limiting their
clinical use [192]. Based on these results, Ferlini et al. designed PMMA /N-isopropil-
acrylamide+ (NIPAM) NPs (ZM2 NPs) to improve the potential of PMMA-based NPs [169].
PMMA core was shielded with NIPAM cationic copolymer and used to bind and convey
2/0O-Me PS ASOs to mdx mice following LP. administration. ZM2-ASOs NPs induced
efficient and widespread dystrophin restoration at low dose of ASOs in both striated and
smooth muscles, with a dystrophin expression up to 40% of muscle fibres and an exon-
skipping level up to 20% after seven days. Moreover, these nanocarriers showed long-term
residual efficacy over 90 days, demonstrating their potential as gene delivery systems for
ASQ delivery [170].

Other non-ribose modified ASOs less frequently used for MDs applications are PMO.
These ASO modifications are aimed at increasing their nuclease resistance and mRNA
binding efficacy, but provide poor cellular uptake and rapid blood clearance related to the
uncharged nature conferred by the morpholino rings [193,194]. In contrast to negatively
charged ASOs, the use of cationic entities as a delivery vehicle is not suitable with this
well-established ASO delivery strategy. For efficient delivery of these neutral oligonu-
cleotide analogues, lipophilic interactions through PMO and hydrophobic carriers are
privileged [195]. Kim et al. showed, as proof of concept, the potential of non-ionic PEG-
polycaprolactone and PEG-(polylactic acid) polymersomes for the .M. administration of
PMO for DMD application into mdx mice [167]. The polymersomes successfully enhanced
dystrophin expression in the entire muscle length increasing three-fold the number of
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dystrophin-positive fibres as compared with free-PMO. Furthermore, these degradable car-
riers were biocompatible upon injection in the muscle, showing long-circulating properties
with an improvement of dystrophin expression over three weeks after a single injection.

Wang et al. proved previously described PCM NPs for PMO delivery in mdx mice to be
a strategy for DMD therapy [165]. Hydrophobic region of the carbamate groups enabled the
formation of ASO-PCM carriers. These NPs dramatically improved dystrophin expression
in muscles after LM. injections with up to 57% of dystrophin-positive fibres, four-fold
superior to ASO alone. After I.V. administration, up to 15% of myofibers were dystrophin-
positive, resulting in a transfection efficiency 3-fold superior to ASO alone. In heart muscle,
PCMs demonstrated an improvement of dystrophin-positive cardiomyocytes up to 5-fold
superior, nevertheless leading to only 5% of dystrophin-positive cells. Hydrophobic PCM
NPs showed high toxicity, whereas more hydrophilic PCM NPs were found ineffective to
deliver PMO, emphasising the importance of a polymer’s hydrophobic and hydrophilic
balance to improve charge-neutral PMO delivery.

Amphiphilic PEA NPs previously described for 2’-OMe ASO complexation, also
proved to be efficient in delivering PMOs for DMD application in mdx mice [171]. PEA-
PMOs induced three-fold more dystrophin positive myofibers than PMOs alone after
both I.M. and L.V. injection, with the widespread presence of dystrophin-positive fibres in
diaphragm, biceps and heart after systemic delivery.

Other works demonstrated that bubble liposomes combined with ultrasound exposure
are an effective tool to enhance the delivery of PMOs in both HSA'™R and mdx mice for
DM and DMD applications, respectively. The interesting transfection efficiency properties
of these liposomes containing ultrasound imaging gas rely on their ability to cavitate
under ultrasound exposure. This combination produces transient pores in cell membranes,
enabling the direct entry of the therapeutic compounds into the cytoplasm without in-
volvement of the endosomal pathway [196,197]. Koebis et al., demonstrated that bubble
liposomes-PMO LM. delivered in HSALR mice locally improved the alternative splicing of
the chloride channel 1 (Clen1) gene, downregulating the high Clen1 protein level in DM
muscles and thereby enhancing one of the multiple DM features [178]. To our knowledge,
this is the only study on ASO delivery using nanomedicine for DM applications that has
been tested in vivo. Negishi et al. showed the potency of identical bubble liposomes
to deliver PMO for DMD application [177]. This combination of bubble liposomes and
PMOs, followed by ultrasound exposure, locally restored dystrophin expression in mdx
mice muscles with an exon 23-skipping improvement to less than two times and a number
of dystrophin positive fibres ~five-fold superior as compared with PMO alone. Thus, the
co-administration of bubble liposomes combined with ultrasound exposure may provide
an effective non-invasive method for PMO therapy.

Overall, to effectively deliver ASOs in skeletal muscle, nanomedicine is a fundamental
tool to ensure protection from degradation while improving both tissue and intracellular
uptake. The equilibrium of the degree of hydrophobicity, Mw and charge potential is the
key to ensure an optimum compromise between stable complex formation, efficiency and
tissue compatibility. With regard to all studies presented above, nanomedicine has achieved
encouraging improvement of ASO’s efficiency with special attention to skeletal muscles.
Furthermore, systemic administration has showed promising results on the body-wide
carrier distribution into skeletal, smooth and also cardiac muscles.

4.2. Oligonucleotides

RNA and DNA-based therapeutics are efficient and versatile strategies to regulate
gene expression, making this class of drugs attractive for a variety of applications. Similar
to negatively charged ASOs, strategies for oligonucleotides delivery are mainly based on
electrostatic interactions [198-201].

Kinouchi et al. used atelocollagen (ATCOL) to condense a siRNA downregulating
myostatin, a negative regulator of skeletal muscle growth [175]. ATCOL is a highly purified
collagen chosen for its biocompatibility with skeletal muscle, as collagen occurs naturally
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as one of its principal components [43]. Moreover, it has been reported that ATCOL
displays low in vivo immunogenicity and toxicity [202,203]. ATCOL-siRNA NPs markedly
decreased the protein levels of myostatin and thereby increased muscle mass within two
weeks after a single M. injection in mdx mice. The authors also demonstrated the potential
of systemic ATCOL-siRNA delivery to repress myostatin expression, inducing muscle
hypertrophy in normal mice.

Poly(2-aminoethyl propylene phosphate) (PPE-EA) polymer has also demonstrated
good potential for pPDNA delivery to the muscle tissue in healthy Balb/c mice [204]. The
high PPE-EA molecular weight ensures suitable hydrolytic stability of the PPE-EA/pDNA
complexes. Furthermore, the cleavage of the PPE-EA phosphoester bond in physiological
conditions gives this polymer interesting biodegradability properties. In vivo gene transfer
efficiency was evaluated using LacZ, coding for -galactosidase, as a model gene. After LM.
injection, PPE-EA /pDNA demonstrated a significantly higher and delayed -galactosidase
expression in muscles, up to 17-fold superior to DNA alone, highlighting the great potential
of PPE-EA polymer as muscle gene delivery [174].

Itaka et al. designed PEG-poly(L-lysine) (PEG-PLys)/pDNA NPs-mediated gene
delivery systems for skeletal muscle in order to find novel strategies to inhibit tumour
growth through the extensive capillary network wrapped around the muscle fibres [173].
The authors designed PEG-PLys to reconcile DNA binding affinity within cationic PLys
core, and tolerance under physiologic conditions through the electrically neutral shell of
PEG [205]. The transgene expression efficacy in the skeletal muscle of healthy Balb/c mice
was evaluated using pDNA encoding luciferase and GFP, as a model gene. After injection
into the blood stream of murine muscle limbs, PEG-PLys/pDNA induced a luciferase
expression up to 10-fold higher than pDNA alone in the injected muscle over 25 days.
Moreover, PEG-PLys/pDNA promoted an increased number of fluorescent-positive muscle
fibres compared to pDNA alone, a better time-dependent profile of transgene expression
without any overt signs of toxicity. Thus, PEG-PLys NPs provide prolonged transgene
expression in skeletal muscle, which is promising for the field of muscle pathologies.

Hyperbranched poly(ester amine)s (demonstrated an efficient PEAs) obtained from
chemical modifications of PEI also demonstrated interesting properties as pDNA delivery
carriers in C2C12 murine muscle cells and mdx mice [172]. The authors cross-linked
low-molecular-weight PEI polymers to raise a dispersed positive charge density into the
core and enhanced gene transfection efficiency while reducing PEI associated cytotoxicity.
These biodegradable NPs effectively condensed a pDNA coding for GFP and showed a low
in vitro cytotoxicity on muscle cells. PEAs/pDNA complexes in vitro transfection with
up to 87% of fluorescent-positive C2C12 muscle cells, suggesting a transfection efficiency
2-3-fold higher than that of cells transfected with PEI/pDNA. Finally, these nanosystems
also proved to have good potential for muscle gene delivery, showing a substantial increase
in fluorescent-positive muscle fibres after .M. administration.

In a way similar to ASOs, the main strategies adopted to deliver oligonucleotides into
skeletal muscle rely on the use of materials ensuring electrostatic and hydrophobic interac-
tions. Finding a compromise between hydrophobic and charge degree is crucial in gene
delivery to ensure carriers stability and great transfection efficiency while sustaining high
tissue integrity. Although these studies have been presented as promising proof-of-concept
for skeletal muscle delivery, further investigations using oligonucleotides designed for
treating MDs could warrant the use of such nanocarriers to critically cure affected muscles.

4.3. Small Molecules

Drug repurposing is an effective strategy to reuse existing licensed drugs for novel
medical indication while reducing development time, costs and minimising risk of fail-
ure [112,206]. In addition, nanomedicine has been used to enhance therapeutic potential of
drugs with restricted pharmacological profile and encompass toxicity limitations and poor
availability [207-210].
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One of the first small molecules encapsulated for MD applications was gentamicin, to
enhance its poor delivery profile to the muscle tissue and to decrease its toxicity [120,181]. In
order to overcome these drawbacks, Yukihara et al. encapsulated gentamicin into liposomes
made of phosphatidylcholine or phosphocholine and PEG. Efficient accumulation of these
nanosystems in the cytoplasm and cytoplasmic membranes of myofibers after LP. injection
was observed. Gentamicin-loaded liposomes increased the percentage of dystrophin
positive myofibers up to 7.7% compared to 2.4% for gentamicin alone and were able to
suppress the drug related ototoxicity and nephrotoxicity. However, despite the positive
features of liposomes, which led to an enhanced pharmacological profile of gentamicin,
this small molecule is candidate for only nonsense DMD mutations, thus restricting its
clinical potential only to a narrow population of DMD patients [211].

Regulating downregulated myogenic recovery factors such as Myogenic differen-
tiation 1 (MyoD) appears to be a good strategy to restore muscle differentiation and
regeneration [212]. For this purpose, Afzal et al. designed nanolipodendrosomes loaded
with synthetised MyoD and glatiramer acetate (GA), a synthetic drug that increases the
level of anti-inflammatory cytokines [179]. The results demonstrated that these loaded
nanosystems significantly improved muscle mass of lower-limbs in healthy SW-1 mice
after .M. injection, while no improvement was observed in the other muscles. Authors
suggested that further research would warrant the use of nanolipodendrosomes loaded
with these two candidate drugs to ameliorate muscle regeneration.

Bibee et al. developed lipid NPs of perfluorocarbon (PFC) to deliver rapamycin [182],
an immunosuppressant and anti-inflammatory agent that proved to restore defective
autophagy mechanism in mdx mice, associated with many side effects [213]. The main
advantage of PFC NPs is their exceedingly good stability in blood, as they were origi-
nally developed as a blood substitute [214,215]. After systemic injection, nanocarriers
were able to rescue a correct autophagy flux in mdx mice, thus improving both skeletal
muscle strength and cardiac contractile performance. On the other hand, no equivalent
improvement was achieved with conventional oral rapamycin administration delivered
at a concentration even 10-fold superior, corresponding to the pharmacological doses.
Furthermore, these muscle performance improvements were observed in young or adult
wild-type mice as well as in aged mice, demonstrating the broad efficiency of this therapy.
Clinically, potential deleterious consequences of rapamycin could be mitigated by the lower
required dose administration of rapamycin once loaded into PFC NPs.

Lowering the severe side effects associated with chronic glucocorticosteroid admin-
istration has been investigated by Turjeman et al., encapsulating methylprednisolone
hemisuccinate (MPS) into PEGylated nanoliposomes (NSSL) [180]. These smaller lipo-
somes (80 nm) benefit from the inflamed tissues’ unique vascular abnormality, achieving
muscle passive targeting and accumulation into the inflamed tissue [216,217]. NSSL/MPS
were mostly internalised into the diaphragm of young mdx mice after 1.V. injection, due to
the multiple tissue damages occurring in this organ at this stage, resulting in NPs leakage
tfrom capillaries. A significant decrease of TGE-31 protein level was observed in serum, as
a result of protective effects against inflammation. NSSL/MPS significantly ameliorated
osteoporosis in elderly mdx mice, whereas MPS alone further increased bone catabolic
effects, increasing DMD phenotype. Finally, differences in NSSL/MPS treatment doses
showed diverse muscle benefits: lower doses demonstrating advantages in terms of muscle
strength, whereas higher doses showing benefits in terms of mobility.

Marquez-Miranda et al. developed hydroxyl-terminated poly(amidoamine) (PAMAM-
OH) dendrimer as a carrier for angiotensin (1-7), an anti-atrophic bioactive heptapeptide
highly beneficial in the treatment of skeletal muscle pathologies [176]. PAMAM-OH den-
drimers were used to increase angiotensin (1-7) short half-life, hydrolytic stability and poor
systemic distribution. To observe the anti-atrophic effect of angiotensin (1-7), the authors
unilaterally immobilised lower hind limbs of normal mice for 14 days. Loaded nanosys-
tems demonstrated the ability to restore muscle strength and recover fibres diameter of
immobilised limbs to levels similar to non-immobilised limbs after LP. administration,
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whereas angiotensin (1-7) alone did not induce any recovery. Moreover, bone micro-
architectural structure in elderly mdx mice was less damaged over 58 weeks of NSSL-MPS
administration compared to mice treated with MPS. Altogether, these findings highlight the
potency of PAMAM-OH /angiotensin (1-7) nanocarriers as an efficient general treatment
of dystrophies for mitigating muscle atrophy.

Many therapeutic approaches have been explored through the screening of small
molecules to reverse pathological consequences of MDs. Despite several advantages
including lower costs, ease of therapy management and faster development process, small
molecules are intended only to target downstream effects at the splicing or protein level
and not to correct mutations at the DNA or RNA levels. In the studies presented above,
nanomedicine has allowed for an increase in the therapeutic impact of experimental small
molecules or well-known effective molecules, while significantly decreasing potential
deleterious side effects.

4.4. CRISPR/Cas9 System

CRISPR/Cas9 system is a recent and powerful genome editing tool of great interest
to treat genetic disorders such as DMD and DM [100,218]. The delivery of Cas9/sgRNA
ribonucleoprotein complexes via non-viral delivery systems has been investigated to boost
its clinical applications [219,220]. Challenges rely principally on the large size of Cas9
protein and the difficulty to prevent ribonucleoprotein complexes from degrading during
the entire formulation and delivery process [183]. Lee et al. used gold NPs (GNP) to
develop innovative carriers for the delivery of the entire CRISPR/Cas9 system (named
CRISPR-Gold) to restore dystrophin expression by inducing in vivo homologous directed
repair (HDR) in mdx mice [184]. Authors selected GNP as they can be easily coated with a
densely packed layer of DNA and can be internalised by a variety of cell types [221,222].
To obtain complex CRISPR-Gold, the authors coated GNP with a thiol-terminated DNA to
efficiently hybridize thiol-terminated donor DNA and trigger its rapid release once into the
cytoplasm by disulfide-bond cleavage. Cas9 protein/sgRNA was then adsorbed onto the

NPs, then finally covered with PAsp(DET) endosomal disruptive polymer. CRISPR-Gold
demonstrated the ability to efficiently deliver in vitro and in vivo both the protein and the
nucleic acid of the CRISPR/Cas9 system, through their affinity with the GNP coating of
packed layer DNA. Injected simultaneously with cardiotoxin to induce further muscle
damage, CRISPR-Gold revealed in mdx mice an HDR efficiency up to 18 times higher
than CRISPR/Cas9 system itself with 5.4% restoration of the dystrophin gene. Moreover,
cryosections of CRISPR-Gold-injected muscles showed a robust dystrophin expression
nearly similar to that of wild-type mice muscle and reduced levels of muscle fibrosis, a sign
of better tissue health. CRISPR-Gold delivered under clinically relevant conditions (without
cardiotoxin) were shown to enhance animal strength and agility in mdx mice with HDR
efficiency of 1% in the dystrophin gene and minimal off-target genomic damage. Finally,
this work evidenced the absence of a broad immune response that could be potentially
induced by the Cas9 bacterial protein, suggesting the possible safety of multiple injections
of CRISPR-Gold. In conclusion, the authors designed NPs able to bind all CRISPR/Cas9
components but also to intracellularly deliver them through endosomal disruptive and
disulphide reduction mechanisms. Complex and innovative CRISPR-Gold has the potential
to regenerate wild-type dystrophin to a fully functional level, appearing as a promising
treatment for genetic diseases such as DMD.

Recently, Wei et al. efficiently delivered Cas9/sgRNA ribonucleoprotein complexes to
muscle, brain, liver and lungs using lipid NPs [183]. By adjusting the molecular components
and ratios of lipids, the authors achieved tissue-specific gene editing in liver and lungs
of healthy mice C57BL/6] after systemic injection. More interestingly, these nanosystems
were evaluated in AEx44 DMD mice and were proven to restore dystrophin expression up
to ~5% after LM. administration.

To our knowledge, NPs here presented are the only CRISPR/Cas9 delivery systems
using non-viral NPs that have been described for MD applications. Although CRISPR/Cas9
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is currently one of the most efficient tools for genome editing, non-viral delivery strategies
are needed to improve precise gene correction.

5. Limitations In In Vitro and In Vivo Testing of Novel Treatments

The evaluation of nanomedicine behaviour in appropriate in vitro and in vivo models
able to mimic physiology and phenotypes of MDs is an important requirement for their
clinical translation. For preliminary studies and screening of different drugs, in vitro
and ex vivo models based on immortalised or mutant human and animal cells, muscle
preservation systems or tissue engineered constructs have been set-up as alternatives to
rare patient cells. In addition, different animal models have been also set up to provide
accurate in vivo MD models. An overview of the common used in vitro, ex vivo or in vivo
models for testing novel MD treatments is provided in Figure 4.
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Figure 4. Strategies and accurate models to explore MD treatments. Broad in vitro, ex vivo and
in vivo MD models to promote the translation of nanomedicine-based therapies (MD, muscular
dystrophies; X-MET, ex vivo-vascularized muscle engineered tissue).

In vitro studies provide a unique preliminary resource to clarify the potential risk
of NPs administration [223]. Primary cells are the most representative cell model for
studying the molecular hallmarks of these pathologies as they are directly isolated from
the patient’s tissue [224]. However, their use is limited by the poor availability of muscle
tissue due to the small samples collected by biopsy and the limited proliferative capacity
of the satellite cells isolated from the explanted tissue [225-229]. To overcome these
limitations, different strategies have been proposed. Genetic mutation characteristics of the
pathology can be exogenously introduced into immortalised cell lines such as HeLa, C2C12
myoblasts or induced pluripotent stem cells (iPS). Even if these experimental models do not
reproduce the entire genomic context, these transfected cells express the main features of
the pathogenic mechanism, providing a cell-based model for studying the splicing defects
of MDs [18,86,230]. Another approach consists in the immortalisation of primary muscle
cells by reducing their replicative senescence with the use of telomere shortening, inhibiting
the dominant p16 pathway [223,231-233]. Skin fibroblasts from patient skin biopsies can
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also differentiate into multinucleated myotubes by inducing the myogenic regulator factor
MyoD [223,224,234,235]. However, these 2D monolayer cultures inaccurately representing
in vitro tissue cells and cellular response to therapeutic treatments might be erroneous
due to the unnatural microenvironment [236,237]. In this context, 3D culture systems have
gained increasing interest as they are able to provide accurate models of organs or tissue
physiology and associated disorders. However, they are not exempt from limitations, such
as lack of nutrients and oxygen distribution, and accumulation of wastes into the core of 3D
culture [236,238,239]. Diverse biomimetic engineered muscle constructs, such as scaffold or
organoid cell culture, have demonstrated structural and functional characteristics similar to
native muscle, mimicking the tissue complexity [240-242]. These skeletal muscle organoids
offer an attractive alternative to preliminary in vivo studies for disease modelling and
in vitro drug screening.

Ex-vivo models have also reproduced accurate natural environment models for broad
applications, overcoming 3D cell culture challenges related to heterogeneous oxygen,
nutrient and metabolic waste distribution [237,243-245]. One possible approach for muscle
investigations is culturing skeletal muscle explants as intact muscle fibres (myofibers) or
intact muscles, preserving cell/tissue architecture and its relationship with the surrounding
anatomical structures [246]. Moreover, fluid dynamic systems may improve the organ
preservation, overcoming the loss of vasculature function by mimicking the physiological
flow for nutrient supply and catabolite withdrawal, thus supporting the metabolic activity
of the explanted tissues [243,247]. Recently, Carton et al. demonstrated the great benefit in
terms of structural preservation obtained by maintaining explanted soleus murine muscle
in a bioreactor under dynamic conditions [248]. The progressive structural deterioration
of the muscle tissue was markedly slowed, prolonging its preservation up to two days.
This innovative system allows experimental testing on the living organism with positive
ethical impact, overcoming animal injuries related to therapeutic trial. Bioengineered three-
dimensional vascularised skeletal muscle tissue (named X-MET) has also been developed by
Carosio et al., using heterogeneous primary cell populations such as myoblasts, fibroblasts
and endothelial cells [249]. This vascularised ex-vivo system closely mimicking the cellular
complexity of the muscle tissue showed biomechanical properties and activity similar
to adult skeletal muscles. Furthermore, X-MET transplanted into damaged muscle has
demonstrated interesting properties to restore muscle functionality.

To further investigate therapeutic efficacy, in vivo testing remains the most repre-
sentative means of study for understanding the complex cellular and tissue mechanisms’
interactions [250,251]. Over the last years, various animal models of MDs have contributed
to clarifying the molecular phenotypes involved in these pathologies and investigating
drug screening [252-254]. Several DMD animal models have been developed by reproduc-
ing the deficient dystrophin expression. As previously reported, the mdx mouse (BL10-mdx)
is the most commonly used DMD animal model and is characterised by the presence
of a stop codon located in exon 23 that leads to loss of full-length dystrophin whereas
smaller isoforms are still expressed [89,255]. Recently, D2-mdx mouse models issued from a
different genetic background (DBA2/]) have demonstrated a more pronounced phenotype
closer to patients [256]. Furthermore, Desguerre et al. described a model of chronic me-
chanical muscle injury to trigger muscle fibrosis at the same time of dystrophin-deficiency
expression in mdx hindlimb muscle [257]. DMD canine model (cDMD, GRMD) also car-
ries dystrophin deficit and expresses clinical phenotypes more severely than mdx mouse,
better aligning with the progressive course of DMD and thereby better translating to hu-
mans [252,258,259]. Two zebrafish dystrophin mutants, sapje and sapje-like (sapc/100),
carry a mutation in the dystrophin gene, which results in a premature stop codon, thus
mimicking muscle dysfunction with a severe phenotype [260,261]. Other less common
DMD animal models include Caenorhabditis elegans, Drosophila melanogaster, feline, rat and
pig models [252].

Regarding DM, animal models have been developed by reproducing CUG expansion,
MBNL-deficient or CELF-overexpressing phenotypes. Two main mouse models are com-
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monly used for the study of DM1 and DM2: DMSXL mice, carrying ~ 1000-1800 CTG
repeats with multisystemic transgene expression, and HSA'R mice that express human
skeletal actin (HSA) transcripts containing ~ 250 trinucleotide repeats within the 3 DMPK
UTR with skeletal muscle transgene expression [262,263]. These murine models reproduce
the DM1 and DM2 pathogenesis similarly to the human phenotype [264-268]. Two ze-
brafish models of MBNL loss of function, typical of DM1, have been generated to study the
pathological aspects that characterise skeletal and heart muscles in DM [269,270]. Other
transgenic animals, such as Caenorhabditis elegans and Drosophila melanogaster have also
been engineered to mimic some characteristics of DM phenotypes [252,262].

Although no animal model is able to completely recapitulate the aspects of the mul-
tisystemic phenotypes typical of MDs, their use is required to provide critical in-depth
assessment of proof-of-principle concept studies and preclinical experiments. The actual
growing interest and knowledge for development of in vitro and ex vivo alternatives to re-
duce clinical animal experimentation could warrant novel and better methods for assisting
in assessment of MDs therapy.

6. Future Perspectives

The recent understanding of the pathogenic mechanisms of MDs highlights the urgent
need of new and more effective treatments [20,100]. Nanomedicine demonstrated to
enhance the therapeutic potential of gene therapy and drug repurposing approaches. As
an example, pentamidine-loaded nanomedicines were used to explore the activity of the
drug, not only as an anti-leishmaniasis agent but also as an anticancer agent to reduce
drug associated toxicity, such as its severe nephrotoxicity [271,272]. Ongoing investigations
are aimed at demonstrating the efficacy of this novel formulation to treat DM1 (study
in progress).

New therapeutic approaches needed a continuous administration throughout pa-
tient’s life, making the biocompatibility and biodegradability of delivery systems a crucial
feature to preserve skeletal muscle from additional alterations. As presented in this review,
the main advantages of nanosystems rely on their physico-chemical properties, namely
composition, size and surface potential that can be modulated to avoid nanocarrier toxicity,
and to load specific actives and deliver them in a target site.

To disclose the potential of nanomedicine application to MDs treatment, the gap
between in vitro and in vivo testing has to be filled. In addition, to understand the fate
of nanosystems once administered to MDs mice, biodistribution studies need to be ad-
dressed. To date, only a few investigations reported NPs biodistribution into skeletal
muscles through different administration routes as I.V., LP. and .M. (tibialis anterior and
gastrocnemius muscles) [173,273,274]. After systemic administration, NPs spread into
tissues through blood systemic circulation, then, extravasate into the ECM before reaching
muscle fibres. It has been suggested that the dense blood capillary network wrapping
skeletal myofibers could be favourable to NPs accumulation and distribution following
LV. injection [196]. Hydrodynamic injection is also known to facilitate gene delivery by
transient enhancement of the plasma membrane’s permeability [142,275,276]. However,
the applied pressure due to the hindrance of the blood flow might cause oedema and
inflammation, restricting the translation of this technique to clinic [277].

Overcoming the ECM barrier remains another important goal to improve NPs distri-
bution in skeletal muscle fibres. Surface engineered nanosystems have been designed to
actively promote the interaction between nanosystems and cells [278]. The high specificity
of antibodies for their corresponding antigen provides a selective and potent approach
for therapeutic NPs targeting [279]. As an example, the murine monoclonal antibody
(3E10), capable of binding the surface of muscle cells, has been reported to improve ac-
tive targeting [280,281]. However, no scientific studies on antibody-functionalised NPs
have been conducted for skeletal muscle targeting so far. More commonly used, short
peptides sequences (e.g., ASSLNIA or SKTFNTHPQSTP) have proved promising as NPs
functionalization for specific tissue-targeting [282-284]. Several examples of peptides
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targeting muscle cells have been reported [285-287] and association to nanosystems may
lead to improved selectivity of NPs for skeletal muscle. Polymeric nanosystems have been
functionalised with active targeting agents that preferentially bind active molecules or
receptors expressed on the surface of muscle cells. Active targeting-dependent uptake
has been demonstrated using PLGA nanocarriers functionalised with a muscle-homing
peptide M12 [288]. Biodistribution studies revealed a preferential accumulation of targeted
NPs in skeletal muscle cells in mdx mice, compared to untargeted nanocarriers, increasing
the accumulation of polymeric NPs and enhancing therapeutic efficacy [274].

As presented in this review, nanomedicine holds promise for the development of
efficient and safe MD treatments. With the rise in biologic products development, there
is an increasing interest for effective biocompatible delivery systems that can be better
suited for biologics leading to more effective therapeutic strategies. Further development
of nanomedicine in this area is expected to result from complementary expertise in differ-
ent research fields. Indeed, a multi-disciplinary study in drug discovery, nanomedicine,
biotechnology, biclogy and medicine is key to providing valid and reliable strategies that
can offer unprecedented opportunities to MD patients.

Author Contributions: [.A., M.R. and EC. wrote the first draft of the review. G.L., BS,, S.A.,
M.M., S.B. and D.K. reviewed the manuscript and contributed to the critical analysis and the future
perspectives of the work. R.M. and B.C. helped with the description of the disease. G.L., B.S., S.A.
and M.M. conceptualised the work. All authors have read and agreed to the published version of
the manuscript.

Funding: 1.A_ has a fellowship from the Italian Ministry of University and Research. M.R. has a
fellowship from the INVITE project of the University of Verona (PhD Programme in Nanoscience and
Advanced Technologies). INVITE is an initiative funded by European Union’s Horizon 2020 Research
and Innovation Programme under the Marie Sklodowska-Curie grant agreement No. 754345.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Euronanomed III (Joint Translational Call 2017, Project RESOLVE), the Italian
Ministry of University and Research-University of Turin “Fondi Ricerca Locale (ex-60%)”. Figures
have been designed using Inkscape v.0.92.2 software. Some scientific illustrations were used from
Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0
Unported License; https://smart.servier.com.

Conflicts of Interest: The authors declare no conflict of interest.

1. Shieh, P.B. Muscular dystrophies and other genetic myopathies. Neurol. Clin. 2013, 31, 1009-1029. [CrossRef] [PubMed]
2. Theadom, A.; Rodrigues, M.; Roxburgh, R.; Balalla, S.; Higgins, C.; Bhattacharjee, R.; Jones, K.; Krishnamurthi, R.; Feigin, V.
Prevalence of muscular dystrophies: A systematic literature review. Neuroepidemiology 2014, 43, 259-268. [CrossRef] [PubMed]

NN by 99

Mercuri, E.; Bonnemann, C.G.; Muntoni, F. Muscular dystrophies. Lancet Lond. Engl. 2019, 394, 2025-2038. [CrossRef]

Carter, J.C.; Sheehan, D.W.; Prochoroff, A.; Birnkrant, D.]J. Muscular Dystrophies. Clin. Chest Med. 2018, 39, 377-389. [CrossRef]
Johnson, N.E. Myotonic Dystrophies. Continuum 2019, 25, 1682-1695. [CrossRef] [PubMed]

Meola, G. Clinical aspects, molecular pathomechanisms and management of myotonic dystrophies. Acta Myol. 2013, 32, 154-165.
Messina, S.; Vita, G.L. Clinical management of Duchenne muscular dystrophy: The state of the art. Neurol. Sci. 2018, 39, 1837-1845.
[CrossRef] [PubMed]

8. Nio, Y.; Tanaka, M.; Hirozane, Y.; Muraki, Y.; Okawara, M.; Hazama, M.; Matsuo, T. Phosphodiesterase 4 inhibitor and
phosphodiesterase 5 inhibitor combination therapy has antifibrotic and anti-inflammatory effects in mdx mice with Duchenne
muscular dystrophy. FASEB |. 2017, 31, 5307-5320. [CrossRef] [PubMed]

9.  Zanotti, S.; Bragato, C.; Zucchella, A.; Maggi, L.; Mantegazza, R.; Morandi, L.; Mora, M. Anti-fibrotic effect of pirfenidone in
muscle derived-fibroblasts from Duchenne muscular dystrophy patients. Life Sci. 2016, 145, 127-136. [CrossRef]

10. McDonald, C.M.; Henricson, E.K.; Abresch, R.T.; Duong, T.; Joyce, N.C.; Hu, E; Clemens, P.R.; Hoffman, E.P.; Cnaan, A_;
Gordish-Dressman, H.; et al. Long-term effects of glucocorticoids on function, quality of life, and survival in patients with
Duchenne Muscular Dystrophy: A prospective cohort study. Lancet 2018, 391, 451-461. [CrossRef]

89



Review

Pharmaceutics 2021, 13, 278 22 of 32

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

Kao, K.-T,; Joseph, S.; Capaldi, N.; Brown, 5.; Di Marco, M.; Dunne, J.; Horrocks, L; Shepherd, S.; Ahmed, S.F.; Wong, 5.C. Skeletal
disproportion in glucocorticoid-treated boys with Duchenne muscular dystrophy. Eur. |. Pediatr. 2019, 178, 633-640. [CrossRef]
[PubMed]

Mayo, A.L.; Craven, B.C.; McAdam, L.C.; Biggar, W.D. Bone health in boys with Duchenne muscular dystrophy on long-term
daily deflazacort therapy. Neuromuscul. Disord. 2012, 22, 1040-1045. [CrossRef]

Ward, L.M.; Weber, D.R. Growth, pubertal development, and skeletal health in boys with Duchenne muscular dystrophy. Curr.
Opin. Endocrinol. Diabetes Obes. 2019, 26, 39—-48. [CrossRef]

Birnkrant, D.].; Bushby, K.; Bann, C.M.; Apkon, 5.D.; Blackwell, A.; Brumbaugh, D.; Case, L.E.; Clemens, P.R.; Hadjiyannakis,
S.; Pandya, 5.; et al. Diagnosis and management of Duchenne muscular dystrophy, part 1: Diagnosis, and neuromuscular,
rehabilitation, endocrine, and gastrointestinal and nutritional management. Lancet Neurol. 2018, 17, 251-267. [CrossRef]
Fayssoil, A_; Lazarus, A.; Wahbi, K.; Ogna, A.; Nardi, O.; Lofaso, E; Clair, B.; Orlikowski, D.; Annane, D. Cardiac implantable
electronic devices in tracheotomized muscular dystrophy patients: Safety and risks. Int. J. Cardiol. 2016, 222, 975-977. [CrossRef]
[PubMed]

Bach, J.R.; Saporito, L.R.; Shah, H.R.; Sinquee, D. Decanulation of patients with severe respiratory muscle insufficiency: Efficacy
of mechanical insufflation-exsufflation. J. Rehabil. Med. 2014, 46, 1037-1041. [CrossRef]

Warf, M.B.; Nakamori, M.; Matthys, C.M.; Thornton, C.A_; Berglund, ].A. Pentamidine reverses the splicing defects associated
with myotonic dystrophy. Proc. Natl. Acad. Sci. USA 2009, 106, 18551-18556. [CrossRef]

Konieczny, P.; Selma-Soriano, E.; Rapisarda, A.S.; Fernandez-Costa, ].M.; Perez-Alonso, M.; Artero, R. Myotonic dystrophy:
Candidate small molecule therapeutics. Drug Discov. Today 2017, 22, 1740-1748. [CrossRef] [PubMed]

Lee, ].E.; Bennett, C.E; Cooper, T.A. RNase H-mediated degradation of toxic RNA in myotonic dystrophy type 1. Proc. Natl. Acad.
Sci. USA 2012, 109, 4221-4226. [CrossRef]

Verhaart, LE.C.; Aartsma-Rus, A. Therapeutic developments for Duchenne muscular dystrophy. Nat. Rev. Neurol. 2019, 15,
373-386. [CrossRef]

Zhang, Y.; Li, H.; Min, Y.L.; Sanchez-Ortiz, E.; Huang, ].; Mireault, A.A.; Shelton, ].M.; Kim, ].; Mammen, P.P.A.; Bassel-Duby,
R.; et al. Enhanced CRISPR-Cas9 correction of Duchenne muscular dystrophy in mice by a self-complementary AAV delivery
system. Sci. Adv. 2020, 6, eaay6812. [CrossRef]

Lo Scrudato, M.; Poulard, K.; Sourd, C.; Tomé, S.; Klein, A F; Corre, G.; Huguet, A_; Furling, D.; Gourdon, G.; Buj-Bello, A.
Genome editing of expanded CTG repeats within the human DMPK gene reduces nuclear RNA foci in the muscle of DM1 mice.
Mol. Ther. 2019, 27, 1372-1388. [CrossRef]

Pedrini, I.; Gazzano, E.; Chegaev, K.; Rolando, B.; Marengo, A.; Kopecka, ].; Fruttero, R.; Ghigo, D.; Arpicco, S.; Riganti, C.
Liposomal nitrooxy-doxorubicin: One step over caelyx in drug-resistant human cancer cells. Mol. Pharm. 2014, 11, 3068-3079.
[CrossRef] [PubMed]

Autio, K.A.; Dreicer, R.; Anderson, |.; Garcia, J.A.; Alva, A.; Hart, L.L.; Milowsky, M.L; Posadas, EM.; Ryan, C.J.; Graf, R.P;
et al. Safety and efficacy of BIND-014, a docetaxel nanoparticle targeting prostate-specific membrane antigen for patients with
metastatic castration-resistant prostate cancer: A phase 2 clinical trial. JAMA Oncol. 2018, 4, 1344-1351. [CrossRef]

Van der Meel, R.; Sulheim, E.; Shi, Y.; Kiessling, F.; Mulder, W.J.M.; Lammers, T. Smart cancer nanomedicine. Nat. Nanotechnol.
2019, 14, 1007-1017. [CrossRef]

Wang-Gillam, A.; Hubner, R.A.; Siveke, ].T.; Von Hoff, D.D.; Belanger, B.; de Jong, E.A.; Mirakhur, B.; Chen, L.-T. NAPOLI-1 phase
3 study of liposomal irinotecan in metastatic pancreatic cancer: Final overall survival analysis and characteristics of long-term
survivors. Eur. |. Cancer 2019, 108, 78-87. [CrossRef] [PubMed]

Hanif, S.; Muhammad, P.; Chesworth, R.; Rehman, EU.; Qian, R.; Zheng, M.; Shi, B. Nanomedicine-Based Immunotherapy for
Central Nervous System Disorders. Acta Pharmacol. Sin. 2020, 41, 936-953. [CrossRef] [PubMed]

You, L.; Wang, ].; Liu, T.; Zhang, Y.; Han, X,; Wang, T,; Guo, 5.; Dong, T.; Xu, ].; Anderson, G.J.; et al. Targeted brain delivery of
rabies virus glycoprotein 29-modified deferoxamine-loaded nanoparticles reverses functional deficits in Parkinsonian mice. ACS
Nano 2018, 12, 4123-4139. [CrossRef]

Dos Santos Tramontin, N.; da Silva, S.; Arruda, R.; Ugioni, K.S.; Canteiro, P.B.; de Bem Silveira, G.; Mendes, C.; Silveira, P.C.L.;
Muller, A.P. Gold nanoparticles treatment reverses brain damage in Alzheimer’s disease model. Mol. Neurobiol. 2020, 57, 926-936.
[CrossRef] [PubMed]

Pearson, R.M.; Podojil, ].R.; Shea, L.D.; King, N.J.C.; Miller, S.D.; Getts, D.R. Overcoming challenges in treating autoimmuntity:
Development of tolerogenic immune-modifying nanoparticles. Nanomedicine 2019, 18, 282-291. [CrossRef]

Zhao, G.; Liu, A; Zhang, Y.; Zuo, Z.-Q.; Cao, Z.-T.; Zhang, H.-B.; Xu, C.-E; Wang, J. Nanoparticle-delivered siRNA targeting
Bruton'’s tyrosine kinase for rheumatoid arthritis therapy. Biomater. Sci. 2019, 7, 4698-4707. [CrossRef] [PubMed]

Horwitz, D.A.; Bickerton, S.; Koss, M.; Fahmy, TM.; La Cava, A. Suppression of murine Lupus by CD4+ and CD8+ treg cells
induced by T cell-targeted nanoparticles loaded with interleukin-2 and transforming growth factor . Arthritis Rheumatol. 2019,
71, 632-640. [CrossRef]

Fries, C.N.; Curvino, EJ.; Chen, ].-L.; Permar, S.R.; Fouda, G.G.; Collier, ].H. Advances in nanomaterial vaccine strategies to
address infectious diseases impacting global health. Nat. Nanotechnol. 2020, 1-14. [CrossRef] [PubMed]

Nanomedicine and the COVID-19 vaccines. Nat. Nanotechnol. 2020, 1. [CrossRef]

90



Review

Pharmaceutics 2021, 13, 278 23 of 32

35.

36.

37.

38.

39!

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Sahin, U.; Muik, A.; Derhovanessian, E.; Vogler, 1.; Kranz, L.M.; Vormehr, M.; Baum, A_; Pascal, K.; Quandt, J.; Maurus, D.; et al.
COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell responses. Nature 2020, 586, 594-599. [CrossRef] [PubMed]
Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and safety of the MRNA-1273 SARS-CoV-2 vaccine. N. Engl. |. Med. 2020, 384, 403-416. [CrossRef] [PubMed]

Chung, Y.H.; Beiss, V.; Fiering, S.N.; Steinmetz, N.F. COVID-19 vaccine frontrunners and their nanotechnology design. ACS Nano
2020, 14, 12522-12537. [CrossRef]

Kranz, L.M.; Diken, M.; Haas, H.; Kreiter, S.; Loquai, C.; Reuter, K.C.; Meng, M.; Fritz, D.; Vascotto, F; Hefesha, H.; et al. Systemic
RNA delivery to dendritic cells exploits antiviral defence for cancer immunotherapy. Nature 2016, 534, 396—401. [CrossRef]
[PubMed]

Xin, X.; Kumar, V;; Lin, E; Kumar, V.; Bhattarai, R.; Bhatt, V.R.; Tan, C.; Mahato, R.I. Redox-responsive nanoplatform for codelivery
of miR-519¢ and gemcitabine for pancreatic cancer therapy. Sci. Adv. 2020, eabd6764. [CrossRef] [PubMed]

Sasso, M.S.; Lollo, G.; Pitorre, M.; Solito, S.; Pinton, L.; Valpione, S.; Bastiat, G.; Mandruzzato, S.; Bronte, V.; Marigo, L; et al.
Low dose gemcitabine-loaded lipid nanocapsules target monocytic myeloid-derived suppressor cells and potentiate cancer
immunotherapy. Biomaterials 2016, 96, 47-62. [CrossRef] [PubMed]

Lancet, J.E;; Uy, G.L,; Cortes, J.E.; Newell, L.F; Lin, T.L; Ritchie, E.K_; Stuart, R.K.; Strickland, S.A.; Hogge, D.; Solomon, S.R.;
et al. CPX-351 (cytarabine and daunorubicin) liposome for injection versus conventional cytarabine plus daunorubicin in older
patients with newly diagnosed secondary acute myeloid leukemia. J. Clin. Oncol. 2018, 36, 2684-2692. [CrossRef]

Salvioni, L.; Rizzuto, M.A_; Bertolini, ].A.; Pandolfi, L.; Colombo, M.; Prosperi, D. Thirty years of cancer nanomedicine: Success,
frustration, and hope. Cancers 2019, 11, 1855. [CrossRef]

Gillies, A.R.; Lieber, R.L. Structure and function of the skeletal muscle extracellular matrix. Muscle Nerve 2011, 44, 318-331.
[CrossRef]

Yhee, ].Y.; Yoon, H.Y.; Kim, H.; Jeon, S.; Hergert, P.; Im, ].; Panyam, J.; Kim, K.; Nho, R.S. The effects of collagen-rich extracellular
matrix on the intracellular delivery of glycol chitosan nanoparticles in human lung fibroblasts. Int. |. Nanomed. 2017, 12, 6089-6105.
[CrossRef] [PubMed]

Sleboda, D.A; Stover, K.K.; Roberts, T.]. Diversity of extracellular matrix morphology in vertebrate skeletal muscle. ]. Morphol.
2020, 281, 160-169. [CrossRef] [PubMed]

Engin, A.B.; Nikitovic, D.; Neagu, M.; Henrich-Noack, P.; Docea, A.O.; Shtilman, M.I.; Golokhvast, K.; Tsatsakis, A.M. Mechanistic
understanding of nanoparticles’ interactions with extracellular matrix: The cell and immune system. Part. Fibre Toxicol. 2017,
14, 22. [CrossRef] [PubMed]

Stylianopoulos, T.; Poh, M.Z.; Insin, N.; Bawendi, M.G.; Fukumura, D.; Munn, L.L; Jain, R.K. Diffusion of particles in the
extracellular matrix: The effect of repulsive electrostatic interactions. Biophys. |. 2010, 99, 1342-1349. [CrossRef] [PubMed|]
Zhigaltsev, LV;; Belliveau, N.; Hafez, I; Leung, A K.K.; Huft, ].; Hansen, C.; Cullis, P.R. Bottom-up design and synthesis of limit
size lipid nanoparticle systems with aqueous and triglyceride cores using millisecond microfluidic mixing. Langmuir 2012, 28,
3633-3640. [CrossRef]

Evers, M.].W.; Kulkarni, ].A.; van der Meel, R.; Cullis, PR_; Vader, P; Schiffelers, R.M. State-of-the-art design and rapid-mixing
production techniques of lipid nanoparticles for nucleic acid delivery. Small Methods 2018, 2, 1700375. [CrossRef]

Feng, |.; Markwalter, C.E.; Tian, C.; Armstrong, M.; Prud’homme, R.K. Translational formulation of nanoparticle therapeutics
from laboratory discovery to clinical scale. J. Transl. Med. 2019, 17, 200. [CrossRef] [PubMed]

Ebner, D.C,; Bialek, P; El-Kattan, A F; Ambler, C.M.; Tu, M. Strategies for skeletal muscle targeting in drug discovery. Curr.
Pharm. Des. 2015, 21, 1327-1336. |CrossRef] [PubMed]

Mah, J.K.; Korngut, L.; Fiest, K.M.; Dykeman, |.; Day, L.].; Pringsheim, T,; Jette, N. A Systematic review and meta-analysis on the
epidemiology of the muscular dystrophies. Can. |. Neurol. Sci. 2015, 43, 163-177. [CrossRef]

Nascimento Osorio, A.; Medina Cantillo, ].; Camacho Salas, A.; Madruga Garrido, M.; Vilchez Padilla, ].]. Consensus on the
diagnosis, treatment and follow-up of patients with Duchenne muscular dystrophy. Neurologia 2019, 34, 469-481. [CrossRef]
Koenig, M.; Hoffman, E.P.; Bertelson, C.J.; Monaco, A.P.; Feener, C.; Kunkel, L.M. Complete cloning of the Duchenne muscular
dystrophy (DMD) cDNA and preliminary genomic organization of the DMD gene in normal and affected individuals. Cell 1987,
50, 509-517. [CrossRef]

Zhu, J.E; Liu, H.H.; Zhou, T.; Tian, L. Novel mutation in exon 56 of the dystrophin gene in a child with Duchenne muscular
dystrophy. Int. . Mol. Med. 2013, 32, 1166-1170. [CrossRef] [PubMed]

Muntoni, E; Torelli, S.; Ferlini, A. Dystrophin and mutations: One gene, several proteins, multiple phenotypes. Lancet Neurol.
2003, 2, 731-740. [CrossRef]

Koenig, M.; Beggs, A.H.; Moyer, M.; Scherpf, S.; Heindrich, K_; Bettecken, T.; Meng, G.; Miiller, C.R_; Lindlof, M.; Kaariainen, H.;
et al. The molecular basis for Duchenne versus Becker muscular dystrophy: Correlation of severity with type of deletion. Am. |.
Hum. Genet. 1989, 45, 498-506. [PubMed]

Miyatake, S.; Mizobe, Y.; Takizawa, H.; Hara, Y.; Yokota, T.; Takeda, S.; Aoki, Y. Exon skipping therapy using phosphorodiamidate
morpholino oligomers in the mdx52 mouse model of Duchenne muscular dystrophy. Methods Mol. Biol. 2018, 1687, 123-141.
[CrossRef]

Zhu, P.; Wu, E; Mosenson, ].; Zhang, H.; He, T.-C.; Wu, W.-5. CRISPR/Cas9-mediated genome editing corrects dystrophin
mutation in skeletal muscle stem cells in a mouse model of muscle dystrophy. Mol. Ther. Nucleic Acids 2017, 7, 31-41. [CrossRef]

91



Review

Pharmaceutics 2021, 13, 278 24 of 32

60.

61.
62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

78.

79.

80.

81.

82.

83.

84.

Bird, T.D. Myotonic Dystrophy Type 1. In GeneReviews®; Adam, M., Ardinger, H.H., Pagon, R.A., Wallace, S.E., Bean, LJ.,
Stephens, K., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 1993-2020.

Thornton, C.A. Myotonic dystrophy. Neurol. Clin. 2014, 32, 705-719. [CrossRef] [PubMed]

Turner, C.; Hilton-Jones, D. The myotonic dystrophies: Diagnosis and management. |. Neurol. Neurosurg. Psychiatry 2010, 81,
358-367. [CrossRef]

Lee, ].E.; Cooper, T.A. Pathogenic mechanisms of myotonic dystrophy. Biochem. Soc. Trans. 2009, 37, 1281-1286. [CrossRef]

De Temmerman, N.; Sermon, K.; Seneca, S.; De Rycke, M.; Hilven, P.; Lissens, W.; Van Steirteghem, A_; Liebaers, 1. Intergenerational
instability of the expanded CTG repeat in the DMPK gene: Studies in human gametes and preimplantation embryos. Am. |. Hum.
Genet. 2004, 75, 325-329. [CrossRef]

Malatesta, M.; Cardani, R.; Pellicciari, C.; Meola, G. RNA transcription and maturation in skeletal muscle cells are similarly
impaired in myotonic dystrophy and sarcopenia: The ultrastructural evidence. Front. Aging Neurosci. 2014, 6, 196. [CrossRef]
Nakamori, M.; Sobczak, K.; Puwanant, A.; Welle, S.; Eichinger, K.; Pandya, S.; Dekdebrun, ].; Heatwole, C.R.; McDermott, M.P;
Chen, T; et al. Splicing biomarkers of disease severity in myotonic dystrophy. Ann. Neurol. 2013, 74, 862-872. [CrossRef]
[PubMed]

Miller, ].W.; Urbinati, C.R.; Teng-Umnuay, P,; Stenberg, M.G.; Byrne, B.].; Thornton, C.A_; Swanson, M.S. Recruitment of human
muscleblind proteins to (CUG)(n) expansions associated with myotonic dystrophy. EMBO |. 2000, 19, 4439-4448. [CrossRef]
[PubMed]

Meola, G.; Cardani, R. Myotonic dystrophies: An update on clinical aspects, genetic, pathology, and molecular pathomechanisms.
Biochim. Biophys. Acta 2015, 1852, 594-606. [CrossRef] [PubMed]

Paul, 5.; Dansithong, W.; Kim, D.; Rossi, J.; Webster, N.J.; Comai, L.; Reddy, S. Interaction of musleblind, CUG-BP1 and hnRNP H
proteins in DM1-associated aberrant IR splicing. EMBO |. 2006, 25, 4271-4283. [CrossRef]

Perdoni, F; Malatesta, M.; Cardani, R.; Giagnacovo, M.; Mancinelli, E.; Meola, G.; Pellicciari, C. RNA /MBNLI-containing foci in
myoblast nuclei from patients affected by myotonic dystrophy type 2: An immunocytochemical study. Eur. |. Histochem. 2009,
53, el8. [CrossRef]

Mulders, 5.A.M.; van den Broek, W.]J.A.A_; Wheeler, TM.; Croes, H.J.E.; van Kuik-Romeijn, P.; de Kimpe, S.J.; Furling, D.;
Platenburg, G.J.; Gourdon, G.; Thornton, C.A; et al. Triplet-repeat oligonucleotide-mediated reversal of RNA toxicity in myotonic
dystrophy. Proc. Natl. Acad. Sci. USA 2009, 106, 13915-13920. [CrossRef]

Sardone, V.; Zhou, H.; Muntoni, E; Ferlini, A.; Falzarano, M.S. Antisense oligonucleotide-based therapy for neuromuscular
disease. Molecules 2017, 22, 563. [CrossRef] [PubMed]

Kanadia, R.N.; Shin, ].; Yuan, Y.; Beattie, 5.G.; Wheeler, TM.; Thornton, C.A_; Swanson, M.S. Reversal of RNA missplicing and
myotonia after muscleblind overexpression in a mouse poly(CUG) model for myotonic dystrophy. Proc. Natl. Acad. Sci. USA
2006, 103, 11748-11753. [CrossRef]

Arambula, ].F,; Ramisetty, 5.R.; Baranger, A.M.; Zimmerman, 5.C. A simple ligand that selectively targets CUG trinucleotide
repeats and inhibits MBNL protein binding. Proc. Natl. Acad. Sci. USA 2009, 106, 16068-16073. [CrossRef]

Childs-Disney, J.L.; Hoskins, J.; Rzuczek, S.G.; Thornton, C.A.; Disney, M.D. Rationally designed small molecules targeting the
RNA that causes myotonic dystrophy type 1 are potently bioactive. ACS Chem. Biol. 2012, 7, 856-862. [CrossRef]

Udd, B.; Krahe, R. The myotonic dystrophies: Molecular, clinical, and therapeutic challenges. Lancet Neurol. 2012, 11, 891-905.
[CrossRef]

Mendell, ].R.; Rodino-Klapac, L.R.; Sahenk, Z.; Roush, K_; Bird, L.; Lowes, L.P.; Alfano, L.; Gomez, A.M.; Lewis, S.; Kota, J.; et al.
Eteplirsen for the treatment of Duchenne muscular dystrophy. Ann. Neurol. 2013, 74, 637-647. [CrossRef]

Goemans, N.; Mercuri, E.; Belousova, E.; Komaki, H.; Dubrovsky, A.; Mcdonald, C.M.; Kraus, ].E.; Lourbakos, A.; Lin, Z,;
Campion, G.; et al. A randomized placebo-controlled phase 3 trial of an antisense oligonucleotide, drisapersen, in Duchenne
muscular dystrophy. Neuromuscul. Disord. 2018, 28, 4-15. [CrossRef]

Goemans, N.M.; Tulinius, M.; van den Akker, ].T; Burm, B.E; Ekhart, P.F; Heuvelmans, N.; Holling, T.; Janson, A.A_; Platenburg,
G.].; Sipkens, J.A ; et al. Systemic administration of PRO051 in Duchenne’s muscular dystrophy. N. Engl. |. Med. 2011, 365,
1513-1522. [CrossRef]

Pandey, 5.K.; Wheeler, T.M_; Justice, S.L.; Kim, A.; Younis, H.S.; Gattis, D.; Jauvin, D.; Puymirat, ].; Swayze, E.E.; Freier, S.M.; et al.
Identification and characterization of modified antisense oligonucleotides targeting DMPK in mice and nonhuman primates for
the treatment of myotonic dystrophy type 1s. |. Pharmacol. Exp. Ther. 2015, 355, 329-340. [CrossRef] [PubMed]

Klein, A.F,; Varela, M.A.; Arandel, L.; Holland, A.; Naouar, N.; Arzumanov, A.; Seoane, D.; Revillod, L.; Bassez, G.; Ferry, A; et al.
Peptide-conjugated oligonucleotides evoke long-lasting myotonic dystrophy correction in patient-derived cells and mice. J. Clin.
Investig. 2019, 129, 4739-4744. [CrossRef]

Min, Y.L.; Li, H.; Rodriguez-Caycedo, C.; Mireault, A.A_; Huang, J.; Shelton, ].M.; McAnally, ].R.; Amoasii, L.; Mammen, P.P.A_;
Bassel-Duby, R.; et al. CRISPR-Cas9 corrects Duchenne muscular dystrophy exon 44 deletion mutations in mice and human cells.
Sci. Adv. 2019, 5, eaav4324. [CrossRef]

Amoasii, L.; Hildyard, ].C.W.,; Li, H.; Sanchez-Ortiz, E.; Mireault, A.; Caballero, D.; Harron, R.; Stathopoulou, T.-R.; Massey, C.;
Shelton, ].M.; et al. Gene editing restores dystrophin expression in a canine model of Duchenne muscular dystrophy. Science 2018,
362, 86-91. [CrossRef] [PubMed]

Hotta, A. Genome editing gene therapy for Duchenne muscular dystrophy. |. Neuromuscul. Dis. 2015, 2, 343-355. [CrossRef]

92



Review

Pharmaceutics 2021, 13, 278 25 0f 32

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Amoasii, L.; Long, C; Li, H.; Mireault, A.A_; Shelton, ].M.; Sanchez-Ortiz, E.; Mcanally, ].R.; Bhattacharyya, S.; Schmidt, E; Grimm,
D, et al. Single-cut genome editing restores dystrophin expression in a new mouse model of muscular dystrophy. Sci. Transl.
Med. 2017, 29, eaan8081. [CrossRef]

Dastidar, S.; Ardui, S.; Singh, K.; Majumdar, D.; Nair, N.; Fu, Y.; Reyon, D.; Samara, E.; Gerli, M.EM.; Klein, A.E; et al. Efficient
CRISPR/Cas9-mediated editing of trinucleotide repeat expansion in myotonic dystrophy patient-derived iPS and myogenic cells.
Nucleic Acids Res. 2018, 46, 8275-8298. [CrossRef]

Wagner, K.R.; Hamed, 5.; Hadley, D.W.; Gropman, A.L.; Burstein, A.H.; Escolar, D.M.; Hoffman, E.P.; Fischbeck, K.H. Gentamicin
treatment of Duchenne and Becker muscular dystrophy due to nonsense mutations. Ann. Neurol. 2001, 49, 706-711. [CrossRef]

Barton-Davis, E.R.; Cordier, L.; Shoturma, D.I; Leland, S.E.; Sweeney, H.L. Aminoglycoside antibiotics restore dystrophin
function to skeletal muscles of mdx mice. J. Clin. Investig. 1999, 104, 375-381. [CrossRef] [PubMed]

Vitiello, L.; Tibaudo, L.; Pegoraro, E.; Bello, L.; Canton, M. Teaching an old molecule new tricks: Drug repositioning for Duchenne
muscular dystrophy. Intf. J. Mol. Sci. 2019, 20, 6053. [CrossRef] [PubMed]

Welch, E.M.; Barton, E.R.; Zhuo, |.; Tomizawa, Y.; Friesen, W.].; Trifillis, P.; Paushkin, S.; Patel, M.; Trotta, C.R.; Hwang, S.; et al.
PTC124 targets genetic disorders caused by nonsense mutations. Nature 2007, 447, 87-91. [CrossRef] [PubMed]

McDonald, C.M.; Campbell, C.; Torricelli, R.E.; Finkel, R.S.; Flanigan, KM.; Goemans, N.; Heydemann, P.; Kaminska, A.;
Kirschner, ].; Muntoni, E; et al. Ataluren in patients with nonsense mutation Duchenne muscular dystrophy (ACT DMD): A
multicentre, randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 390, 1489-1498. [CrossRef]

Siboni, R.B.; Bodner, M.].; Khalifa, M.M.; Docter, A.G.; Choi, ].Y.; Nakamori, M.; Haley, M.M.; Berglund, J.A. Biological efficacy
and toxicity of diamidines in myotonic dystrophy type 1 models. . Med. Chem. 2015, 58, 5770-5780. [CrossRef]

Jenquin, J.R.; Coonrod, L.A; Silverglate, Q.A_; Pellitier, N.A.; Hale, M.A_; Xia, G.; Nakamori, M.; Berglund, J.A. Furamidine
rescues myotonic dystrophy type I associated mis-splicing through multiple mechanisms. ACS Chem. Biol. 2018, 13, 2708-2718.
[CrossRef]

Reddy, K.; Jenquin, J.R.; Cleary, ].D.; Berglund, ].A. Mitigating RNA toxicity in myotonic dystrophy using small molecules. Inf. |.
Mol. Sci. 2019, 20, 4017. [CrossRef] [PubMed]

Jenquin, J.R.; Yang, H.; Huigens III, R.W.; Nakamori, M.; Berglund, J.A. Combination treatment of erythromycin and furamidine
provides additive and synergistic rescue of mis-splicing in myotonic dystrophy type 1 models. ACS Pharmacol. Transl. Sci. 2019, 2,
247-263. [CrossRef] [PubMed]

Zhang, F; Bodycombe, N.E.; Haskell, KM_; Sun, Y.L.; Wang, E.T.; Morris, C.A_; Jones, L.H.; Wood, L.D; Pletcher, M.T. A flow
cytometry-based screen identifies MBNL1 modulators that rescue splicing defects in myotonic dystrophy type 1. Hum. Mol. Genet.
2017, 26, 3056-3068. [CrossRef]

Naldini, L. Gene therapy returns to centre stage. Nature 2015, 526, 351-360. [CrossRef]

Fischer, A.; Hacein-Bey-Abina, S.; Cavazzana-Calvo, M. 20 years of gene therapy for SCID. Nat. Immunol. 2010, 11, 457-460.
[CrossRef] [PubMed]

Dunbar, C.E.; High, K.A_; Joung, ] K.; Kohn, D.B.; Ozawa, K_; Sadelain, M. Gene therapy comes of age. Science 2018, 359, eaan4672.
[CrossRef] [PubMed]

Smith, R.A.; Miller, TM.; Yamanaka, K.; Monia, B.F.; Condon, T.P.; Hung, G.; Lobsiger, C.S.; Ward, C.M.; McAlonis-Downes, M.;
Wei, H.; et al. Antisense oligonucleotide therapy for neurodegenerative disease. J. Clin. Investig. 2006, 116, 2290-2296. [CrossRef]
Liang, X.H.; Sun, H.; Nichols, ].G.; Crooke, 5.T. RNase H1l-dependent antisense oligonucleotides are robustly active in directing
RNA cleavage in both the cytoplasm and the nucleus. Mol. Ther. 2017, 25, 2075-2092. [CrossRef]

Geary, RS.; Norris, D.; Yu, R.; Bennett, C.F. Pharmacokinetics, biodistribution and cell uptake of antisense oligonucleotides. Adv.
Drug Deliv. Rev. 2015, 87, 46-51. [CrossRef]

Liang, X.-H.; Shen, W.; Sun, H.; Kinberger, G.A_; Prakash, T.P,; Nichols, ].G.; Crooke, 5.T. Hsp90 protein interacts with phospho-
rothioate oligonucleotides containing hydrophobic 2'-modifications and enhances antisense activity. Nucleic Acids Res. 2016, 44,
3892-3907. [CrossRef]

He, X.-Y.; Wang, ].; Lu, D.-D.; Wang, S.-Q. Synthesis and antisense properties of 2’ 3-F-arabinouridine modified oligonucleotides
with 4'-C-OMe substituent. Molecules 2018, 23, 2374. [CrossRef]

Hagedomn, P.H.; Pontoppidan, M.; Bisgaard, T.S.; Berrera, M.; Dieckmann, A.; Ebeling, M.; Meller, M.R_; Hudlebusch, H.; Jensen,
M.L,; Hansen, H.E; et al. Identifying and avoiding off-target effects of RNase H-dependent antisense oligonucleotides in mice.
Nucleic Acids Res. 2018, 46, 5366-5380. [CrossRef]

Bosgra, S.; Sipkens, ].; De Kimpe, S.; Den Besten, C.; Datson, N.; Van Deutekom, ]. The pharmacokinetics of 2'-O-methyl
phosphorothioate antisense oligonucleotides: Experiences from developing exon skipping therapies for Duchenne muscular
dystrophy. Nucleic Acid Ther. 2019, 29, 305-322. [CrossRef] [PubMed]

Hara, Y.; Mizobe, Y.; Miyatake, S.; Takizawa, H.; Nagata, T.; Yokota, T.; Takeda, S.I.; Aoki, Y. Exon skipping using antisense
oligonucleotides for laminin-alpha2-deficient muscular dystrophy. Methods Mol. Biol. 2018, 1828, 553-564. [CrossRef] [PubMed]

Sicinski, P.; Geng, Y.; Ryder-Cook, A.S.; Barnard, E.A.; Darlison, M.G.; Barnard, P.J. The molecular basis of muscular dystrophy in
the mdx mouse: A point mutation. Science 1989, 244, 1578-1580. [CrossRef]

Kinali, M.; Arechavala-Gomeza, V.; Feng, L.; Cirak, S.; Hunt, D.; Adkin, C.; Guglieri, M.; Ashton, E.; Abbs, S.; Nihoyannopoulos,
P; et al. Local restoration of dystrophin expression with the morpholino oligomer AVI-4658 in Duchenne muscular dystrophy: A
single-blind, placebo-controlled, dose-escalation, proof-of-concept study. Lancet Neurol. 2009, 8, 918-928. [CrossRef]

93



Review

Pharmaceutics 2021, 13, 278 26 0f 32

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.
132

133.

134.

135.

Watanabe, N; Nagata, T.; Satou, Y.; Masuda, S; Saito, T.; Kitagawa, H.; Komaki, H.; Takagaki, K_; Takeda, S. N5-065/NCNP-01:
An antisense oligonucleotide for potential treatment of exon 53 skipping in Duchenne muscular dystrophy. Mol. Ther. Nucleic
Acids 2018, 13, 442-449. [CrossRef]

Gao, Z.; Cooper, T.A. Antisense oligonucleotides: Rising stars in eliminating RNA toxicity in myotonic dystrophy. Hum. Gene
Ther. 2013, 24, 499-507. [CrossRef] [PubMed]

Huguet, A.; Medja, E; Nicole, A.; Vignaud, A.; Guiraud-Dogan, C.; Ferry, A.; Decostre, V.; Hogrel, ].Y.; Metzger, E; Hoeflich, A ;
et al. Molecular, physiological, and motor performance defects in DMSXL mice carrying >1,000 CTG repeats from the human
DM1 locus. PLoS Genet. 2012, 8, e1003043. [CrossRef] [PubMed]

Wheeler, TM.; Leger, A.].; Pandey, S.K.; MacLeod, A.R.; Nakamori, M.; Cheng, S.H.; Wentworth, B.M.; Bennett, C.E; Thornton,
C.A. Targeting nuclear RNA for in vivo correction of myotonic dystrophy. Nature 2012, 488, 111-115. [CrossRef]

Jauvin, D.; Chrétien, J.; Pandey, S.K.; Martineau, L.; Revillod, L.; Bassez, G.; Lachon, A.; McLeod, A.R.; Gourdon, G.; Wheeler,
T.M,; et al. Targeting DMPK with antisense oligonucleotide improves muscle strength in myotonic dystrophy type 1 mice. Mol.
Ther. Nucleic Acids 2017, 7, 465-474. [CrossRef]

Ousterout, D.G.; Kabadi, A.M.; Thakore, P.I.; Majoros, W.H.; Reddy, T.E.; Gersbach, C.A. Multiplex CRISPR /Cas9-based genome
editing for correction of dystrophin mutations that cause Duchenne muscular dystrophy. Nat. Commun. 2015, 6, 6244. [CrossRef]
Qusterout, D.G.; Kabadi, A.M_; Thakore, P.I.; Perez-Pinera, P.; Brown, M.T.; Majoros, W.H.; Reddy, T.E.; Gersbach, C.A. Correction
of dystrophin expression in cells from Duchenne Muscular Dystrophy patients through genomic excision of exon 51 by Zinc
Finger Nucleases. Mol. Ther. 2015, 23, 523-532. [CrossRef] [PubMed]

Ousterout, D.G.; Perez-Pinera, P.; Thakore, P.I.; Kabadi, A.M.; Brown, M.T.; Qin, X.; Fedrigo, O.; Mouly, V.; Tremblay, ].E.; Gersbach,
C.A. Reading frame correction by targeted genome editing restores dystrophin expression in cells from Duchenne Muscular
Dystrophy patients. Mol. Ther. 2013, 21, 1718-1726. [CrossRef]

Doudna, J.A.; Charpentier, E. Genome editing. The new frontier of genome engineering with CRISPR-Cas9. Science 2014,
346, 1258096. [CrossRef]

Nance, M.E.; Hakim, C.H.; Yang, N.N.; Duan, D. Nanotherapy for Duchenne muscular dystrophy. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 2018, 10, €1472. [CrossRef] [PubMed]

Amitai, G.; Sorek, R. CRISPR-Cas adaptation: Insights into the mechanism of action. Nat. Rev. Microbiol. 2016, 14, 67-76.
[CrossRef]

Kleinstiver, B.P.; Prew, M.S.; Tsai, 5.Q.; Topkar, V.V.; Nguyen, N.T.; Zheng, Z.; Gonzales, A.P.W.; Li, Z; Peterson, R.T.; Yeh, ].-R.].;
et al. Engineered CRISPR-Cas9 nucleases with altered PAM specificities. Nature 2015, 523, 481-485. [CrossRef] [PubMed]
Wang, Y.; Hao, L.; Wang, H.; Santostefano, K.; Thapa, A.; Cleary, ].; Li, H.; Guo, X.; Terada, N.; Ashizawa, T.; et al. Therapeutic
genome editing for myotonic dystrophy type 1 using CRISPR/Cas9. Mol. Ther. 2018, 26, 2617-2630. [CrossRef]

Naso, M.E; Tomkowicz, B.; Perry, W.L.; Strohl, W.R. Adeno-associated virus (AAV) as a vector for gene therapy. BioDrugs 2017,
31, 317-334. [CrossRef] [PubMed]

Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, ].A.; Liu, D.R. Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 2016, 533, 420-424. [CrossRef] [PubMed]

Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I; Liu, D.R. Programmable base editing of AeT to
GeC in genomic DNA without DNA cleavage. Nature 2017, 551, 464-471. [CrossRef]

Abudayyeh, O.0.; Gootenberg, ].S.; Franklin, B.; Koob, J.; Kellner, M.].; Ladha, A_; Joung, ].; Kirchgatterer, P; Cox, D.B.T.; Zhang,
F. A Cytosine deaminase for programmable single-base RNA editing. Science 2019, 365, 382-386. [CrossRef] [PubMed]

Ryu, S.-M.; Koo, T.; Kim, K,; Lim, K; Baek, G.; Kim, 5.-T.; Kim, H.S.; Kim, D.-E.; Lee, H.; Chung, E.; et al. Adenine base editing in
mouse embryos and an adult mouse model of Duchenne Muscular Dystrophy. Nat Biotechnol 2018, 36, 536-539. [CrossRef]
Jiang, T.; Henderson, ].M.; Coote, K.; Cheng, Y.; Valley, H.C.; Zhang, X.-O.; Wang, Q.; Rhym, L.H.; Cao, Y.; Newby, G.A_; et al.
Chemical modifications of adenine base editor mRNA and guide RNA expand its application scope. Nat Commun 2020, 11, 1979.
[CrossRef]

Anzalone, A.V.; Randolph, P.B.; Davis, ].R.; Sousa, A.A.; Koblan, L.W,; Levy, | M.; Chen, PJ; Wilson, C.; Newby, G.A_; Raguram,
A_; et al. Search-and-replace genome editing without double-strand breaks or donor DNA. Nature 2019, 576, 149-157. [CrossRef]
Pushpakom, S.; Iorio, E; Eyers, P.A_; Escott, K.].; Hopper, S.; Wells, A_; Doig, A.; Guilliams, T.; Latimer, ].; McNamee, C.; et al.
Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov. 2019, 18, 41-58. [CrossRef]

Knapp, S. New opportunities for kinase drug repurposing and target discovery. Br. |. Cancer 2018, 118, 936-937. [CrossRef]
Wittenstein, A.; Caspi, M.; David, Y.; Shorer, Y.; Nadar-Ponniah, P.T.; Rosin-Arbesfeld, R. Serum starvation enhances nonsense
mutation readthrough. . Mol. Med. 2019, 97, 1695-1710. [CrossRef] [PubMed]

Chowdhury, H.M.; Siddiqui, M.A.; Kanneganti, S.; Sharmin, N.; Chowdhury, M.W.; Nasim, M.T. Aminoglycoside-mediated
promotion of translation readthrough occurs through a non-stochastic mechanism that competes with translation termination.
Hum. Mol. Genet. 2018, 27, 373-384. [CrossRef]

Shimizu-Motohashi, Y.; Komaki, H.; Motohashi, N.; Takeda, S.; Yokota, T.; Aoki, Y. Restoring dystrophin expression in Duchenne
muscular dystrophy: Current status of therapeutic approaches. |. Pers. Med. 2019, 9, 1. [CrossRef]

Hayward, R.S.; Harding, J.; Molloy, R.; Land, L.; Longcroft-Neal, K.; Moore, D.; Ross, ].D.C. Adverse effects of a single dose of
gentamicin in adults: A systematic review. Br. |. Clin. Pharmacol. 2018, 84, 223-238. [CrossRef] [PubMed]

94



Review

Pharmaceutics 2021, 13, 278 27 of 32

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.
148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Friesen, W.].; Johnson, B.; Sierra, J.; Zhuo, ].; Vazirani, P,; Xue, X.; Tomizawa, Y.; Baiazitov, R.; Morrill, C.; Ren, H.; et al. The minor
gentamicin complex component, X2, is a potent premature stop codon readthrough molecule with therapeutic potential. PLo5
ONE 2018, 13, e0206158. [CrossRef]

Gonzalez, AL; Konieczny, P; Llamusi, B.; Delgado-Pinar, E.; Borrell, ].I.; Teixido, J.; Garcia-Esparia, E.; Pérez-Alonso, M.;
Estrada-Tejedor, R.; Artero, R. In silico discovery of substituted pyrido[2,3-d] pyrimidines and pentamidine-like compounds with
biological activity in myotonic dystrophy models. PLoS ONE 2017, 12, e0178931. [CrossRef]

Diaz, M.V.; Miranda, M.R.; Campos-Estrada, C.; Reigada, C.; Maya, ].D.; Pereira, C.A.; Lopez-Mufioz, R. Pentamidine exerts
in vitro and in vivo anti Trypanosoma cruzi activity and inhibits the polyamine transport in Trypanosoma cruzi. Acta Trop. 2014,
134, 1-9. [CrossRef] [PubMed]

Coonrod, L.A.; Nakamori, M.; Wang, W.; Carrell, S.; Cameron, L.; Bodner, M.].; Siboni, R.B.; Docter, A.G.; Haley, M.M.; Charles,
A_; et al. Reducing levels of toxic RNA with small molecules. ACS Chem. Biol. 2013, 8, 2528-2537. [CrossRef] [PubMed]
Theocharis, A.D.; Skandalis, 5.5.; Gialeli, C.; Karamanos, N.K. Extracellular matrix structure. Adv. Drug Deliv. Rev. 2016, 97, 4-27.
[CrossRef]

Zhang, G.; Budker, V.; Williams, P.; Subbotin, V.; Wolff, ] A. Efficient expression of naked DNA delivered intraarterially to limb
muscles of nonhuman primates. Hum. Gene Ther. 2001, 12, 427-438. [CrossRef]

Hagstrom, J.E.; Hegge, ].; Zhang, G.; Noble, M.; Budker, V.; Lewis, D.L.; Herweijer, H.; Wolff, ].A. A facile nonviral method for
delivering genes and siRNAs to skeletal muscle of mammalian limbs. Mol. Ther. 2004, 10, 386-398. [CrossRef] [PubMed]

Gref, R.; Minamitake, Y.; Peracchia, M.T.; Trubetskoy, V.; Torchilin, V.; Langer, R. Biodegradable long-circulating polymeric
nanospheres. Science 1994, 263, 1600-1603. [CrossRef] [PubMed]

Longmire, M.; Choyke, P.L.; Kobayashi, H. Clearance properties of nano-sized particles and molecules as imaging agents:
Considerations and caveats. Nanomedicine 2008, 3, 703-717. [CrossRef] [PubMed]

Gustafson, H.H.; Holt-Casper, D.; Grainger, D.W.; Ghandehari, H. Nanoparticle uptake: The phagocyte problem. Nano Today
2015, 10, 487-510. [CrossRef] [PubMed]

Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat.
Biotechnol. 2015, 33, 941-951. [CrossRef] [PubMed]

Nguyen, V.H.; Lee, B.-]. Protein corona: A new approach for nanomedicine design. Inf. |. Nanomed. 2017, 12, 3137-3151. [CrossRef]
Tenzer, S.; Docter, D.; Kuharev, ].; Musyanovych, A.; Fetz, V.; Hecht, R.; Schlenk, E; Fischer, D.; Kiouptsi, K.; Reinhardt, C.; et al.
Rapid formation of plasma protein corona critically affects nanoparticle pathophysiology. Nat. Nanotechnol. 2013, 8, 772-781.
[CrossRef]

Stano, A.; Nembrini, C.; Swartz, M.A.; Hubbell, ].A.; Simeoni, E. Nanoparticle size influences the magnitude and quality of
mucosal immune responses after intranasal immunization. Vaccine 2012, 30, 7541-7546. [CrossRef] [PubMed]

Hoshyar, N.; Gray, 5.; Han, H.; Bao, G. The effect of nanoparticle size on in vivo pharmacokinetics and cellular interaction.
Nanomedicine 2016, 11, 673-692. |CrossRef] [PubMed]

Vlasova, LL; Kapralov, A.A.; Michael, Z.P.; Burkert, S.C.; Shurin, M.R.; Star, A.; Shvedova, A.A.; Kagan, V.E. Enzymatic oxidative
biodegradation of nanoparticles: Mechanisms, significance and applications. Toxicol. Appl. Pharmacol. 2016, 299, 58-69. [CrossRef]
[PubMed]

Tidball, ].G.; Welc, S.S.; Wehling-Henricks, M. Immunobiology of inherited muscular dystrophies. Compr. Physiol. 2018, 8,
1313-1356. [CrossRef]

Smoak, M.M.; Mikos, A.G. Advances in biomaterials for skeletal muscle engineering and obstacles still to overcome. Mater. Today
Bio 2020, 7, 100069. [CrossRef] [PubMed]

Evers, M.M.; Toonen, L.J.A.; van Roon-Mom, W.M.C. Antisense oligonucleotides in therapy for neurodegenerative disorders.
Adv. Drug Deliv. Rev. 2015, 87, 90-103. [CrossRef]

Kauffman, K.J.; Webber, M.].; Anderson, D.G. Materials for non-viral intracellular delivery of messenger RNA therapeutics. |.
Control. Release 2016, 240, 227-234. [CrossRef]

Parlea, L.; Puri, A.; Kasprzak, W.; Bindewald, E.; Zakrevsky, P.; Satterwhite, E.; Joseph, K.; Afonin, K.A_; Shapiro, B.A. Cellular
delivery of RNA nanoparticles. ACS Comb. Sci. 2016, 18, 527-547. [CrossRef] [PubMed]

Wahane, A.; Waghmode, A_; Kapphahn, A_; Dhuri, K.; Gupta, A_; Bahal, R. Role of lipid-based and polymer-based non-viral
vectors in nucleic acid delivery for next-generation gene therapy. Molecules 2020, 25, 2866. [CrossRef] [PubMed]

Mastria, E.M.; Cai, L.Y.; Kan, M.].; Li, X,; Schaal, ].L.; Fiering, S.; Gunn, M.D.; Dewhirst, M.W.; Nair, 5.K.; Chilkoti, A. Nanoparticle
formulation improves doxorubicin efficacy by enhancing host antitumor immunity. |. Control. Release 2018, 269, 364-373.
[CrossRef] [PubMed]

Yu, A-M.; Choi, Y.H.; Tu, M.-]. RNA drugs and RNA targets for small molecules: Principles, progress, and challenges. Pharmacol.
Rew. 2020, 72, 862-898. [CrossRef]

Givens, B.E.; Naguib, Y.W.; Geary, 5S.M.; Devor, EJ.; Salem, A K. Nanoparticle based delivery of CRISPR /Cas9 genome editing
therapeutics. AAPS J. 2018, 20, 108. [CrossRef]

Liu, C.; Zhang, L.; Liu, H.; Cheng, K. Delivery strategies of the CRISPR-Cas9 gene-editing system for therapeutic applications. |.
Control. Release 2017, 266, 17-26. [CrossRef]

Min, Y.-L.; Bassel-Duby, R.; Olson, ENN. CRISPR correction of Duchenne muscular dystrophy. Annu. Rev. Med. 2019, 27, 239-255.
[CrossRef] [PubMed]

95



Review

Pharmaceutics 2021, 13, 278 28 of 32

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Williams, ].H.; Schray, R.C,; Sirsi, S.R.; Lutz, G.J. Nanopolymers improve delivery of exon skipping oligonucleotides and
concomitant dystrophin expression in skeletal muscle of mdx mice. BMC Biotechnol. 2008, 8, 35. [CrossRef] [PubMed]

Sirsi, S.R.; Schray, R.C.; Wheatley, M.A.; Lutz, G.J. Formulation of polylactide-co-glycolic acid nanospheres for encapsulation and
sustained release of poly(ethylene imine)-poly(ethylene glycol) copolymers complexed to oligonucleotides. J. Nanobiotechnol.
2009, 7, 1. [CrossRef] [PubMed]

Wang, M.; Wu, B.; Lu, P; Cloer, C.; Tucker, ].D.; Lu, Q. Polyethylenimine-modified Pluronics (PCMs) improve morpholino
oligomer delivery in cell culture and dystrophic mdx mice. Mol. Ther. 2013, 21, 210-216. [CrossRef]

Wang, M.; Wu, B.; Lu, P; Tucker, ].D.; Milazi, S.; Shah, S.N.; Lu, Q.L. Pluronic—PEI copolymers enhance exon-skipping of
2'-O-methyl phosphorothioate oligonucleotide in cell culture and dystrophic mdx mice. Gene Ther. 2014, 21, 52-59. [CrossRef]
[PubMed]

Kim, Y.; Tewari, M.; Pajerowski, ].D.; Cai, S.; Sen, S.; Williams, ].; Sirsi, S.; Lutz, G.; Discher, D.E. Polymersome delivery of siRNA
and antisense oligonucleotides. J. Control. Release 2009, 134, 132-140. [CrossRef]

Rimessi, P.; Sabatelli, .; Fabris, M.; Braghetta, P.; Bassi, E.; Spitali, P.; Vattemi, G.; Tomelleri, G.; Mari, L.; Perrone, D.; et al.
Cationic PMMA nanoparticles bind and deliver antisense oligoribonucleotides allowing restoration of dystrophin expression in
the mdx mouse. Mol. Ther. 2009, 17, 820-827. [CrossRef] [PubMed]

Ferlini, A.; Sabatelli, I’; Fabris, M.; Bassi, E.; Falzarano, S.; Vattemi, G.; Perrone, D.; Gualandi, F;; Maraldi, N.M.; Merlini, L.; et al.
Dystrophin restoration in skeletal, heart and skin arrector pili smooth muscle of mdx mice by ZM2 NP-AON complexes. Gene
Ther. 2010, 17, 432-438. [CrossRef]

Bassi, E.; Falzarano, S.; Fabris, M.; Gualandi, F.; Merlini, L.; Vattemi, G.; Perrone, D.; Marchesi, E.; Sabatelli, P.; Sparnacci, K.; et al.
Persistent dystrophin protein restoration 90 days after a course of intraperitoneally administered naked 2’OMePS AON and ZM2
NP-AON complexes in mdx Mice. ]. Biomed. Biotechnol. 2012, 2012, 1-8. [CrossRef]

Wang, M.; Wu, B.; Tucker, ].D.; Bollinger, L.E.; Lu, P.; Lu, Q. Poly(ester amine) composed of polyethylenimine and Pluronic
enhance delivery of antisense oligonucleotides in vitro and in dystrophic mdx mice. Mol. Ther. Nucleic Acids 2016, 5, e341.
[CrossRef]

Wang, M.; Tucker, ].D.; Lu, P;; Wu, B.; Cloer, C.; Lu, Q. Tris[2-(acryloyloxy)ethyl]isocyanurate cross-linked low-molecular-weight
polyethylenimine as gene delivery carriers in cell culture and dystrophic mdx mice. Bioconjug. Chem. 2012, 23, 837-845. [CrossRef]
[PubMed]

Itaka, K.; Osada, K.; Morii, K.; Kim, P; Yun, S-H.; Kataoka, K. Polyplex nanomicelle promotes hydrodynamic gene introduction
to skeletal muscle. J. Control. Release 2010, 143, 112-119. [CrossRef]

Wang, |.; Zhang, P.-C_; Mao, H.-Q.; Leong, K.W. Enhanced gene expression in mouse muscle by sustained release of plasmid
DNA using PPE-EA as a carrier. Gene Ther. 2002, 9, 1254-1261. [CrossRef]

Kinouchi, N_; Ohsawa, Y.; Ishimaru, N.; Ohuchi, H.; Sunada, Y.; Hayashi, Y.; Tanimoto, Y.; Moriyama, K_; Noji, S. Atelocollagen-
mediated local and systemic applications of myostatin-targeting siRINA increase skeletal muscle mass. Gene Ther. 2008, 15,
1126-1130. [CrossRef]

Marquez-Miranda, V.; Abrigo, |.; Rivera, ].C.; Araya-Duran, 1.; Aravena, |.; Simon, F.; Pacheco, N.; Gonzalez-Nilo, FD.; Cabello-
Verrugio, C. The complex of PAMAM-OH dendrimer with angiotensin (1-7) prevented the disuse-induced skeletal muscle
atrophy in mice. Int. |. Nanomed. 2017, 12, 1985-1999. [CrossRef]

Negishi, Y.; Ishii, Y.; Shiono, H.; Akiyama, S.; Sekine, S.; Kojima, T.; Mayama, S.; Kikuchi, T.; Hamano, N.; Endo-Takahashi, Y.;
et al. Bubble liposomes and ultrasound exposure improve localized morpholino oligomer delivery into the skeletal muscles of
dystrophic mdx mice. Mol. Pharm. 2014, 11, 1053-1061. [CrossRef] [PubMed]

Koebis, M.; Kiyatake, T.; Yamaura, H.; Nagano, K.; Higashihara, M.; Sonoo, M.; Hayashi, Y.; Negishi, Y.; Endo-Takahashi, Y.;
Yanagihara, D.; et al. Ultrasound-enhanced delivery of morpholino with bubble liposomes ameliorates the myotonia of myotonic
dystrophy model mice. Sci. Rep. 2013, 3, 2242. [CrossRef] [PubMed]

Afzal, E.; Zakeri, S.; Keyhanvar, P.; Bagheri, M.; Mahjoubi, P.; Asadian, M.; Omoomi, N.; Dehqanian, M.; Ghalandarlaki, N.;
Darvishmohammadi, T.; et al. Nanolipodendrosome-loaded glatiramer acetate and myogenic differentiation 1 as augmentation
therapeutic strategy approaches in muscular dystrophy. Int. J. Nanomed. 2013, 8, 2943-2960. [CrossRef]

Turjeman, K.; Yanay, N.; Elbaz, M.; Bavli, Y.; Gross, M.; Rabie, M.; Barenholz, Y.; Nevo, Y. Liposomal steroid nano-drug is superior
to steroids as-is in mdx mouse model of Duchenne muscular mystrophy. Nanomedicine 2019, 16, 34—44. [CrossRef] [PubMed]
Yukihara, M; Ito, K.; Tanoue, O.; Goto, K.; Matsushita, T.; Matsumoto, Y.; Masuda, M.; Kimura, S.; Ueoka, R. Effective drug
delivery system for Duchenne muscular dystrophy using hybrid liposomes including gentamicin along with reduced toxicity.
Biol. Pharm. Bull. 2011, 34, 712-716. [CrossRef] [PubMed]

Bibee, K.P.; Cheng, Y.; Ching, ].K.; Marsh, ].N.; Li, A.J.; Keeling, R.M.; Connolly, A.M.; Golumbek, P.T.; Myerson, ].W.; Hu, G.;
et al. Rapamycin nanoparticles target defective autophagy in muscular dystrophy to enhance both strength and cardiac function.
FASEB . 2014, 28, 2047-2061. [CrossRef] [PubMed]

Wei, T.; Cheng, Q.; Min, Y.-L.; Olson, E.N.; Siegwart, D.]. Systemic nanoparticle delivery of CRISPR-Cas9 ribonucleoproteins for
effective tissue specific genome editing. Nat. Commun. 2020, 11, 3232. [CrossRef]

Lee, K.; Conboy, M.; Park, H.M.; Jiang, E; Kim, H.J.; Dewitt, M.A.; Mackley, V.A.; Chang, K.; Rao, A.; Skinner, C.; et al.
Nanoparticle delivery of Cas9 ribonucleoprotein and donor DNA in vivo induces homology-directed DNA repair. Nat. Biomed.
Eng. 2017, 1, 889-901. [CrossRef]

96



Review

Pharmaceutics 2021, 13, 278 29 of 32

185. Jarver, P.; O’Donovan, L.; Gait, M.J. A chemical view of oligonucleotides for exon skipping and related drug applications. Nucleic
Acid Ther. 2014, 24, 37—47. |CrossRef] [PubMed]

186. Zhang, P.; Wagner, E. History of polymeric gene delivery systems. Top. Curr. Chem. 2017, 375, 26. [CrossRef] [PubMed]

187. Boussif, O.; Lezoualc’h, F; Zanta, M.A.; Mergny, M.D.; Scherman, D.; Demeneix, B.; Behr, ].P. A versatile vector for gene and
oligonucleotide transfer into cells in culture and in vivo: Polyethylenimine. Proc. Natl. Acad. Sci. USA 1995, 92, 7297-7301.
[CrossRef]

188. Lu, Q.L.; Mann, C.J.; Lou, E; Bou-Gharios, G.; Morris, G.E.; Xue, S.; Fletcher, S.; Partridge, T.A.; Wilton, 5.D. Functional amounts
of dystrophin produced by skipping the mutated exon in the mdx dystrophic mouse. Nat. Med. 2003, 9, 1009-1014. [CrossRef]
[PubMed]

189. Lu, Q.L.; Bou-Gharios, G.; Partridge, T.A. Non-viral gene delivery in skeletal muscle: A protein factory. Gene Ther. 2003, 10,
131-142. [CrossRef] [PubMed]

190. Williams, ]J.H.; Sirsi, S.R.; Latta, D.R.; Lutz, G.J. Induction of dystrophin expression by exon skipping in mdx mice following
intramuscular injection of antisense oligonucleotides complexed with PEG-PEI copolymers. Mol. Ther. 2006, 14, 88-96. [CrossRef]

191. Lutz, G.J.; Sirsi, S.R.; Williams, ].H. PEG-PEI copolymers for oligonucleotide delivery to Cells and tissues. Methods Mol. Biol. 2008,
433, 141-158. [CrossRef] [PubMed]

192. Castaldello, A.; Brocca-Cofano, E.; Voltan, R.; Triulzi, C.; Altavilla, G.; Laus, M.; Sparnacci, K.; Ballestri, M.; Tondelli, L.; Fortini,
C.;etal. DNA prime and protein boost immunization with innovative polymeric cationic core-shell nanoparticles elicits broad
immune responses and strongly enhance cellular responses of HIV-1 tat DNA vaccination. Vaccine 2006, 24, 5655-5669. [CrossRef]

193. Summerton, |.; Weller, D. Morpholino antisense oligomers: Design, preparation, and properties. Antisense Nucleic Acid Drug Dev.
1997, 7, 187-195. [CrossRef] [PubMed]

194. Miller, C.M.; Harris, E.N. Antisense oligonucleotides: Treatment strategies and cellular internalization. RNA Dis. 2016, 3, e1393.
[CrossRef]

195. Jarver, P.; Zaghloul, EM.; Arzumanov, A.A.; Saleh, A E; McClorey, G.; Hammond, S.M.; Hallbrink, M.; Langel, U.; Smith, C.LE.;
Wood, M.J.A.; et al. Peptide nanoparticle delivery of charge-neutral splice-switching morpholino oligonucleotides. Nucleic Acid
Ther. 2015, 25, 65-77. |CrossRef] [PubMed]

196. Suzuki, R.; Takizawa, T.; Negishi, Y.; Hagisawa, K.; Tanaka, K.; Sawamura, K.; Utoguchi, N.; Nishioka, T.; Maruyama, K. Gene
delivery by combination of novel liposomal bubbles with perfluoropropane and ultrasound. J. Control. Release 2007, 117, 130-136.
[CrossRef]

197. Negishi, Y.; Endo, Y.; Fukuyama, T.; Suzuki, R.; Takizawa, T.; Omata, D.; Maruyama, K.; Aramaki, Y. Delivery of siRNA into the
cytoplasm by liposomal bubbles and ultrasound. J. Control. Release 2008, 132, 124-130. [CrossRef] [PubMed]

198. Tros de llarduya, C.; Sun, Y.; Duzgiines, N. Gene delivery by lipoplexes and polyplexes. Eur. |. Pharm. Sci. 2010, 40, 159-170.
[CrossRef]

199. Kulkarni, ].A_; Cullis, P.R.; van der Meel, R. Lipid nanoparticles enabling gene therapies: From concepts to clinical utility. Nucleic
Acid Ther. 2018, 28, 146-157. [CrossRef]

200. Li, D.; Sharili, A.S.; Connelly, ].; Gautrot, J.E. Highly stable RNA capture by dense cationic polymer brushes for the design of
cytocompatible, serum-stable siRNA delivery vectors. Biomacromolecules 2018, 19, 606-615. [CrossRef]

201. Kulkarni, J.A.; Myhre, ].L.; Chen, S.; Tam, Y.Y.C.; Danescu, A.; Richman, ].M.; Cullis, P.R. Design of lipid nanoparticles for in vitro
and in vivo delivery of plasmid DNA. Nanomedicine 2017, 13, 1377-1387. [CrossRef]

202. Sano, A.; Maeda, M.; Nagahara, S.; Ochiya, T.; Honma, K_; Itoh, H.; Miyata, T.; Fujioka, K. Atelocollagen for protein and gene
delivery. Adv. Drug Deliv. Rev. 2003, 55, 1651-1677. [CrossRef] [PubMed]

203. Ochiya, T.; Nagahara, S.; Sano, A.; Itoh, H.; Terada, M. Biomaterials for gene delivery: Atelocollagen-mediated controlled release
of molecular medicines. Curr. Gene Ther. 2001, 1, 31-52. [CrossRef]

204. Wang, |.; Mao, H.-Q.; Leong, K.W. A novel biodegradable gene carrier based on polyphosphoester. . Am. Chem. Soc. 2001, 123,
9480-9481. [CrossRef]

205. Itaka, K.; Yamauchi, K.; Harada, A.; Nakamura, K.; Kawaguchi, H.; Kataoka, K. Polyion complex micelles from plasmid DNA
and poly(ethylene glycol)-poly(L-lysine) block copolymer as serum-tolerable polyplex system: Physicochemical properties of
micelles relevant to gene transfection efficiency. Biomaterials 2003, 24, 4495-4506. [CrossRef]

206. Parvathaneni, V.; Kulkarni, N.S.; Muth, A.; Gupta, V. Drug repurposing: A promising tool to accelerate the drug discovery
process. Drug Discov. Today 2019, 24, 2076-2085. [CrossRef] [PubMed]

207. He, H.; Markoutsa, E.; Li, J.; Xu, P. Repurposing disulfiram for cancer therapy via targeted nanotechnology through enhanced
tumor mass penetration and disassembly. Acta Biomater. 2018, 68, 113-124. [CrossRef] [PubMed]

208. Amini, M.A.; Abbasi, A.Z,; Cai, P; Lip, H.; Gordijo, C.R.; Li, J.; Chen, B.; Zhang, L.; Rauth, A.M.; Wu, X.Y. Combining tumor
microenvironment modulating nanoparticles with doxorubicin to enhance chemotherapeutic efficacy and boost antitumor
immunity. . Natl. Cancer Inst. 2019, 111, 399-408. [CrossRef] [PubMed]

209. Lim, S; Park, J.; Shim, M.K.; Um, W.; Yoon, H.Y.; Ryu, ].H.; Lim, D.-K.; Kim, K. Recent advances and challenges of repurposing

nanoparticle-based drug delivery systems to enhance cancer immunotherapy. Theranostics 2019, 9, 7906-7923. [CrossRef]
[PubMed]

97



Review

Pharmaceutics 2021, 13, 278 30 of 32

210.

211.

212,

213.
214.

215.

216.

217.

218.

219.

220.

221.

222,

223,

224,

225.

226.

227.

228.

229,

230.

231.

232.

233.

234.

Gregoriou, Y.; Gregoriou, G.; Yilmaz, V.; Kapnisis, K.; Prokopi, M.; Anayiotos, A.; Strati, K.; Dietis, N.; Constantinou, A.L;
Andreou, C. Resveratrol loaded polymeric micelles for theranostic targeting of breast cancer cells. Nanotheranostics 2021, 5,
113-124. [CrossRef]

Dunant, P.; Walter, M.C_; Karpati, G.; Lochmiiller, H. Gentamicin fails to increase dystrophin expression in dystrophin-deficient
muscle. Muscle Nerve 2003, 27, 624-627. [CrossRef] [PubMed]

Zammit, P.5. Function of the myogenic regulatory factors Myf5, MyoD, Myogenin and MRF4 in skeletal muscle, satellite cells and
regenerative myogenesis. Semin. Cell Dev. Biol. 2017, 72, 19-32. [CrossRef] [PubMed]

Sehgal, S.N. Sirolimus: Its discovery, biological properties, and mechanism of action. Transplant. Proc. 2003, 35, 75-14S. [CrossRef]
Flaim, S.F. Pharmacokinetics and side effects of perfluorocarbon-based blood substitutes. Artif. Cells. Blood Substit. Immobil.
Biotechnol. 1994, 22, 1043-1054. [CrossRef]

Spahn, D.R. Blood substitutes. Artificial oxygen carriers: Perfluorocarbon emulsions. Crit. Care 1999, 3, R93—-R97. [CrossRef]
[PubMed]

Watanabe, A.; Tanaka, H.; Sakurai, Y.; Tange, K.; Nakai, Y.; Ohkawara, T.; Takeda, H.; Harashima, H.; Akita, H. Effect of particle
size on their accumulation in an inflammatory lesion in a dextran sulfate sodium (DSS)-induced colitis model. Int. |. Pharm. 2016,
509, 118-122. [CrossRef]

Chen, K.-H.; Lundy, D.J.; Toh, E.K.-W.; Chen, C.-H.; Shih, C.; Chen, P.; Chang, H.-C.; Lai, ].].; Stayton, P.S.; Hoffman, A.S.; et al.
Nanoparticle distribution during systemic inflammation is size-dependent and organ-specific. Nanoscale 2015, 7, 15863-15872.
[CrossRef]

Jinek, M.; Chylinski, K.; Fonfara, 1; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 2012, 337, 816-821. [CrossRef]

Luther, D.C; Lee, Y.W.; Nagaraj, H.; Scaletti, E; Rotello, V.M. Delivery approaches for CRISPR/Cas9 therapeutics in vivo:
Advances and challenges. Expert Opin. Drug Deliv. 2018, 15, 905-913. [CrossRef] [PubMed]

Lino, C.A.; Harper, ].C,; Carney, ].P.; Timlin, J.A. Delivering CRISPR: A review of the challenges and approaches. Drug Deliv.
2018, 25, 1234-1257. [CrossRef]

Ding, Y.; Jiang, Z.; Saha, K; Kim, C.S.; Kim, 5.T.; Landis, R.E; Rotello, V.M. Gold nanoparticles for nucleic acid delivery. Mol. Ther.
2014, 22, 1075-1083. [CrossRef] [PubMed]

Chithrani, B.D.; Ghazani, A.A.; Chan, W.C.W. Determining the size and shape dependence of gold nanoparticle uptake into
mammalian cells. Nano Lett. 2006, 6, 662-668. [CrossRef]

Arandel, L.; Polay Espinoza, M.; Matloka, M.; Bazinet, A.; De Dea Diniz, D.; Naouar, N.; Rau, E; Jollet, A.; Edlom-Vovard, E;
Mamchaoui, K.; et al. Immortalized human myotonic dystrophy muscle cell lines to assess therapeutic compounds. Dis. Model.
Mech. 2017, 10, 487-497. [CrossRef]

Matloka, M.; Klein, A F,; Rau, F; Furling, D. Cells of matter—in vitro models for myotonic dystrophy. Front. Neurol. 2018, 9, 361.
[CrossRef] [PubMed]

Bigot, A.; Klein, AF; Gasnier, E.; Jacquemin, V.; Ravassard, P.; Butler-Browne, G.; Mouly, V.; Furling, D. Large CTG repeats trigger
P16-dependent premature senescence in myotonic dystrophy type 1 muscle precursor cells. Am. J. Pathol. 2009, 174, 1435-1442.
[CrossRef]

Hayflick, L. The limited in vitro lifetime of human diploid cell strains. Exp. Cell Res. 1965, 37, 614-636. [CrossRef]

Renault, V.; Piron-Hamelin, G.; Forestier, C.; DiDonna, S.; Decary, S.; Hentati, F; Saillant, G.; Butler-Browne, G.S.; Mouly, V.
Skeletal muscle regeneration and the mitotic clock. Exp. Gerontol. 2000, 35, 711-719. [CrossRef]

Renna, L.V.; Cardani, R.; Botta, A.; Rossi, G.; Fossati, B.; Costa, E.; Meola, G. Premature senescence in primary muscle cultures of
myotonic dystrophy type 2 is not associated with P16 induction. Eur. ]. Histochem. 2014, 58, 2444. [CrossRef] [PubMed]
Thornell, L.-E.; Lindstém, M.; Renault, V.; Klein, A_; Mouly, V.; Ansved, T.; Butler-Browne, G.; Furling, D. Satellite cell dysfunction
contributes to the progressive muscle atrophy in myotonic dystrophy type 1. Neuropathol. Appl. Neurobiol. 2009, 35, 603—613.
[CrossRef]

Liang, R.; Dong, W.; Shen, X,; Peng, X.; Aceves, A.G.; Liu, Y. Modeling myotonic dystrophy 1 in C2C12 myoblast cells. J. Vis. Exp.
2016, 113, 54078. [CrossRef]

Mamchaoui, K.; Trollet, C.; Bigot, A.; Negroni, E.; Chaouch, S.; Wolff, A_; Kandalla, P.K.; Marie, S.; Di Santo, J.; St Guily, J.L; et al.
Immortalized pathological human myoblasts: Towards a universal tool for the study of neuromuscular disorders. Skelet. Muscle
2011, 1, 34. [CrossRef] [PubMed]

O’Connor, M.S.; Carlson, M.E.; Conboy, M. Differentiation rather than aging of muscle stem cells abolishes their telomerase
activity. Biotechnol. Prog. 2009, 25, 1130-1137. [CrossRef] [PubMed]

Massenet, |.; Gitiaux, C.; Magnan, M_; Cuvellier, S.; Hubas, A_; Nusbaum, P; Dilworth, E].; Desguerre, 1.; Chazaud, B. Derivation
and characterization of immortalized human muscle satellite cell clones from muscular dystrophy patients and healthy individuals.
Cells 2020, 9, 1780. [CrossRef]

Chaouch, S.; Mouly, V.; Goyenvalle, A.; Vulin, A.; Mamchaoui, K.; Negroni, E.; Di Santo, ].; Butler-Browne, G.; Torrente, Y.;
Garcia, L.; et al. Immortalized skin fibroblasts expressing conditional MyoD as a renewable and reliable source of converted
human muscle cells to assess therapeutic strategies for muscular mystrophies: Validation of an exon-skipping approach to restore
dystrophin in Duchenne muscular dystrophy Cells. Hum. Gene Ther. 2009, 20, 784-790. [CrossRef] [PubMed]

98



Review

Pharmaceutics 2021, 13, 278 31 of 32

235.

236.

237.

238.

239.

240.

241.

242

243.

244

245.

246.

247.

248.

249,

250.
251.

252

253.

254.

255.

256.

257.

258.

259.
260.

261.

262.

263.

Cooper, S.T,; Kizana, E.; Yates, ].D.; Lo, H.P; Yang, N.; Wu, Z.H.; Alexander, LE.; North, K.N. Dystrophinopathy carrier
determination and detection of protein deficiencies in muscular dystrophy using lentiviral MyoD-forced myogenesis. Neuromuscul
Disord. 2007, 17, 276-284. [CrossRef]

Edmondson, R.; Broglie, J.].; Adcock, A.E; Yang, L. Three-dimensional cell culture systems and their applications in drug
discovery and cell-based biosensors. Assay Drug Dev. Technol. 2014, 12, 207-218. [CrossRef] [PubMed]

Duval, K.; Grover, H.; Han, L.-H.; Mou, Y.; Pegoraro, A.F,; Fredberg, ].; Chen, Z. Modeling physiological events in 2D vs. 3D cell
culture. Physiology 2017, 32, 266-277. [CrossRef]

Knight, E.; Przyborski, S. Advances in 3D cell culture technologies enabling tissue-like structures to be created in vitro. |. Anat
2015, 227, 746-756. [CrossRef]

Jeffries, G.D.M.; Xu, S.; Lobovkina, T.; Kirejev, V.; Tusseau, F; Gyllensten, C.; Singh, A.K; Karila, P.; Moll, L.; Orwar, O. 3D
micro-organisation printing of mammalian cells to generate biological tissues. Sci. Rep. 2020, 10, 19529. [CrossRef]

Liu, Y; Wu, B;; Gong, L.; An, C.; Lin, ].; Li, Q.; Jiang, D.; Jin, K.; Mechakra, A.; Bunpetch, V.; et al. Dissecting cell diversity and
connectivity in skeletal muscle for myogenesis. Cell Death Dis. 2019, 10, 427. [CrossRef]

Juhas, M.; Engelmayr, G.C.; Fontanella, A.N.; Palmer, G.M.; Bursac, N. Biomimetic Engineered muscle with capacity for vascula:
integration and functional maturation in vivo. Proc. Natl. Acad. Sci. USA 2014, 111, 5508-5513. [CrossRef] [PubMed]

Borselli, C.; Cezar, C.A_; Shvartsman, D.; Vandenburgh, H.H.; Mooney, D.J. The role of multifunctional delivery scaffold in the
ability of cultured myoblasts to promote muscle regeneration. Biomaterials 2011, 32, 8905-8914. [CrossRef]

McLean, I.C.; Schwerdtfeger, L.A_; Tobet, S.A.; Henry, C.S. Powering ex vivo tissue models in microfluidic systems. Lab. Chip
2018, 18, 1399-1410. [CrossRef]

Gowing, G.; Svendsen, S; Svendsen, C.N. Ex vivo gene therapy for the treatment of neurological disorders. Prog. Brain Res. 2017
230,99-132. [CrossRef] [PubMed]

Mobini, S.; Song, Y.H.; McCrary, M.W.; Schmidt, C.E. Advances in ex vivo models and lab-on-a-chip devices for neural tissue
engineering. Biomaterials 2019, 198, 146-166. [CrossRef] [PubMed]

Smith, L.R.; Meyer, G.A. Skeletal muscle explants: Ex-vivo models to study cellular behavior in a complex tissue environment
Connect. Tissue Res. 2020, 61, 248-261. [CrossRef] [PubMed]

Kim, D.; Wu, X.; Young, A.T.; Haynes, C.L. Microfluidics-based in vivo mimetic systems for the study of cellular biology. Acc
Chem. Res. 2014, 47, 1165-1173. [CrossRef] [PubMed]

Carton, E; Calderan, L.; Malatesta, M. Incubation under fluid dynamic conditions markedly improves the structural preservation
in vitro of explanted skeletal muscles. Eur. [. Histochem. 2017, 61, 2862. [CrossRef]

Carosio, S.; Barberi, L.; Rizzuto, E.; Nicoletti, C.; Del Prete, Z.; Musaro, A. Generation of ex vivo-vascularized muscle engineered
tissue (X-MET). Sci. Rep. 2013, 3, 1420. [CrossRef] [PubMed]

Fischer, H.C.; Chan, W.C. Nanotoxicity: The growing need for in vivo study. Curr. Opin. Biotechnol. 2007, 18, 565-571. [CrossRef]
Bostrom, M.; O'Keefe, R. What experimental approaches (eg, in vivo, in vitro, tissue retrieval) are effective in investigating the
biologic effects of particles? J. Am. Acad. Orthop. Surg. 2008, 16, S63-567. [CrossRef]

McGreevy, J.W.; Hakim, C.H.; McIntosh, M.A_; Duan, D. Animal models of Duchenne muscular dystrophy: From basic
mechanisms to gene therapy. Dis. Model. Mech. 2015, 8, 195-213. [CrossRef]

Wells, D.J. Tracking progress: An update on animal models for Duchenne muscular dystrophy. Dis. Model. Mech. 2018, 11,
dmm035774. [CrossRef]

Collins, C.A; Morgan, ].E. Duchenne’s muscular dystrophy: Animal models used to investigate pathogenesis and develop
therapeutic strategies. Int. |. Exp. Pathol. 2003, 84, 165-172. [CrossRef]

Bulfield, G.; Siller, W.G.; Wight, P.A.; Moore, K.J. X Chromosome-linked muscular dystrophy (mdx) in the mouse. Proc. Natl. Acad.
Sci. USA 1984, 81, 1189-1192. [CrossRef]

van Putten, M.; Putker, K_; Overzier, M.; Adamzek, W.A ; Pasteuning-Vuhman, S.; Plomp, J.J.; Aartsma-Rus, A. Natural disease
history of the D2-mdx mouse model for Duchenne muscular dystrophy. FASEB |. 2019, 33, 8110-8124. [CrossRef]

Desguerre, I; Arnold, L.; Vignaud, A.; Cuvellier, S.; Yacoub-Youssef, H.; Gherardi, R.K.; Chelly, ].; Chretien, F.; Mounier, R.; Ferry,
A_; etal. A new model of experimental fibrosis in hindlimb skeletal muscle of adult mdx mouse mimicking muscular dystrophy.
Muscle Nerve 2012, 45, 803-814. [CrossRef] [PubMed]

Ng, R; Banks, G.B.; Hall, ].K.; Muir, L.A.; Ramos, ].N.; Wicki, J.; Odom, G.L.; Konieczny, P.; Seto, J.; Chamberlain, ].R.; et al.
Animal models of muscular dystrophy. Prog. Mol. Biol. Transl. Sci. 2012, 105, 83-111. [CrossRef] [PubMed]

Kornegay, ].N. The golden retriever model of Duchenne muscular dystrophy. Skelet. Muscle 2017, 7, 9. [CrossRef]

Kawahara, G.; Karpf, ].A.; Myers, ]. A.; Alexander, M.S.; Guyon, J.R.; Kunkel, L.M. Drug screening in a zebrafish model of
Duchenne muscular dystrophy. Proc. Natl. Acad. Sci. USA 2011, 108, 5331-5336. [CrossRef] [PubMed]

Widrick, ].J.; Kawahara, G.; Alexander, M.S.; Beggs, A.H.; Kunkel, L.M. Discovery of novel therapeutics for muscular dystrophies
using zebrafish phenotypic screens. |. Neuromuscul. Dis. 2019, 6, 271-287. [CrossRef]

Sicot, G.; Gomes-Pereira, M. RNA toxicity in human disease and animal models: From the uncovering of a new mechanism to the
development of promising therapies. Biochim. Biophys. Acta 2013, 1832, 1390-1409. [CrossRef] [PubMed]

Gomes-Pereira, M.; Cooper, T.A.; Gourdon, G. Myotonic dystrophy mouse models: Towards rational therapy development.
Trends Mol. Med. 2011, 17, 506-517. [CrossRef] [PubMed]

99



Review

Pharmaceutics 2021, 13, 278 32 0f 32

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284

285.

286.

287.

288.

Guiraud-Dogan, C.; Huguet, A.; Gomes-Pereira, M.; Brisson, E.; Bassez, G.; Junien, C.; Gourdon, G. DM1 CTG expansions affect
insulin receptor isoforms expression in various tissues of transgenic mice. Biochim. Biophys. Acta 2007, 1772,1183-1191. [CrossRef]
Lin, X.; Miller, ].W.; Mankodi, A.; Kanadia, R.N.; Yuan, Y.; Moxley, R.T.; Swanson, M.S.; Thornton, C.A. Failure of MBNLI1-
dependent post-natal splicing transitions in myotonic dystrophy. Hum. Mol. Genet. 2006, 15, 2087-2097. [CrossRef] [PubMed]
Mankodi, A.; Logigian, E.; Callahan, L.; McClain, C.; White, R.; Henderson, D.; Krym, M.; Thornton, C.A. Myotonic dystrophy in
transgenic mice expressing an expanded CUG repeat. Science 2000, 289, 1769-1773. [CrossRef]

Mankodi, A.; Takahashi, M.P; Jiang, H.; Beck, C.L.; Bowers, W.J.; Moxley, R.T.; Cannon, S.C.; Thornton, C.A. Expanded CUG
repeats trigger aberrant splicing of CIC-1 chloride channel pre-mRNA and hyperexcitability of skeletal muscle in myotonic
dystrophy. Mol. Cell 2002, 10, 35-44. [CrossRef]

Seznec, H.; Agbulut, O.; Sergeant, N.; Savouret, C.; Ghestem, A.; Tabti, N.; Willer, J.C.; Ourth, L.; Duros, C.; Brisson, E.; et al. Mice
transgenic for the human myotonic dystrophy region with expanded CTG repeats display muscular and brain abnormalities.
Hum. Mol. Genet. 2001, 10, 2717-2726. [CrossRef]

Hinman, M.N.; Richardson, ].I.; Sockol, R.A_; Aronson, E.D.; Stednitz, S.J.; Murray, K.N.; Berglund, J.A_; Guillemin, K. Zebrafish
mbnl mutants model physical and molecular phenotypes of myotonic dystrophy. bioRxiv 2020, 665380. [CrossRef]
Machuca-Tzili, L.E.; Buxton, S.; Thorpe, A.; Timson, C.M.; Wigmore, P.; Luther, P.K.; Brook, ].D. Zebrafish deficient for
Muscleblind-like 2 exhibit features of myotonic dystrophy. Dis. Model. Mech. 2011, 4, 381-392. [CrossRef]

Carton, E,; Chevalier, Y.; Nicoletti, L.; Tarnowska, M.; Stella, B.; Arpicco, S.; Malatesta, M.; Jordheim, L.P.; Briangon, S.; Lollo, G.
Rationally designed hyaluronic acid-based nano-complexes for pentamidine delivery. Int. |. Pharm. 2019, 568, 118526. [CrossRef]
[PubMed]

Stella, B.; Andreana, I.; Zonari, D.; Arpicco, S. Pentamidine-loaded lipid and polymer nanocarriers as tunable anticancer drug
delivery systems. . Pharm. Sci. 2020, 109, 1297-1302. [CrossRef]

Falzarano, M.S.; Bassi, E.; Passarelli, C.; Braghetta, P.; Ferlini, A. Biodistribution studies of polymeric nanoparticles for drug
delivery in mice. Hum Gene Ther. 2014, 25, 927-928. [CrossRef]

Huang, D.; Yue, E; Qiu, J.; Deng, M.; Kuang, S. Polymeric nanoparticles functionalized with muscle-homing peptides for targeted
delivery of phosphatase and tensin homolog inhibitor to skeletal muscle. Acta Biomater. 2020, 118, 196-206. [CrossRef] [PubMed]
Herweijer, H.; Wolff, ].A. Gene therapy progress and prospects: Hydrodynamic gene delivery. Gene Ther. 2007, 14, 99-107.
[CrossRef]

Kumbhari, V,; Li, L.; Piontek, K.; Ishida, M.; Fu, R.; Khalil, B.; Garrett, C.M.; Liapi, E.; Kalloo, A.N.; Selaru, EM. Successful
liver-directed gene delivery by ERCP-guided hydrodynamic injection (with Videos). Gastrointest. Endosc. 2018, 88, 755-763.
[CrossRef] [PubMed]

Le Guen, Y.T.; Le Gall, T.; Midoux, F.; Guégan, P.; Braun, S.; Montier, T. Gene transfer to skeletal muscle using hydrodynamic limb
vein injection: Current applications, hurdles and possible optimizations. J. Gene Med. 2020, 22, e3150. [CrossRef] [PubMed]
Ashfaq, U.A ; Riaz, M.; Yasmeen, E.; Yousaf, M. Recent advances in nanoparticle-based targeted drug-delivery systems against
cancer and role of tumor microenvironment. Crit. Rev. Ther. Drug Carrier Syst. 2017, 34, 317-353. [CrossRef]

Pietersz, G.A.; Wang, X.; Yap, M.L; Lim, B.; Peter, K. Therapeutic targeting in nanomedicine: The future lies in recombinant
antibodies. Nanomedicine 2017, 12, 1873-1889. [CrossRef] [PubMed]

Arahata, K; Ishiura, S.; Ishiguro, T.; Tsukahara, T.; Suhara, Y.; Eguchi, C; Ishiharat, T.; Nonaka, I; Ozawa, E.; Sugita, H.
Immunostaining of skeletal and cardiac muscle surface membrane with antibody against Duchenne muscular dystrophy peptide.
Nature 1988, 333, 861-863. [CrossRef]

Zhang, R.; Kim, AS; Fox, ] M_; Nair, S.; Basore, K_; Klimstra, W.B.; Rimkunas, R.; Fong, R H.; Lin, H; Poddar, S.; et al. Mxra8 is a
receptor for multiple arthritogenic alphaviruses. Nature 2018, 557, 570-574. [CrossRef] [PubMed]

Poon, W.; Zhang, X.; Bekah, D.; Teodoro, J.G.; Nadeau, ].L. Targeting B16 tumors in vivo with peptide-conjugated gold nanoparti-
cles. Nanotechnology 2015, 26, 285101. [CrossRef] [PubMed]

Yu-Wai-Man, C_; Tagalakis, A.D.; Manunta, M.D.; Hart, S.L.; Khaw, P.T. Receptor-targeted liposome-peptide-siRNA nanoparticles
represent an efficient delivery system for MRTF silencing in conjunctival fibrosis. Sci. Rep. 2016, 6, 21881. [CrossRef] [PubMed]
Tajau, R.; Rohani, R.; Abdul Hamid, S.S.; Adam, Z.; Mohd Janib, S.N.; Salleh, M.Z. Surface functionalisation of poly-APO- b
-polyol ester cross-linked copolymers as core—shell nanoparticles for targeted breast cancer therapy. Sci. Rep. 2020, 10, 21704.
[CrossRef] [PubMed]

Yu, C-Y,; Yuan, Z.; Cao, Z.; Wang, B.; Qiao, C; Li, ].; Xiao, X. A muscle-targeting peptide displayed on AAV2 improves muscle
tropism on systemic delivery. Gene Ther. 2009, 16, 953-962. [CrossRef]

Seow, Y.; Yin, H.; Wood, M.]J.A. Identification of a novel muscle targeting peptide in mdx mice. Peptides 2010, 31, 1873-1877.
[CrossRef]

Tsoumpra, M.K.; Fukumoto, S.; Matsumoto, T.; Takeda, S.; Wood, M.].A.; Aoki, Y. Peptide-conjugate antisense based splice-
correction for Duchenne muscular dystrophy and other neuromuscular diseases. EBioMedicine 2019, 45, 630-645. [CrossRef]
Gao, X;; Zhao, |.; Han, G.; Zhang, Y.; Dong, X_; Cao, L.; Wang, Q.; Moulton, H.M.; Yin, H. Effective dystrophin restoration by a
novel muscle-homing peptide-morpholino conjugate in dystrophin-deficient mdx mice. Mol. Ther. 2014, 22, 1333-1341. [CrossRef]

100






Experimental section

97



Chapter 1

Selective delivery of pentamidine by self-assembled nanoparticles

1. Andreana, E. Gazzano, E. Gianquinto, G. Piatti, V. Bincoletto, D. Kryza, G. Lollo,
F. Spyrakis, C. Riganti, S. Arpicco, B. Stella

(Submitted to International Journal of Pharmaceutics)

98



Chapter |

Drug-squalene bioconjugates have been exploited for their ability to self-assemble into

nanoparticles (NPs) in water. The possibility to synthesize an acid derivative of squalene,

namely squalenic acid (SQ-COOH), opened the possibility to formulate NPs without any

covalent linkage between the drug and the squalene moiety.

Main aim

The aim of this chapter was the design of squalene NPs based on electrostatic interactions

between SQ-COOH and pentamidine free base (PTM-B). Moreover, SQ-COOH was exploited

as an indirect targeting agent toward cancer cells for its ability to bind to low density

lipoproteins (LDL).

Specific objectives

Prepare PTM-B-loaded SQ-COOH NPs using the nanoprecipitation technique; optimize
the formulation process; physico-chemically characterize the system; asses the SQ-
COOH/PTM-B molar ratio to increase drug loading

Study the interaction of SQ-COOH and PTM-B molecules and how they stabilize the
nanosuspension

Study the in vitro anticancer activity of PTM-B-loaded NPs in cancer cell lines with

different expression of the receptor of LDL (LDLR)

Highlights of the chapter

Squalene NPs were obtained without covalently linking the lipid to the drug. SQ-
COOH/PTM-B molar ratio was analyzed to increase drug loading and system stability.
Organic/aqueous phase volume ratio was studied to improve physico-chemical
properties of NPs and maximize drug loading

Molecular modelling analysis was performed to understand the molecules behavior at
different molar ratios

In vitro release was studied at physiological pH 7.4 and pH 5.0, to highlight how
electrostatic interactions affect the release profile

In vitro tests demonstrated the enhanced PTM-B anticancer activity in cell lines with
higher expression of LDLR, due to the recognition of the squalene moiety by LDL and
preferential uptake by LDLR
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Abstract

Pentamidine (PTM) is an aromatic diamidine approved for the treatment of parasitic infections
that has been recently proposed for possible repositioning as an anticancer drug. To this aim,
efforts have been made to improve its therapeutic efficacy and reduce associated adverse effects
through both covalent derivatization and association with nanocarriers. In the attempt to
encapsulate PTM into biocompatible nanoparticles with high drug loading while enhancing its
selectivity toward cancer cells, we selected a squalene (SQ) derivative (1,1',2-tris-
norsqualenoic acid, SQ-COOH) to prepare PTM-loaded self-assembling nanocarriers. Indeed,
SQ and its derivatives have been shown to self-assemble into nanoparticles in aqueous media.
Furthermore, SQ-bioconjugates strongly interact with low-density lipoproteins (LDL), thus
favoring preferential accumulation in cells overexpressing the LDL receptor (LDLR). Hence,
we report here the preparation of nanocarriers by ion-pairing between the negatively charged
SQ-COOH and the positively charged PTM free base (PTM-B), which allowed us to avoid the
covalent grafting of SQ to PTM. The nanoparticles were characterized and a molecular
modelling study of the interaction between SQ-COOH and PTM-B confirmed the nanocarrier
stability. Finally, the ability to indirectly target LDLR-overexpressing cancer cells was
evaluated by in vitro cell viability assays and confirmed by LDLR silencing, serum privation

and simvastatin treatment.

Keywords: pentamidine; squalene; nanoparticles; molecular modelling; low-density
lipoprotein receptor; cancer cells.

Graphical abstract

SQ-COOH/PTM-B

nanoparticles LDL

Cancer cells Cell death
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1. Introduction

Pentamidine (PTM) is a diamine composed of two phenyl amidines groups linked by a five-
carbon methylene linker. Marketed in the form of two salts (isethionate and mesylate), it is
administered via the intravenous and intramuscular routes, and via inhalation for treating
systemic and cutaneous parasitic diseases, such as trypanosomiasis, leishmaniasis,
Pneumocystis pneumonia (PCP) and to prevent PCP in high-risk, HIV-infected patients [1].
Thanks to its wide use in clinics, PTM is the most studied member of the diamidines to be
repurposed for other therapeutic strategies, such as, among others, anticancer therapy [2].
Indeed, several studies have shown its in vitro and in vivo activity on a wide range of tumor
types, including breast, melanoma, prostate, leukemia, and renal cancers, highlighting a
multifactorial mechanism [3—11]. Although these studies open up interesting perspectives for
the use of PTM as an antineoplastic drug, its assumption is accompanied by several side effects,
such as hypo- and hyperglycemia [12-14], cardiotoxicity [15—17], pancreatic complications
[18] and nephrotoxicity [19]. To overcome PTM therapy drawbacks while enhancing its
bioavailability, different nanoformulations (polymeric, lipidic and inorganic) for anticancer
therapy have been proposed [2]. In this context, to improve our previous approaches in terms
of drug loading and nanocarrier biocompatibility [20-22], we associated PTM to a squalene
(SQ) derivative to obtain biocompatible self-assembling nanoparticles. Indeed, SQ is a natural
triterpene and a precursor of the synthesis of cholesterol that has been largely exploited to obtain
SQ-drug conjugates able to self-assemble into nanoparticles in aqueous media without adding
any surfactant [23-25]. This versatile approach has also been used without covalently linking
the drug to the triterpene moiety: in this case, SQ derivatives have been physically associated
to drugs through electrostatic interactions, thus avoiding drug derivatization [25,26].
Nanoencapsulation by ion-pairing is a widely used method based on the formation of
hydrophobic complexes between charged hydrophilic drugs or dyes and a counterion; the
complexes are then encapsulated into different lipophilic matrixes using techniques developed
for poorly-water-soluble therapeutics [27,28]. In the case of SQ-based nanoparticles obtained
by ion-pairing, the SQ moiety act as both the counterion and the nanocarrier matrix, thus
avoiding complex composite formulations. Exploiting this strategy, in the present study we
obtained SQ-based nanoparticles by ion-pairing PTM free base (PTM-B) to a negatively
charged SQ derivative, namely 1,1’,2-tris-norsqualenoic acid (SQ-COOH) without any other
excipient. Another advantage of this strategy consists in the ability of SQ to allow an indirect

targeting to some type of cells. Indeed, previous studies demonstrated that SQ-based
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nanoparticles strongly interact with low-density lipoproteins (LDL) in human blood thanks to
the presence of the SQ moiety that is similar to cholesterol, the natural load of LDL; the
nanoparticles are thus transported by LDL and indirectly targeted towards cells with high LDL
receptor (LDLR) expression, which is not the case of free drugs [29,30]. The observed
spontaneous interaction between drug-loaded SQ-nanoparticles and circulating LDL represents
a promising approach in anticancer drug delivery, since fast proliferating tumor cells often
overexpress LDLR [31,32]. As a further demonstration of the ability of SQ to act not only as
the nanoparticle matrix, but also as an indirect targeting agent towards LDLR-overexpressing
cancer cells, we prepared PTM-loaded SQ-based nanoparticles upon both electrostatic and
hydrophobic interactions between the negatively charged SQ-COOH and the positively charged
PTM-B. The nanoparticles have been physicochemically characterized and molecular dynamics
simulations have been carried out to better explain the key role of the SQ-COOH/PTM-B molar
ratio for the nanoparticle formation. Finally, the LDLR-mediated uptake of SQ-COOH/PTM
nanoparticles was evaluated by studying the nanoparticle cytotoxicity on cancer cells lines with
different LDL receptor levels in various conditions, i.e., in the presence and absence of serum,

simvastatin, and by silencing the LDLR.
2. Experimental Section

2.1. Materials

PTM isethionate (PTM-I) was purchased from Sigma-Aldrich (Milan, Italy). 1,1’,2-tris-
norsqualenoic acid (SQ-COOH) was synthetized as already described [33]. All the solvents
used were of analytical grade and purchased from Carlo Erba Reagenti (Milan, Italy). Filtered
MilliQ water (Millipore®, Italy) was used. Solvent evaporation was carried out using a rotating
evaporator (Heidolph Laborota 400, Heidolph Instruments, Schwabach, Germany) equipped
with a vacuum pump (Diaphragm Vacuum Pump DC-4). Lyophilization was performed with a

LyoQuest-85® freeze drier (Azbil Telstar Technologies, Barcelona, Spain).
2.2. Preparation and characterization of free base form of PTM

Free base form of PTM (PTM-B) was obtained by adding to PTM-I dissolved in distilled water
a 25% w/w NH4OH solution at 4 °C under magnetic stirring. The solution was then filtered.
The white precipitate was washed three times with a diluted NH4OH solution (5% w/w) and
dried under vacuum. The conversion of PTM-I into PTM-B was confirmed by mass

spectrometry analysis using electrospray ionization or by atmospheric pressure chemical
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ionization, in positive ion mode, on a Micromass ZQ spectrometer (Waters, Milan, Italy), as

previously reported [21].
2.3. Preparation of PTM-B-nanoparticles

PTM-B-loaded nanoparticles were prepared by the nanoprecipitation technique [34]. To this
aim, SQ-COOH and PTM-B were dissolved in ethanol in different molar ratios (1:1, 2:1, 3:1,
4:1,4.5:1, 5:1, 6:1). Then, each organic solution was added drop-wise under stirring to MilliQ®
water (volume ratio ethanol/water (Ve/Vyw) 1:2). Nanoparticle formation occurred
spontaneously without using any surfactant. After stirring for 15 minutes, the organic solvent
was eliminated using the rotating evaporator to obtain an aqueous suspension of nanoparticles
(total SQ-COOH/PTM-B concentration: 2 mg/mL). To investigate the influence of the volume
ratio Ve/Vy, further tests were performed with the formulation SQ-COOH/PTM-B molar ratio
3:1, for which SQ-COOH and PTM-B were dissolved in different volumes of ethanol (0.2, 0.3,
0.5,0.7 or 1 mL) and then each of them was added to 1 mL of water. To purify the nanoparticles
from non-incorporated drug, PTM-loaded nanoparticles were dialyzed against MilliQ® water at
4 °C (Spectra/Por® 3500 MWCO dialysis membrane, Spectrum, Huston, TX). Unloaded SQ-
COOH nanoparticles (i.e., without PTM-B) were prepared as well. The nanoparticle

suspensions were then stored at 4 °C until further use.
2.4. Characterization of PTM-B-nanoparticles

The mean particle size and the polydispersity index (PDI) of the different nanoparticle samples
were determined at 25 °C by quasi-elastic light scattering (QELS) using a nanosizer (Nanosizer
Nano Z, Malvern Inst., Malvern, UK). The selected angle was 173° and the measurement was
made after 1/10 dilution of the particulate suspensions in MilliQ® water. Each measurement
was performed in triplicate.

The particle surface charge of the formulations was investigated by zeta potential measurements
at 25 °C using the Smoluchowski equation and the Nanosizer Nano Z after 1/10 dilution of the
suspensions in MilliQ® water. Each value reported is the average of three measurements.

The physical colloidal stability of the nanoparticles in storage conditions (4 °C) was monitored
by measuring mean diameter, PDI and zeta potential by QELS at different time intervals for 28
days. For the SQ-COOH/PTM-B 3:1 (V¢/Vy 0.2:1) nanoparticles, the drug content stability was
also tested in storage conditions.

The amount of incorporated PTM-B of the formulations was determined

spectrophotometrically (DU 730 UV-vis spectrophotometer, Beckman Coulter, Brea, CA) at
104



Chapter |

264 nm using a calibration curve (Stella et al., 2020). To this aim, each suspension was
lyophilized for 24 h; the product was then dissolved in methanol and the absorbance was
measured at 264 nm. Each sample was analyzed in triplicate. The results were expressed as
encapsulation efficiency (EE) (calculated as the ratio between the amount of entrapped drug
and the initial amount used in the preparation of nanocarriers x 100) and drug loading (DL)
(calculated as the ratio between the amount of entrapped PTM-B and the total nanocarrier
weight x 100).

SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles have also been freeze-dried adding
trehalose 5% (w/w) as cryoprotectant after nanoparticles formation; then, mean size, PDI, zeta
potential and EE of the freeze-dried nanoparticles after rehydration were evaluated by QELS

and compared to those of nanoparticles before freeze-drying.
2.5. Molecular modelling

SQ-COOH and PTM-B were simulated in different proportions, as reported in Table 1.

Table 1 Details of box settings for each simulated system.

SQ-CQOH/PTM-B in  N°SQ-COOH N° PTM-B N° water BOX size (A%
MD simulations molecules molecules molecules

1:1 6 6 193713 125

3:1 9 3 243963 135

4:1 12 3 249429 135

4.5:1 18 4 293790 140

All simulations were set up according to the following protocol.

System setup. SQ-COOH and PTM-B protonation state was calculated at pH 7, using the
MoKa software [35]. The molecules were parametrized with the ab initio RESP charges fitting
method implemented in the BiKi software suite [36,37]. SQ-COOH and PTM-B were randomly
placed in a cubic box, which was then filled with TIP3P water molecules. Periodic boundary
conditions (PBC) were set, and electrostatic and Van der Waals interactions were cut off at 11
A. Long range electrostatic effects were treated with the Particle-Mesh Ewald (PME) method.
The system was minimized with 5000 steepest descent steps and subsequently heated up from
0 to 300 K during three equilibration steps (0.1 ns each) in the NVT ensemble. The fourth
equilibration step (1 ns) was performed in the NPT ensemble, coupling the system to the
Parrinello-Rahman barostat and rescaling velocities for keeping the temperature at 300 K. The
100 ns-long production was carried out in the NVT ensemble at 300 K. When necessary (i.e.,
the aggregates were still not stable), an extension of the simulation was performed. An

additional replica was performed for systems 4:1 and 4.5:1.
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2.6. Cryogenic transmission electron microscopy (cryo-TEM)

The morphology of SQ-COOH/PTM-B 3:1 (Ve/Vyw 0.2:1) nanoparticles was visualized using
cryo-TEM analysis. The diluted sample was dropped onto 300 Mesh holey carbon film
(Quantifoil R2/1) and quench-frozen in liquid ethane using cryo-plunge workstation (made at
LPS Orsay). The specimens were then mounted on a precooled Gatan 62 specimen holder,
transferred in the microscope (Philips CM 120) and observed at an accelerating voltage of 120
kV (Centre Technologique des Microstructures (CTu), platform of the Université Claude

Bernard Lyon 1, Villeurbanne, France).
2.7. PTM-B release from nanoparticles

In order to evaluate PTM-B release from the nanoparticles, SQ-COOH/PTM-B 3:1 (V¢/Vy
0.2:1) suspension was incubated at 37 °C in 10 mM phosphate-buffered saline (PBS) buffer pH
7.4 or in 100 mM acetate buffer pH 5. Aliquots (1 mL) were withdrawn at predetermined time
intervals (0, 2, 4, 8, 16, 24 and 48 h) and, after purification by dialysis, the drug content was

measured as previously described and compared with the initial value.
2.8. Cell lines

Human breast cancer MCF7 and MDA-MD-231 cells, human prostate cancer LNCap and PC-
3 cells, human hepatoma HepG?2 cells were purchased from ATCC (Manassas, VA). All cell
lines were authenticated by microsatellite analysis, using the PowerPlex kit (Promega
Corporation, Madison, WI; last authentication: October 2022). Cells were maintained in the
respective media containing 1% v/v penicillin-streptomycin, with or without 10% v/v fetal

bovine serum (FBS), in a humidified atmosphere at 37 °C.
2.9. Cholesterol synthesis

Cells were labeled with 1 pCi/mL [*H]-acetate (3600 mCi/mmol; Amersham Bioscience,
Piscataway, NJ) for 24 h. The synthesis of the radiolabeled cholesterol was determined after
lipid extraction, separation by thin layer chromatography (TLC) and liquid scintillation
counting [38]. Results were expressed as pmoles/mg protein, according to the relative

calibration curve.
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2.10. LDLR expression

To measure the total amount of LDLR, cells were lysed in MLB buffer (Millipore, Burlington,
MA), sonicated and centrifuged at 13,000xg for 10 min at 4 °C. Twenty pg cell lysates were
subjected to 4-15% SDS-PAGE and probed with the following antibodies: anti-LDLR (clone
EP1553Y, diluted 1:500; Abcam, Cambridge, CA); anti-B-tubulin (clone D10, diluted 1:1,000,
Santa Cruz Biotechnology Inc., Santa Cruz, CA), followed by the secondary peroxidase-
conjugated antibodies (Bio-Rad). Proteins were detected by enhanced chemiluminescence
(Bio-Rad). To measure the amount of surface LDLR, plasma-membrane associated proteins
were isolated by a biotinylation assay [39]. The extracts were resolved by SDS-PAGE and
probed with an anti-LDLR or an anti-pancadherin (mouse, clone CH-19; Santa Cruz

Biotechnology Inc.) antibody.
2.11. LDLR silencing

2x10° cells, seeded in 0.25 ml FBS/antibiotic-free medium, were transfected either with a non-
targeting scrambled siRNA pool or with a siRNA pool targeting LDLR (target sequences:
NM _000527.4; NM_001195798.1; NM_001195799.1; NM_001195800.1; ThermoScientific,
Waltham, MA), as per manufacturer's protocol. The efficacy of silencing was verified by

immunoblotting 48 h after the transfection.

2.12. Cell viability

Cell viability was measured by the ATPlite Luminescence Assay System (PerkinElmer,
Waltham, MA), using the manufacturer’s instructions. To this aim, a PTM solution and a SQ-
COOH/PTM-B 3:1 (V/Vw 0.2:1) nanoparticle suspension, after a previous incubation in culture
medium containing FBS for 30 min at 37 °C to allow the interaction with serum, were incubated
with cells for 24, 48, 72 h. The test was performed with cells maintained in medium both with
or without 10% FBS. Results were expressed as percentage of viable cells relative to untreated
cells, considered 100% viable.

In a further experimental set, MCF-7, PC-3 and HepG2 cells were pre-treated with simvastatin
to decrease the endogenous synthesis of cholesterol and increase the expression of LDLR for
18 h (successively removed by washing with PBS) and then incubated with the PTM solution
and SQ-COOH/PTM-B 3:1 (Ve/Vy 0.2:1) nanoparticles.
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2.13. Statistical analysis

All data in text and figures are presented as means + SD. The results were analyzed by a one-
way analysis of variance (ANOVA), using Statistical Package for Social Science (SPSS)
software (IBM SPSS Statistics v. 19). p < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Preparation and characterization of PTM-B-nanoparticles

In this work, the less water-soluble free base form of PTM (PTM-B) was obtained from the
isethionate salt to promote the association of the drug to a synthetic derivative of SQ (SQ-
COOH), forming biocompatible lipid nanocarriers in a single step by the nanoprecipitation
technique. To this aim, since both the molecules are soluble in ethanol, they were pre-
solubilized in the same organic solvent and then added to the aqueous phase under magnetic
stirring. The spontaneous self-assembly in water was due to the peculiar characteristics of SQ-
COOH, which is able to form nanoparticles in aqueous media, as many other SQ derivatives
[24]. Moreover, in this case the association of PTM-B to SQ-COOH was ascribed to the
formation of an ion-complex between the two compounds: indeed, at physiological pH (7.4)
the two amidines residues of PTM-B (pKa=12) are positively charged, while SQ-COOH has a
negatively charged carboxylic group (pKa=4.5) (Fig. 1). Thus, monodispersed PTM-B-loaded
SQ-COOH nanoparticles were obtained by both ionic and hydrophobic interactions that
together allowed the carrier stabilization without any surfactant. This approach has also been
successfully used with a polyanionic drug, fondaparinux, which was formulated with two

cationic squalenyl derivatives for oral administration in the anticoagulant therapy [26].

Fig. 1. Chemical structures of SQ-COOH (a) and PTM-B (b) at physiological pH
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The nanoparticle preparation was performed tuning the different experimental parameters. In
particular, in a first set of experiments we used different molar ratios between SQ-COOH and
PTM-B (from 1:1 to 6:1) that correspond to different charge ratios (from 0.5:1 to 3:1), taking
into account that SQ-COOH has one negative charge and PTM-B has two positively charged
groups (Tab. 2). For all the formulations we kept the same total concentration to avoid the
influence of this parameter on the physicochemical characteristics of the particles.

QELS analysis showed that, except for the molar ratios 1:1, corresponding to a positive global
charge (for which the nanoparticles aggregated immediately after the mixing of ethanol and
water) and 2:1, corresponding to a neutral global charge (for which the particle size was high
and they were unstable during the first day of storage), the mean particle diameter for the
different molar ratios was always lower than 200 nm (Tab. 2), suggesting that an excess of
negative charges is necessary to stabilize the nanoparticles. Curiously, the nanocarriers with
molar ratio 4:1 did not form and a precipitate was observed. Thus, we carried out a
nanoprecipitation procedure with a 4.5:1 molar ratio; in this case nanoparticles were obtained.
All the formulations were monodispersed (PDI<0.1) with a negative zeta potential, suggesting
that part of the SQ-COOH carboxylic groups were disposed on the nanoparticle surface.
Moreover, the zeta potential value slightly increased from -37 mV for unloaded carriers (molar
ratio 1:0) to about -20 mV for PTM-B-containing nanoparticles (Tab. 2). Pure PTM-B (i.e.,
drug nanoprecipitated without SQ-COOH) gave a limpid solution.

Over 4 weeks of storage at 4 °C, no precipitation and/or aggregation occurred for all the
samples; nevertheless, the mean size, PDI and zeta potential were stable only for SQ-
COOH/PTM-B 3:1 molar ratio (less than 10% of change), while for pure SQ-COOH
nanoparticles and other SQ-COOH/PTM molar ratios the mean diameter increased of 30%-50%

during the storage.
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Table 2 Physicochemical characteristics (mean diameter, polydispersity index (PDI) and zeta potential) of the
nanoparticles with different SQ-COOH/PTM-B molar ratios (n=3).

Molar ratio Charge ratio Mean diameter Zeta potential
(SQ-COOH/PTM-B) (SQ-COOH/PTM-B)  (nm + SD) ool (mV + SD)
1:0 1:0 167 =10 0.057 -36.9+3.8
1:1 0.5:1 - - -

2:1 1:1 373+2 0.076 -22.2+0.6
3:1 1.5:1 188 +£2 0.099 -23.6+0.5
4:1 2:1 --- --- ---

4.5:1 2.25:1 189 +3 0.069 -26.5+0.3
5:1 2.5:1 196 + 1 0.083 -25.6+0.2
6:1 3:1 200+ 4 0.090 -182+14

All the formulations allowed a high drug EE (>75%); nevertheless, the values were different in
terms of calculated DL, since it diminished when the SQ-COOH/PTM-B molar ratio increased
(see Table 3 for the samples with the highest DL).

Table 3 EE and DL of SQ-COOH/PTM-B 3:1 and 4.5:1 nanoparticles (n=3).

Molar ratio Charge ratio Mean diameter
EE (% + SD) DL (% + SD)
(SQ-COOH/PTM-B)  (SQ-COOH/PTM-B) (nm + SD)
3:1 1.5:1 188 +2 75+ 12 17+2
4.5:1 2.25:1 189 +3 86+7 1443

It is noteworthy to mention that we previously encapsulated different forms of PTM into
liposomes, inorganic and polymer nanoparticles for cancer treatment [20—22]; nevertheless, in
the case of SQ-COOH/PTM-B nanoparticles, the low molecular weight of SQ-COOH and its
low percentage in the formulations, in comparison to those of conventional particle constituents,
allowed the DL to significantly increase. Furthermore, the ionic interactions between SQ-
COOH and PTM-B enabled the nanoparticles to stably encapsulate the drug.

Thus, considering mean size, stability and DL, we selected the formulation SQ-COOH/PTM-B
molar ratio 3:1 for further characterization tests. For this formulation, the variation of the

volume ratio between the organic and aqueous phases was studied. As shown in Table 4, we
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observed that increasing the Ve/Vy, ratio, the nanoparticle mean diameter and PDI were higher,

as reported for other SQ-based nanoparticles [26], while the zeta potential slightly diminished.

Table 4 Physicochemical characteristics (mean diameter, polydispersity index (PDI) and zeta potential) of SQ-
COOH/PTM-B 3:1 nanoparticles as a function of the V./Vy, ratio (n=3).

Volume ratio Mean diameter PDI Zeta potential
(V/Vy) (nm = SD) (mV + SD)

0.2 109+ 1 0.063 -20.7 £ 1.080
0.3 13242 0.080 -22.8+1.270
0.5 188 +2 0.099 -23.6 = 0.493
0.7 289+5 0.168 -26.2 +2.850
1 328 +12 0.221 -33.0+1.190

The physical stability of the nanoparticles prepared with the different V./Vy ratios was
evaluated: results showed that only 0.2, 0.3 and 0.5 ratios allowed the mean diameter and PDI
to remain stable (mean variation <10%). Moreover, the evaluation of drug encapsulation
showed that the 0.2 V¢/Vy ratio has the highest EE and DL (EE: 82%; DL: 19%) and that the
drug content was stable during storage (83% of the initial content).

Taken together, these results justified our choice to use SQ-COOH/PTM-B 3:1 (V/Vw 0.2:1)
nanoparticles, prepared with the lowest volume ratio, for further studies. In this case, the
nanoparticle formation was obtained in the ‘Ouzo’ region at high water-to-ethanol volume ratio,
leading to smaller and monodisperse nanocarriers [40]. This formulation was then tested in vitro

and compared to the free drug.
3.2. Molecular modelling

To better explain why the SQ-COOH/PTM-B molar ratio was crucial for the formation of the
nanoparticles, we performed plain molecular dynamics simulations with the aim of observing
the behavior of SQ-COOH and PTM-B in solution, and the possible formation of nanoparticles,
at 1:1, 3:1, 4:1 and 4.5:1 molar ratio (Table 1). Systems were built up as reported in the
Experimental Section, placing in a water box the necessary number of molecules to maintain
the aforementioned ratios, as indicated in the left labels of Figure 2.

The simulation of 1:1 ratio highlighted a clear excess of PTM-B that cannot be completely

incorporated in the aggregates, which present an overall positive charge. In contrast, the 4:1
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system showed, in both replicas, the formation of a SQ-COOH aggregate, possibly destabilizing
the nanoparticle formation.

Lastly, the 3:1 and 4.5:1 ratio led to the formation of particle clusters in which no PTM-B excess
and no SQ-COOH aggregates were recorded. In particular, stable aggregates emerging from
3:1 and 4.5:1 simulations contained a negatively charged, hydrophobic SQ-COOH core,
partially shielded from the solvent by PTM-B molecules. These observations might support the
previously reported experimental, according to which only 3:1 and 4.5:1 allowed the formation

of stable nanoparticles among the molar ratios evaluated by molecular modelling.
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Fig. 2. Aggregation process of SQ-COOH (SQA) and PTM-B (PTM) molecules during MD simulations. Each
row corresponds to a simulation, the number of SQ-COOH and PTM-B molecules is reported in brackets. Frames
were extracted at the beginning (t = to), at half (t =4 t|) and at the end (t = t) of the simulation time. Molecules
are depicted as capped sticks, in cyan (PTM-B) and beige (SQ-COOH). Each aggregate is labelled according to
the SQ-COOH/PTM-B ratio.
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3.3. Cryogenic transmission electron microscopy (cryo-TEM)

The morphology of SQ-COOH/PTM-B 3:1 (V¢/Vy 0.2:1) nanoparticles was investigated by
cryo-TEM microscopy. The nanoparticles showed a homogeneous core and a spherical shape,
confirming the diameter found by QELS analysis (Fig. 3). The SQ-COOH/PTM-B 3:1 (Ve/Vw
0.2:1) nanoparticle morphology was found to be similar to the one of other SQ-based

nanocarriers obtained without covalent binding between the drug and the lipid derivative [41].

Fig. 3. Cryo-TEM images of SQ-COOH/PTM-B 3:1 (V./V, 0.2:1) nanoparticles.

3.4. PTM-B release from nanoparticles

To evaluate the PTM-B release from the SQ-COOH/PTM-B 3:1 (V¢/Vy 0.2:1) nanoparticles,
the suspension was incubated for 48 h at 37 °C in PBS pH 7.4 or in acetate buffer pH 5 (Fig.
4). At pH 7.4 the drug is stably associated to SQ-COOH and after 48 h only about 30% is
released. Indeed, at this pH value, protonated amidine groups of PTM-B strongly interact with
negatively charged SQ-COOH by ionic interaction. Since the endosomal and tumor
environments are usually characterized by acidic pH [42], we evaluated the PTM-B release
profile at pH 5.0. In these conditions, the formulation showed a pH-responsive behavior: after
4 h, a complete release of PTM-B occurred. Indeed, at pH 5.0, the carboxylic groups of SQ-
COOH are partially protonated, disrupting their electrostatic interactions with amidine

functions of PTM-B, thus enabling the drug release from nanoparticles.
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Fig. 4. PTM-B release from SQ-COOH/PTM-B 3:1 (V/Vy 0.2:1) nanoparticles as a function of time in PBS pH
7.4 or acetate buffer pH 5.0 at 37 °C.

The SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) formulation was also characterized after freeze-
drying using trehalose (5% w/w) as cryoprotectant [43]: nanoparticles were easily resuspended,
presenting a mean diameter around 150 nm, without important variation on zeta potential values
and an encapsulation efficiency of 71%. The physiochemical characteristics were maintained

in resuspended formulation stored over 28 days.

3.5. Invitro cellular efficacy

As a further step, we intended to test SQ-COOH/PTM-B 3:1 (V¢/Vy 0.2:1) nanocarriers activity
on LDLR-expressing cancer cells. We screened the cytotoxic efficacy of nanoparticles in a
panel of cell lines, characterized by undetectable (MCF7 cells), low (LNCap cells), medium
(MDA-MB-231 and PC-3 cells) expression of LDLR, in whole cell lysate and on cell surface
(Fig. 5), since SQ has been reported to bind to LDLR for its structural homology with
cholesterol [44]. HepG2 cells were included as a cell line with high expression of LDLR (Fig.
5). Since FBS in cell culture medium contained cholesterol-LDL that is physiologically taken
up by cells [45], we compared the expression of LDLR in cells cultured with or without FBS.
As expected, in cells with detectable levels of LDLR (MDA-MB-231, PC-3 and HepG2 cell
lines), FBS-deprived cells increased the expression of LDLR in whole extracts, i.e., the amount
of protein present within the cell lysate, and the LDLR associated with plasma-membrane, i.e.,
the active receptor on cell surface (Fig. 5). This trend is consequent to the lower uptake of
exogenous cholesterol that forces cells to increase the transcription of LDLR [45]. Similarly,
simvastatin, a strong inhibitor of the 3-B-hydroxy-3-B-methylglutaryl coenzyme reductase A,

the pacemaker enzyme of the synthesis of cholesterol, up-regulates the levels of LDLR as a
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consequence of the reduced endogenous synthesis of cholesterol [46]. Accordingly,
simvastatin-treated MDA-MB-231, PC-3 and HepG?2 cells had increased levels of LDLR. Such

increase was particularly pronounced in simvastatin-treated cells grown under FBS-deprivation

(Fig. 5).

Breast cancer Prostate cancer Hepatoma

MCF7 MDA-231 LNCap PC-3 HepG2
FBS + + - - + + - - + + - - 4+ + - - + o+ - -
SIM - 4+ - 4+ - 4+ - 4+ -+ -+ -+ -+ -+ -+

Whole
extracts LDLR

tubulin

Plasma-membrane

I
extracts LOLR

pancadherin

Fig. 5. Expression of LDLR in different cancer cell lines. Whole extracts and plasma-membrane associated extracts
from breast cancer MCF7 and MDA-MB-231 cells, prostate cancer LNCap and PC-3 cells, hepatoma HepG?2 cells,
cultured 24 h in medium with (+) or without (-) 10% v/v FBS, with (+) or without (-) 10 uM simvastatin (SIM)
were analyzed for the expression of LDLR. B-tubulin and pancadherin were used as control of equal protein
loading. The figure is representative of 1 out of 3 experiments.

The FBS deprivation and simvastatin treatment, used in the same experimental conditions
adopted for the measure of LDLR, increased and decreased the endogenous synthesis of
cholesterol, respectively (Suppl. Fig. A.1). This experimental set suggests that the changes in
LDLR were due to alterations of cholesterol homeostasis, as reported in most mammalian cells

[45,46].
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Fig. A.1. Intracellular cholesterol after FBS deprivation and simvastatin treatment. Breast cancer MCF7 and MDA -
MB-231 cells, prostate cancer LNCap and PC-3 cells, hepatoma HepG2 cells, cultured 24 h in medium with (+)
or without (-) 10% v/v FBS, with (+) or without (-) 10 uM simvastatin (SIM), were radiolabeled with 1 pCi/mL
[*H]-acetate for 24 h. Then, lipids were extracted, separated by TLC and the amount of synthesized cholesterol
was measured by liquid scintillation. Data are presented as means + SD. *p<0.05: SIM-treated vs. SIM-untreated
cells; °p<0.05: FBS-deprived medium vs. FBS-containing medium.

To evaluate the cytotoxicity of SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles, samples
containing different concentrations of PTM-B were incubated with FBS-containing medium for
30 minutes. Then, the suspensions were added to cell culture medium, with or without FBS.
This pre-incubation has two aims: first, it favors the binding of nanoparticles to LDL present
within FBS, increasing its potential to bind the LDLR. Second, it protects the nanocarriers that
are unstable in the slightly acidic environment generated by cancer cells if unbound to
lipoproteins. Indeed, SQ-COOH/PTM-B nanoparticles disaggregate and release PTM at pH 5.0
(Fig. 4) [47]. The viability assays demonstrated that both PTM-B and SQ-COOH/PTM-B
nanoparticles exerted a time- and dose-dependent cytotoxicity, as indicated by the reduced
viable cells (Fig. 6). The cytotoxicity induced by SQ-COOH/PTM-B nanocarriers was superior
to free PTM-B - in particular after 48 and 72 h - in the LDLR-expressing cell lines with this
rank order: MDA-MB-231 < PC-3 < HepG2 cells. By contrast, there were no significant
differences between PTM-B and SQ-COOH/PTM-B nanoparticles in the cell lines with
undetectable/low levels of LDLR, i.e. MCF7 and LNCap cells. These results suggest that SQ-
COOH/PTM-B nanoparticles deliver a higher intracellular amount of PTM-B, with a LDLR-
triggered mechanism, e.g. by inducing a receptor-mediated endocytosis. Such toxicity was not
due to SQ-COOH, because it was not toxic in all the cell lines at 10° M, i.e. the highest
concentration tested (data not shown). Comparing the cell cultures with or without FBS, we
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observed that - using the same concentration of SQ-COOH/PTM-B nanoparticles - the
cytotoxicity in LDLR-expressing cell lines was higher in FBS-deprived medium (Fig. 6).
Indeed, the LDL present within the FBS may occupy part of LDLR, preventing the binding of
SQ-COOH/PTM-B nanoparticles, thus reducing the PTM-B uptake. Moreover, FBS is a source
of exogenous cholesterol, that - as reported in Fig. 5 - prevents any increase in LDLR. By
contrast, in FBS-deprived medium, SQ-COOH/PTM-B nanoparticles resulted more cytotoxic
for at least two reasons. First, in the absence of FBS, the only LDL present during the
cytotoxicity assay are those associated with the nanoparticles during the 30 minutes pre-
incubation. Second, cells are forced to increase LDLR on their surface and uptake SQ-
COOH/PTM-B nanoparticles, which mimic LDL cholesterol and/or are associated with LDL

cholesterol, since they did not receive exogenous cholesterol from the culture medium.
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Fig. 6. Dose- and time-dependent cytotoxicity of SQ-COOH/PTM-B 3:1 (V¢/Vy 0.2:1) nanoparticles. LDLR-
positive (MDA-MB-231, PC-3 and HepG2) and LDLR-negative (MCF7 and LNCap) cell lines were incubated for
24,48 or 72 h, in the absence (0) or in the presence of free PTM-B (PTM) or SQ-COOH/PTM-B 3:1 (V./Vy 0.2:1)
nanoparticles (SQ-PTM-NP) at 10”7, 10, 10° M, in a medium with (+) or without (-) 10% v/v FBS. Before the
incubation, SQ-COOH/PTM-B 3:1 (V./Vy 0.2:1) nanoparticles were maintained 30 minutes in complete medium
containing 10% v/v FBS. Cell viability was measured in triplicates using a chemiluminescence-based assay. Data
are presented as means + SD. *p<0.05: vs. the respective untreated (0) cells; °p<0.05: SQ-COOH/PTM-B 3:1
(V/Vy, 0.2:1) nanoparticles vs. PTM-B.
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Overall, we suggest that LDL are endogenous carriers of SQ-COOH/PTM-B nanoparticles in
the systemic circulation, and the SQ moiety may be an indirect active targeting agent, able to
increase the delivery of PTM-B toward LDLR-expressing cells compared to PTM-B alone,
whose uptake is LDLR-independent.

In a second experimental set, we selected MCF7, PC-3 and HepG-2 cells, as example of with
undetectable, medium and high levels of LDLR, respectively (Fig. 5). We pre-treated the cells
with simvastatin for 24 h in order to increase — at least in PC-3 and HepG-2 cells - the expression
of LDLR (Fig. 5); then, we added PTM-B or SQ-COOH/PTM-B 3:1 (V¢/Vw 0.2:1)
nanoparticles for 72 h and we measured the cell viability. While we did not detect any
differential toxicity between free PTM-B and SQ-COOH/PTM-B nanoparticles in MCF7, we
observed that simvastatin significantly increased the cytotoxicity of SQ-COOH/PTM-B

nanoparticles compared to free PTM-B in PC-3 and HepG-2 cells (Fig. 7). This can be due to

the increase of LDLR expression induced by simvastatin that enhances the uptake of SQ-

COOH/PTM-B nanoparticles. Again, in FBS-deprived cells - characterized by a basally higher

LDLR expression (Fig. 5) - the toxicity induced by SQ-COOH/PTM-B nanoparticles was

stronger than in cells grown in FBS-containing medium (Fig. 7).
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Fig. 7. Effects of simvastatin and FBS deprivation on the cytotoxicity of SQ-COOH/PTM-B 3:1 (V./Vy 0.2:1)
nanoparticles. MCF7, PC-3 and HepG2 cell lines were incubated for 24 h in the absence or in the presence of 10
uM simvastatin (SIM), then washed and cultured for 72 h, in the absence (0) or in the presence of free PTM-B
(PTM) or SQ-COOH/PTM-B 3:1 (V¢/Vy 0.2:1) nanoparticles (SQ-PTM-NP) at 10”7, 10, 10 M, in a medium
with (+) or without (-) 10% v/v FBS. Before the incubation, SQ-COOH/PTM-B nanoparticles were maintained 30
minutes in complete medium containing 10% FBS. Cell viability was measured in triplicates using a
chemiluminescence-based assay. Data are presented as means + SD. *p<0.05: vs. the respective untreated (0) cells;
°p<0.05: SQ-COOH/PTM-B nanoparticles vs. PTM-B; "p<0.05: SIM-treated cells vs. SIM-untreated cells.
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As further confirmation of the role of LDLR in the delivery of PTM-B carried by SQ-based
nanoparticles, we silenced the receptor in HepG2 cells. Our silencing conditions strongly
reduced LDLR expression in whole extracts and on cell surface, both in the presence or absence
of FBS and/or simvastatin (Fig. 8A). Notably, in all the silenced cells, the cytotoxicity induced
by SQ-COOH/PTM-B nanoparticles was significantly lower (Fig. 8B). This experimental set
indicates that SQ-COOH/PTM-B nanoparticle uptake was dependent on the presence of LDLR.

A scr siLDLR
FBS + + - - + + - -
Whole extracts SIM
LDLR
tubulin

Plasma-membrane LDLR

extracts
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Fig. 8. Effect of LDLR silencing on the cytotoxicity of SQ-COOH/PTM-B 3:1 (V¢/Vy 0.2:1) nanoparticles. HepG2
cell line was treated with a non-targeting scrambled siRNA pool (scr) or with a siRNA pool targeting LDLR
(siLDLR), in medium with (+) or without (-) 10% v/v FBS, in the absence or in the presence of 10 uM simvastatin
(SIM) for the last 24 h. A. The expression of LDLR in whole extracts and plasma-membrane associated extracts
was analyzed by immunoblotting 48 h after the transfection. B-tubulin and pancadherin were used as control of
equal protein loading. The figure is representative of 1 out of 3 experiments. B. Cells treated as reported in A were
cultured in the absence (0) or in the presence of SQ-COOH/PTM-B 3:1 (V./Vy, 0.2:1) nanoparticles at 1077, 10,
10 M. After 72 h, cell viability was measured in triplicates using a chemiluminescence-based assay. Data are
presented as means + SD. *p<0.05: vs. untreated (0) cells; °p<0.05: siLDR cells vs. scr cells.
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4. Conclusions

Here we propose a new biocompatible nanoformulation of PTM-B based on the electrostatic
interactions of the drug with a negatively charged SQ derivative, thus promoting a high DL and
a pH-dependent drug release. Since the SQ moiety enables the association of the nanoparticles
with LDL, PTM could be repurposed in this nanosystem as a drug that indirectly targets cancer
cells overexpressing LDLR. To this aim, we have shown that pretreatment with simvastatin
increases the exposure of LDLR, exploiting the physiological alterations in cholesterol
homeostasis. Our work paves the way for an interesting new combinatorial treatment based on
statin followed by SQ-COOH/PTM-B as promising strategies against those tumors, such as
breast, prostate and liver cancers, with active cholesterol metabolism and high expression of

LDLR.
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Poly(lactic-co-glycolic) acid (PLGA) nanoparticles (NPs) are excellent candidates for drug
encapsulation, owing to the easy preparation, biocompatibility, biodegradability and protection

of drugs.
Main aim

The aim of this chapter was a proof of concept to develop lipid and polymer nanosystems to

propose the clinical repositioning of an antiprotozoal drug molecule.
Specific objectives

e Formulate and optimize pentamidine free base (PTM-B)-loaded PLGA NPs
e Comparisons with lipid-based drug delivery systems
e Evaluation of the in vifro anticancer activity of PTM-B-loaded lipid and polymer

nanocarries
Highlights of the chapter

e PLGA NPs are biocompatible and biodegradable carriers. Acid end-capped PLGA can
interact with PTM-B exploiting its carboxylic groups, ionized at physiological pH

e PTM-B is an old drug approved for its antiprotozoal activity that has anticancer activity
which could allow its repositioning for new therapeutical applications. However, PTM-
B toxicity in vivo prevents its clinical applicability

e Formulation of liposomes and NPs by electrostatic interactions allowed us to tune the
NP release profile

e [n vitro tests showed an increased ICso for encapsulated PTM-B compared to the free
drug. This opened the way for designing electrostatically based nanosystems for PTM-

B encapsulation.

The studies presented in this chapter have been published as a research article in the Journal of

Pharmaceutical Sciences, doi: 10.1016/1.xphs.2019.11.011.

The text is reproduced below.
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Initially developed as a synthetic analogue of insulin, pentamidine (PTM) is an antimicrobial drug that
has recently shown in vitro and in vivo anticancer activity. Nevertheless, systemic administration of PTM
causes severe side effects, especially nephrotoxicity. Here we propose the association of PTM to different
biocompatible nanosystems in order to compare the physicochemical characteristics of the loaded
nanocarriers and their influence on the drug cytotoxicity toward cancer cells. In particular, PTM (as free
base or with different counterions) was encapsulated into liposomes and poly(lactide-co-glycolide)
(PLGA) nanoparticles and all the formulations have been deeply characterized concerning mean diam-
eter, polydispersity index, zeta potential, stability, morphology, PTM loading, and drug release profile.
The anticancer activity was evaluated on a human ovarian cancer cell line over 72 h. Results showed that
PTM is efficiently loaded into liposomes with a transmembrane citrate or sulfate gradient; concerning
PLGA nanoparticles, important association occurred, thanks to ionic interactions between the drug and
the polymer. The in vitro studies confirmed the anticancer activity of PTM, which was gradually released

with different profiles depending on the drug form and the nanocarrier structure.
© 2020 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

Introduction

Pentamidine (PTM), a diamide composed of 2 phenyl amidine
groups linked by a 5-carbon methylene linker, is a Food and Drug
Administration—approved drug for the treatment of different
parasitic infections, including leishmaniasis, Pneumocystis carinii
pneumonia, and trypanosomiasis.* Although much is still elusive
about its antiparasitic mechanism, some studies have demon-
strated its efficacy in cancer. PTM has shown to be a DNA minor
groove binder forming noncovalent complexes with DNA.? Pathak
et al. demonstrated for the first time the in vitro anticancer po-
tential of PTM showing its growth-inhibitory activity when it links
to the phosphatase regenerating liver family, a group of oncogenic
phosphatases overexpressed in tumor cells; these results were
further confirmed in a study in which PTM was combined with
chlorpromazine.*> Moreover, PTM is an inhibitor of the DNA endo-
exonuclease whose repair processes have a main role in tumor cells.
A reduced capacity in DNA repair processes has been reported to

* Correspondence to: Barbara Stella (Telephone: +39-011-6706660) and Silvia
Arpicco (Telephone: +39-011-6706668).
E-mail addresses: barbarastella@unito.it (B. Stella), silvia.arpicco@unito.it
(S. Arpicco).

https: f/doi.org/10.1016/j.xphs.2019.11.011

take part in cancer cell viability. The action of PTM with the endo-
exonuclease may be due to the similar structure of the active site
between the endo-exonuclease and phosphatase regenerating liver
family.® Other studies proved a different anticancer mechanism of
PTM, in particular in melanoma, for which p53-binding site on
overexpressed S100B protein has been investigated as a target: PTM
inhibits the Ca(*)-binding protein S100B and disrupts the S100B-
p53 protein-protein interaction, thus restoring wild-type p53 tu-
mor suppressor function in melanoma.” Moreover, PTM was found
to be active against other cancer models, such as prostate, breast,
leukemia, and renal cancers.® '°

However, PTM has a poor oral bioavailability, and pharmacoki-
netic studies after PTM administration by the intravenous route
showed interindividual differences in rates of metabolism; more-
over, the renal drug clearance was associated with acute kidney
injury.'"'? Thus, several drug delivery strategies have been devel-
oped to overcome adverse PTM pharmacokinetics and toxicity, such
as by synthesizing PTM bioconjugates ' or through the association
with nanocarriers, but mainly in the treatment of leishmaniasis. In
this field, among the different drug delivery nanosystems, lipo-
somes and nanoparticles have been proposed to carry PTM'*'> and
even a recent study using both polycaprolactone nanoparticles and
phosphatidylcholine liposomes was performed to compare the
in vitro transportation of PTM across the blood-brain barrier.'® On

0022-3549(© 2020 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
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the contrary, only a minor effort has been devoted to the use of
nanocarriers to deliver PTM in anticancer therapy. Concerning li-
posomes in this field, Mérian et al. tested some liposomal PTM
formulations in order to enhance tumor drug accumulation and
lower drug exposure to other tissues. Liposomes were prepared
with saturated/unsaturated phospholipids of different chain
lengths, tuning cholesterol (CHOL) content, and with or without the
presence of PEG on the outer surface in order to optimize the
physicochemical characteristics of liposomes. In tumor-bearing
mice, liposomal delivery decreased PTM kidney drug levels and
increased tumor drug exposure compared to free drug."”

Regarding the use of nonliposomal nanocarriers with PTM in
anticancer therapy, PTM was associated with PEG-stabilized gold
nanoparticles in order to enhance the effect of radiotherapy on
triple-negative breast cancer. The results showed that the adsorp-
tion of PTM onto the PEG-gold nanoparticle surface increased their
cellular uptake. In addition, the combination resulted in a signifi-
cantly greater number of residual DNA double-strand breaks
compared to that of single agents.”” Moreover, we have recently
proposed functionalized mesoporous silica nanoparticles for PTM
delivery. Results showed that the tuning of the nanocarrier char-
acteristics may greatly affect the efficacy of PTM encapsulation.'®
Nevertheless, despite the growing interest in the applications of
gold and silica nanoparticles in drug delivery technologies, the
long-term effects of inorganic materials for nanoparticle prepara-
tion are still an open issue.?”

Besides the reported studies, to the best of our knowledge, a
comparative study between PTM-loaded liposomes and polymer
nanoparticles for anticancer therapy has not been performed yet. To
this aim, here we describe the preparation and the characterization
of different PTM-loaded, nontoxic, biocompatible, and biodegrad-
able nanocarriers (i.e., liposomes and poly(lactide-co-glycolide)
[PLGA] nanoparticles). PLGA is an attractive material for biomedical
uses because it is approved for medical application by both Food
and Drug Administration and European Medicines Agency and is
already widely employed in the biomedical field.”"** The cytotox-
icity of PTM-loaded nanocarriers was evaluated on the A2780 hu-
man ovarian carcinoma cell line. Results showed that the
encapsulation of different forms of PTM into lipid or polymer
nanosystems allowed the drug release (and, thus, the cytotoxicity)
to be tuned and controlled.

Materials and Methods
Materials

All the phospholipids, CHOL, Sepharose CL-4B, PLGA 50:50
(Resomer® RG 502 H), PLGA 75:25 (Resomer® RG 752 H), PEGyggo-
PLGA 50:50, PTM isethionate, and solvents (analytical grade) were
purchased from Sigma-Aldrich (Milan, Italy).

Methods

Preparation of Liposomes and Polymer Nanoparticles Containing
PTM

Preparation of Different PTM Forms. Free base form of PTM (PTM-B)
was obtained by precipitation of PTM isethionate (PTM-I) solution in
alkaline medium and characterized as previously reported.” PTM
citrate (FTM-C) and PTM sulfate (PTM-S) were obtained by adding
dropwise a solution of citrate buffer (150 mM, pH 4.5) or of
ammonium sulfate (150 mM, pH 4.0), respectively, to a MilliQ®
water solution of PTM-1 (100 mg/mL) until the formation of a pre-
cipitate. The solutions were then filtered and the resulting pre-
cipitates were washed 3 times with MilliQ® water and dried under
vacuum. Melting points of PTM-C and PTM-S were determined
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using a BUCHI Melting Point B-450 (set point: 165°C, heating rate:
2°C/min) and were 207°C and more than 300°C, respectively. The
conversion of PTM-I into the desired PTM forms was confirmed by
mass spectrometry analysis using electrospray ionization or by at-
mospheric pressure chemical ionization, in positive ion mode, on a
Micromass ZQ spectrometer (Waters, Milan, Italy).

PTM-B-Containing Liposomes

PTM-B-containing liposomes (Lipo PTM-B) were prepared using
the thin lipid film-hydration method mixing together
1,2-distearoil-sn-glycero-3-phosphocoline (DSPC), CHOL, and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(poly-
ethylene glycol)-2000] (mPEG2000-DSPE) in 82:12:6 molar ratio.
PTM-B was added to the lipid mixture in 40% ratio (mol drug/mol
lipid). Lipids were dissolved in chloroform and PTM-B in methanol
and evaporated by rotary evaporator. The resulting lipid film was
hydrated with 900 pL of 4-(2-hydroxyethyl)piperazine-1-ethane-
sulfonic acid (HEPES) buffer pH 7.4. The suspension was vortex
mixed for 10 min and bath sonicated. The formulations were
extruded (Extruder; Lipex, Vancouver, Canada) at 60°C under ni-
trogen through 200-nm polycarbonate membrane (Costar; Corning
Incorporated, New York, NY) and then purified by gel filtration us-
ing Sepharose CL-4B columns, eluting with HEPES buffer. Lipo-
somes were stored at 4°C.

PTM-C- and PTM-S-containing Liposomes

The liposomes (Lipo PTM-C and Lipo PTM-S) were composed of
DSPC, CHOL, and mPEG2000-DSPE in 75:20:5 molar ratio. The lipid
film was hydrated with 1 mL of citrate buffer for Lipo PTM-C or
ammonium sulfate solution for Lipo PTM-S, vortex mixed, and
incubated for 45 min at 60°C. Liposomes were then extruded as
previously reported and passed through a Sepharose CL-4B column
equilibrated with HEPES buffer to replace the extraliposomal so-
lution. Subsequently, a solution of PTM-I in HEPES buffer (0.75 mg/
50 pL for Lipo PTM-C and 0.5 mg/100 pL for Lipo PTM-S) was added
to liposome suspension and incubated for 60 min at 60°C. Finally,
liposomal preparations were purified by gel filtration as previously
reported and stored at 4°C.

PTM-B-containing PLGA Nanoparticles

PTM-B-loaded PLGA nanoparticles were prepared by the nano-
precipitation technique.”> Practically, for each preparation, to 12
mg of PLGA 50:50 or 75:25 dissolved in acetone, an aliquot of an
ethanolic stock solution of PTM-B (5 mg/mL) was added until a total
volume of 1 mL. This organic solution was then poured into 2 mL of
MilliQ® water under magnetic stirring. Precipitation of nano-
particles occurred spontaneously. After solvent evaporation under
reduced pressure, an aqueous suspension was obtained. Further
nanoparticle batches were prepared by 1:1 or 1:0.5 (w:w) poly-
meric blends between PLGA (50:50 or 75:25) and PEGgng-PLGA
50:50 or by PEG2000-PLGA 50:50 alone. To purify the nanoparticles
from nonincorporated drug, PTM-B-loaded nanoparticles were
extensively dialyzed against MilliQ® water at 4°C (Spectra/Por®
3500 MWCO dialysis membrane; Spectrum, Houston, TX). Unloa-
ded PLGA nanoparticles (i.e., without adding PTM-B) were prepared
as well. The particles were then stored at 4°C.

Characterization of PTM-containing Liposomes and Nanoparticles
The mean particle size and the polydispersity index of liposomes

and nanoparticles were determined at 25°C by quasi-elastic light
scattering using a nanosizer (Nanosizer Nano Z; Malvern
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Table 1
Physicochemical Characteristics of Liposomes and PLGA Nanoparticles (NPs) (N = 3)

1299

Formulation

Mean Diameter (nm + SD)

Polydispersity Index Zeta Potential (mV + SD)

Lipo PTM-B 125+ 16
Lipo PTM-C 140 + 1.4
Lipo PTM-S 148 + 2.0
PLGA 50:50 NPs 134£12
PLGA 75:25 NPs 13813
PLGA 50:50 NPs PTM-B 120 £ 05
PLGA 75:25 NPs PTM-B 117 £07
PEG2000-PLGA NPs PTM-B 77+ 06

PLGA 50:50{PEG2000-PLGA 1:1 NPs PTM-B 99+ 1.4

PLGA 50:50/PEG5000-PLGA 1:0.5 NPs PTM-B 143+ 16
PLGA 75:25/PEG2000-PLGA 1:1 NPs PTM-B 90 + 0.5

PLGA 75:25/PEG,000-PLGA 1:0.5 NPs PTM-B 12912

0.160 -26+ 117

0.154 —3.6 £ 097

0.106 —-3.8 + 092

0.074 -331+£1.17
0.071 —253 + 064
0.102 —254 + 045
0.097 —22.5 +0.72
0.147 —19.3 £ 0.26
0.086 —142 + 0.36
0.158 —15.8 + 0.86
0.142 —139 + 044
0.147 —16.6 + 0.60

Instruments, Malvern, UK). The selected angle was 90° and the
measurement was made after dilution of the particulate suspen-
sions in MilliQ® water. The surface charge of liposomes and
nanoparticles was evaluated by zeta potential measurements after
dilution of the suspensions in 10 mM KCl using the Nanosizer Nano
Z. Each measurement was carried out in triplicate.

The nanocarrier morphology was determined by cryogenic-
transmission electron microscopy (cryo-TEM) analysis. The diluted
samples were dropped onto 300 Mesh holey carbon films (Quantifoil
R2/1) and quench-frozen in liquid ethane using a cryo-plunge
workstation (made at LPS Orsay). The specimens were then moun-
ted on a precooled Gatan 62 specimen holder, transferred in the
microscope (Philips CM120) and observed at an accelerating voltage
of 120 kV (Centre Technologique des Microstructures [CTu], platform
of the Université Claude Bernard Lyon 1, Villeurbanne, France).

The amount of PTM incorporated into liposomes and nano-
particles was determined spectrophotometrically (DU 730 UV-vis
spectrophotometer; Beckman Coulter, Brea, CA) at 264 nm (PTM-
B) or 267 nm (PTM-C and PTM-S). Each sample was analyzed in
triplicate. To this aim, 100 pL of liposomal suspensions was diluted

in 400 pL of ethanol, vortexed, and centrifuged for 5 min at 6000
rpm and the supernatants were analyzed spectrophotometrically.
Phospholipid phosphorous was assessed in each liposome prepa-
ration by phosphate assay after destruction with perchloric acid.”*
For PLGA nanoparticles, the formulations were lyophilized and
then 4-mg samples were dissolved in 200 pL of dichloromethane.
To the solution, methanol (2 mL) was added followed by centrifu-
gation (6000 rpm for 15 min) to completely separate the precipi-
tated polymer.”” The supernatants were then measured at 264 nm.
The concentration of the polymer in the suspension was based on
dry weight analysis.

To evaluate the PTM release from the suspensions, the formula-
tions were incubated at pH 7.4 and 37°C in buffer (HEPES 20 mM for
liposomes and phosphate-buffered saline 10 mM for nanoparticles)
for various periods of time; drug leakage was determined after pu-
rification of liposomes by chromatography on Sepharose CL-4B col-
umns, eluting with HEPES buffer, or PLGA nanoparticles by dialysis
against MilliQ® water. Then, the drug content was measured as
previously described and compared with initial values.

The physical stability of liposome and nanoparticle suspensions
in the storage conditions (at 4°C) was determined by evaluating at
different interval times the mean diameter, the zeta potential, and
the drug leakage.

OO
NHZ\’/©/ \©\,NH;

HN NH

Figure 1. Chemical structure of PTM.
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In Vitro Cell Studies

Tumor Cell Line Culture

A2780 (human ovarian carcinoma) cells were cultured in RPMI
1640 medium containing 10% fetal bovine serum, 0.03% of
t-glutamine, 2% penicillin and streptomycin, and 25 pg/mL of
gentamicin sulfate. Cells were maintained in a humidified incu-
bator at 37°C in 5% CO,.

Cytotoxicity

A2780 cells were seeded at 1 x 10% cells/well in 96-well mi-
crotiter plates and incubated overnight to allow cellular adhesion.
Various dilutions of PTM-loaded liposomes and selected PLGA
nanoparticles were added to the cells in the culture medium in
triplicate and incubated for 24, 48, and 72 h. Empty liposomes and
nanoparticles, as well as free PTM-B, PTM-C, and PTM-S, were also
tested. Cell growth inhibition was evaluated by sulforhodamine B
colorimetric proliferation assay, modified by Vichai and Kirtikara.>®

Results and Discussion

Preparation and Characterization of PTM-containing Liposomes and
Nanoparticles

Different forms of PTM (as free base and citrate and sulfate salts)
were obtained and incorporated into lipid or polymer nanocarriers
to obtain nontoxic, biocompatible, and biodegradable formulations
of PTM with favorable characteristics if compared with previously
reported nanosystems. In particular, the liposomal formulations
described in the literature were obtained using PTM-I and were
characterized by a quite low amount of encapsulated drug.'"*” With
the aim to improve the amount of entrapped drug, initially in this
work the lipophilic derivative PTM-B was used and 9 different
liposomal formulations were prepared changing the phospholipi-
dic mixture composition and the amount of PTM-B added in the
lipid film. A liposomal formulation (Lipo PTM-B) characterized by
an encapsulation efficiency (EE%) value of 20%, higher than that
found in the literature, was obtained; this result was achieved by
reducing the CHOL content. However, to further improve the drug
loading into the liposomes, the active drug encapsulation technique
was exploited via citrate and ammonium sulfate method to prepare
Lipo PTM-C and Lipo PTM-S, respectively.”® PTM-C and PTM-S were
also prepared to confirm their low water solubility (that was re-
ported to be 0.6 and 1.4 mg/mL, respectively’’) and to evaluate
their UV spectra useful for the quantification of the drug loaded in
liposomes. The EE% was around 30% for Lipo PTM-C and around 45%
for Lipo PTM-S, confirming that this encapsulation method allows
the amount of drug loaded into the liposomes to be increased.
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Figure 2. Representative cryo-TEM images of (a) unloaded PLGA 75:25 nanoparticles; (b) PTM-B-loaded PLGA 75:25 nanoparticles; and (c) PTM-B-loaded PLGA 75:25/PEGq00-

PLGA 1:0.5 nanoparticles. Bar, 200 nm.

These 2 formulations were then used for further in vitro tests and
showed similar mean diameter and zeta potential values (Table 1).

PTM-B was also incorporated into PLGA nanoparticles, which
were prepared in a single step by nanoprecipitation. Even if PTM
was previously associated with poly(D,.-lactide) (PLA) nano-
particles’ and polymethacrylate nanoparticles®' for anti-Leish-
mania treatment, here we obtained monodispersed PTM-loaded
PLGA nanoparticles without adding any surface-active agent and
with high EE% values (95% and 83% for PLGA 50:50 and 75:25,
respectively, for a maximum of 30 pg of drug/mg of polymer).
These results can be ascribed to the molecular structure of PTM
and PLGA: indeed, at physiological pH 7.4, PTM (Fig. 1) has 2
positively charged amidines (pKa = 12), whereas PLGA has nega-
tively charged carboxylic groups. Thus, PTM and PLGA in the
nanoparticles interact and stabilize each other by ionic in-
teractions; this phenomenon probably also leads to a decrease in
the mean diameter of loaded PLGA nanoparticles if compared with
empty carriers (Table 1). Moreover, as previously demonstrated,”’
in this condition PTM release is pH dependent: at acidic pH values,
such as in lysosomes, PTM can be released from the polymer to
reach its target.

As reported for PLGA nanoparticles prepared for active targeting
of African trypanosomiasis,’” we also obtained PEGylated PLGA
nanoparticles; nevertheless, we did not covalently attach PEG to
PLGA, but we co-nanoprecipitated 2 PLGA-based polymers (PLGA
and PEG2000-PLGA), as previously described.”® When PEG2000-PLGA
was added to the formulations at 1:1 ratio, the mean diameter was
lower than 100 nm, whereas it was higher at 1:0.5 ratio (Table 1).
Concerning PTM content, while the EE% for PEGyggo-PLGA alone
was very low (28%), for the polymeric blends PLGA/PEG2000-PLGA it
was only slightly lower (88% and 79% for 1:0.5 and 1:1 ratio,
respectively) than that of non-PEGylated PLGA nanoparticles. The
PLGA nanoparticle zeta potential was negative for all the

formulations; however, the incorporation of PTM increased the
values in all loaded nanoparticles (Table 1).

To further characterize the nanocarriers, a morphological study
was performed by cryo-TEM microscopy. For PLGA nanoparticles,
the analysis confirmed the diameter found with quasi-elastic light
scattering (Fig. 2); moreover, the observed rounded shape was
similar for both empty and PTM-loaded nanoparticles (PEGylated
or uncoated). For liposomes, the analysis was applied to assess the
physical state of PTM inside the vesicles; to this aim, empty and
drug-loaded liposomes were analyzed and the resulting images
have been summarized in Figure 3. PTM precipitation was observed
inside the liposomes prepared via either citrate buffer method or
sulfate gradient.

After 4-week storage at 4°C, all the formulations still conserved
at least 90%-95% of the initial PTM content and over this period no
appreciable size and zeta potential change and no precipitation or
aggregation were observed, except for non-PEGylated PLGA nano-
particles, whose diameter showed a tendency to increase after 4
weeks until 200-230 nm.

The drug release profile of liposomes in HEPES buffer at 37°C
showed the good stability of the formulations: it was observed that
after 24 h only 7% of the less water-soluble PTM-C and 10% of PTM-S
were released; after 72 h these values reached 14% for PTM-C and
30% for PTM-S. These results confirm that the precipitation of the
drug in the aqueous core of liposomes allows to obtain an impor-
tant controlled drug release, as previously observed for Doxil®, the
commercial liposomal formulation of doxorubicin, in which the
drug release was around 5% in buffer at 37°C after 24 h.** For PLGA
nanoparticles, the PTM-B release was faster, as a consequence of
the higher water solubility of PTM-B compared to that of PTM-C
and PTM-S: after 24 h the 70% and 63% of the initial amount of
PTM-B was released from PLGA 50:50 and PLGA 75:25 nano-
particles, respectively, until about 90% after 72 h. PEGylated PLGA

Figure 3. Representative cryo-TEM images of (a) unloaded liposomes; (b) Lipo PTM-C; and (c) Lipo PTM-S. Bar, 200 nm.
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Table 2
Cytotoxic Activity (ICsg) on Human Tumor Cell Line A2780 at 24, 48, and 72 h. The
Values are Arithmetic Means of 3 Determinations (N = 3; SD<10% for All Values)

Formulation 1Csp (M) 1Csp (M) ICsp (M)
24h 48 h 72h
PTM-B 8.0 0.5 03
PTM-C 63 1.1 0.4
PTM-S 6.4 1.2 0.5
Lipa PTM-C 15 45 21
Lipo PTM-S 45 30 7.3
PLGA 50:50 NPs PTM-B 12 0.8 03
PLGA 75:25 NPs PTM-B 14 0.9 0.5
PLGA 50:50/PEG2pgg-PLGA 11 1.1 0.5
1:0.5 NPs PTM-B
PLGA 75:25PEG3p0o-PLGA 84 0.9 0.5
1:0.5 NPs PTM-B

nanoparticles showed a similar release profile, with about 75% after
24 h and 100% after 72 h.

Cytotoxicity

The cytotoxic activity of the different forms of PTM and the
loaded nanocarriers was tested on A2780 (human ovarian carci-
noma) cells at different incubation times (24, 48, and 72 h). Inter-
estingly, to the best of our knowledge, this study reports for the first
time an in vitro anticancer activity evaluation of PTM encapsulated
in liposomes and polymer nanoparticles. Results reported in Table 2
show that the different forms of PTM (i.e., PTM-B, PTM-C, and PTM-
S) have similar cytotoxicity profiles despite the different water
solubility. Once encapsulated into the nanocarriers (both liposomes
and nanoparticles), PTM maintains its anticancer activity, even if it
is delayed due to the gradual release from the nanosystems, which
show different cytotoxicity profiles. Interestingly, Lipo PTM-S are
less cytotoxic than Lipo PTM-C, even if PTM-S presents a better
water solubility. Loaded PLGA nanoparticle cytotoxicity is higher
than that of liposomes; this can be due to the kinetics of matrix
degradation that influences the drug release, but also to the higher
water solubility of PTM-B (29.2 mg/L at 25°C) than that of PTM-C
and PTM-S (49-fold and 21-fold higher, respectively). Moreover,
in PLGA nanoparticles, PTM is dispersed within the polymer matrix,
whereas in liposomes it is located in the central aqueous core.
PLGA[PEG;0ppg-PLGA 1:1 blends were not tested because they dis-
played a lower EE% than that of 1:0.5 mixtures.

Unloaded liposomes and nanoparticles did not show any cyto-
toxic activity at the considered concentration range.

Conclusions

In conclusion, this study highlights the possibility to formulate
PTM in liposomes and polymer nanoparticles for anticancer ther-
apy. Moreover, it has been shown that the cytotoxic activity of PTM
can be tuned depending on the type of nanocarriers considered and
the form of PTM encapsulated. Thus, the nanocarriers here pro-
posed could be considered as a platform for PTM delivery. More-
over, the encapsulation of PTM in lipid and polymer nanocarriers is
also a proof of concept that could enlarge the field of application of
these PTM drug delivery systems to other pathologies for which
PTM has been shown to be active (other than Leishmania), such as
myotonic dystrophy type 1, with different administration routes.
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Electrostatic stabilization is generally provided by particle surface charge and sufficiently high
electrostatic repulsion prevents any kind of agglomeration. Formulation of PLGA NPs using
acid end-capped PLGA leads to colloidal stability by the presence of dissociating carboxylic

groups in water media.
Main aim

The aim of this chapter was to investigate the role of stabilizers in PLGA-based colloidal

suspensions in water or complex media.
Specific objectives

e Formulation of PLGA NPs by nanoprecipitation and microfluidic technique
e Evaluation of critical coagulation concentration (CCC) in water media by increasing
electrolytes concentrations

e Evaluation of colloidal stability in protein-containing media
Highlights of the chapter

e Influence of NPs size on colloidal stability. Acid-terminated PLGA NPs were prepared
by nanoprecipitation and microfluidic technique to tune the particle size.

e (Coagulation regime in presence of different electrolyte concentrations was related to
NP mean diameter. A faster destabilization rate occurred for sub-100 nm NPs.

e The presence of albumin in complex media enhanced the stabilization of PLGA NPs.

Stearic hindrance can be exploited by the adsorption of protein on particle surface.
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Abstract

In nanoparticulate engineering for drug delivery systems, the addition of stabilizers represents
the most used strategy to improve the stability of nanosuspensions. However, the real usefulness
of stabilizers may be questioned in the case of nanoparticles made of acid-terminated PLGA.
Indeed, the ionizable carboxylic acid groups bring negative charges at the surface of
nanoparticles that stabilize them through electrostatic repulsions. The purpose of the present
work is to investigate the efficiency of such stabilization and infer the usefulness of an extra
stabilization by polymeric stabilizers. Nanoparticles were prepared by nanoprecipitation
technique and microfluidic process to assess nanoparticles characterized by different mean
diameters. Evaluation of the destabilization of acid-terminated PLGA nanoparticles upon
addition of electrolytes highlighted a regime of slow destabilization rate at salt concentrations
below the critical coagulation concentration (CCC) and a fast coagulation regime above the
CCC. Addition of dispersants improves the stabilization, but it is actually not required because
the CCC is found higher than the salt concentration in physiological conditions. Moreover, the
presence of serum albumin improves the colloidal stability, even without surface absorption of
stabilizers. Acid-terminated PLGA nanoparticles can reach stability due to their interaction with
albumin that creates itself a steric hindrance to stabilize the nanosuspension, making
nanoparticles suitable for parental administration. In conclusion, this study draws attention to

the role of stabilizers in the field of nanomedicine.

Key words: PLGA, CCC, stabilizers, nanoparticles
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1. Introduction

Generally, the colloidal stability of nanosuspensions is determined by the sum of interaction
forces on nanoparticle surfaces, such as van der Waals electrostatic forces. The combination of
these interactions forms the basis of DLVO theory of colloidal stability [1]. The perfect
combination of repulsive and attractive forces avoids reversible or even irreversible coagulation
of nanoparticles. Electrostatic stabilization is generally provided by particle surface charge and
sufficiently high electrostatic repulsion prevents any kind of agglomeration [2]. Poly(lactic-co-
glycolic) acid (PLGA) nanoparticles are commonly used as drug delivery systems due to their
biodegradability and biocompatibility, drug protection, higher stability, tunable drug release,
and higher drug safety that can be adjusted by controlling the characteristics of PLGA [3—-6].
PLGA is usually commercialized with different end-capping. Formulation of PLGA
nanoparticles using acid end-capped PLGA leads to colloidal stability by the presence of
dissociating carboxylic groups in water media. Indeed, acid end-capped PLGA is electrically
charged and used to obtain negatively charged nanoparticles for biomedical applications [7].

However, the colloidal stability of PLGA nanoparticles can be strongly affected by the
composition of aqueous media. Destabilization of ester end-capped PLGA has been
demonstrated in presence of high electrolyte solution concentrations in aqueous media [8]. The
use of several molecules, called stabilizers, represents the main strategy to avoid nanoparticle
aggregation. Thus, the ability of biocompatible macromolecules to adsorb on nanoparticle
surface was studied to prevent flocculation or aggregation. It has been proved that the screen
effect and surface hindrance properties of several macromolecules (i.e. poloxamer, poly(vinyl
alcohol) (PVA)) can improve the stability of nanocarriers at storage conditions [9-11].
Santander-Ortega et al. demonstrated that Pluronic-coated PLGA nanoparticles have different
stability patterns depending on the poloxamer coverage and the stability of nanosystems was
governed by DLVO interactions at any stabilizer concentration [12]. However, the potential
toxicity in vitro or in vivo of stabilizers is one of the main concerns in the nanomedicine field
[13]. In this work, the influence of electrolyte concentration in aqueous media was assessed in
presence or not of stabilizers for acid-terminated PLGA nanoparticles. Sodium chloride (NaCl)
was used as a background electrolyte which adsorbed on nanoparticle surface, reducing
negative surface charge and occurring in destabilization and consequently aggregation of
nanosuspension. Turbidity study of coagulation kinetics was performed and the critical
coagulation concentration (CCC) and stability factor W were specified. Moreover, we assessed

the coagulation regime of PLGA nanoparticles prepared by classical nanoprecipitation
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technique and microfluidic process, tuning the particle size [14]. In this way, we highlighted
the correlation between nanoparticle size and coagulation regime. Indeed, sub-100 nm sized
nanoparticles corresponded to a faster coagulation rate.

Furthermore, the behavior of stabilizer-free PLGA nanoparticles was assessed in bovine serum
albumin (BSA)-containing media to investigate the role of blood protein in colloidal stability
[15]. The adsorption of albumin on PLGA surface determined increased colloidal stability of
the nanosystem. It is noteworthy, since, in the nanomedicine field, drug delivery systems are
used for parental administration of active molecules. In complex media, the presence of serum
proteins can enhance the stability of PLGA nanoparticles even without the use of stabilizers

during the formulation process, which results useless in acid end-capped PLGA nanoparticles.
2. Materials and methods

2.1. Materials

PLGA 75:25 (Resomer® RG 752 H, My, = 4-15 kDa, analytical grade), Pluronic F68, PVA (87-
89% hydrolyzed, My 13-23 kDa), BSA (>96%) and solvents were purchased from Sigma-
Aldrich® (St Quentin-Fallavier, France).

2.2. Preparation of PLGA nanoparticles by the nanoprecipitation technique

PLGA nanoparticles were prepared by nanoprecipitation technique [16]. Practically, 200 mg of
PLGA were dissolved in 9.30 g of acetone. The organic solution was added to 100 mL of
distilled water under magnetic stirring (600 rpm) and precipitation of nanoparticles occurred
spontaneously. Then, the organic phase was evaporated by rotary evaporation under pressure
at 40 °C. The complete evaporation was checked by measuring the mass loss. Nanoparticles

were stored at 4 °C.
2.3. Preparation of PLGA nanoparticles by microfluidic technique

PLGA nanoparticles were produced using a benchtop NanoAssemblr™ (Precision
NanoSystem, Inc., Vancouver, Canada). Disposable cartridges were employed together with
the automated NanoAssemblr™. For each preparation, a solution of 55 mg of PLGA 75:25 in
5.5mL acetonitrile was injected into the microfluidic device through one port of the
NanoAssemblr™ instrument. The aqueous phase was simultaneously injected through the
second port of the system so as to maintain a constant 1:2 organic:aqueous flow rate ratio and

12 mL/min total flow rate. Nanoparticle products were gathered in a 15 mL Falcon tube. After
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evaporation of acetonitrile under reduced pressure, an aqueous suspension of nanoparticles was

obtained. It was diluted with water to 2 mg/mL final concentration.
2.4. Physicochemical characterization of polymer nanoparticles

The hydrodynamic diameter and polydispersity index (PDI) of the prepared nanoparticles were
measured by dynamic light scattering (DLS) using a Zetasizer Nano-ZS (Malvern Panalytical,
Malvern, UK). The scattering angle was 173° and the measurement was carried out at 25 °C
after dilution of the suspension in Milli Q water. The zeta potential ({) of nanoparticles was
determined by electrophoretic mobility measurements using the Nanosizer Nano-ZS. U-shaped
tubes equipped with electrodes (DTS 1070) were filled with the suspensions after appropriate
dilution. The electrophoretic mobility was converted into ¢ potential from the Henry equation

under the Smoluchowski approximation.
2.5. Morphology of nanoparticles using transmission electron microscopy

The morphology of nanoparticles prepared by microfluidic technique was evaluated by
transmission electron microscopy (TEM) analysis. TEM was performed with a Philips CM 120
microscope at the Centre Technologique des Microstructures (CTp) of the University Lyon 1

(http://microscopies.univ-lyonl.fr/). The diluted samples (10 uL at 0.01% concentration) were

dropped onto a 200 mesh carbon/formvar microscope grid, stained with a sodium
silicotungstate aqueous solution, and slowly dried in open air. The dry samples were observed

by TEM under 120 kV acceleration voltage.
2.6. Colloidal stability assay

The colloidal stability of PLGA nanoparticles was studied by time-resolved turbidity
measurements [17]. Turbidity measurements were carried out using a UV-vis absorption
spectrometer (UV-1800 from Shimadzu) in quartz cuvettes of optical path /=1 cm at a

wavelength of 600 nm. The absorbance (optical density, OD) was converted into turbidity (7
expressed in cm ') by T = In(10) OTD. To study the influence of concentration of NaCl solutions

(0.1-1 M) on the stability of PLGA nanoparticles with or without stabilizers, equal volumes
(0.5 mL) of aqueous nanoparticles dispersions, and water or electrolyte solution of twice the
target concentration were mixed in the measurement cuvette under fast magnetic stirring. The
turbidity was recorded as a function of time, time of zero being the set as the moment when the

salt solution was poured into the nanoparticle suspension. The effects of interparticle
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interactions on the kinetics of aggregation of the colloidal suspension are expressed via the
Fuchs stability ratio () [18], as presented in Section 2. The stability ratio, also namely Fuchs
factor, defines the ratio of the total number of inter-particle collisions that results in the
aggregating of colloidal dispersion. The rate of slow aggregation, which depends on the number

of collisions, can be obtained by the following expression:

_ ﬁ _ ((%)f—’o)fast

= — 1
% (adey) M

slow

where Kr and K are the fast and slow coagulation kinetic constants, respectively. /(¢) is the
variation of the total light scattered intensity with time. According to the aggregation model of
Lips et al. [19], the initial slope of #(¢) for two different colloidal dispersions is proportional to
the aggregation rate constant at equal concentrations, C, of the two colloidal suspensions. The
rate of coagulation in a colloidal dispersion depends on the concentration of the dispersions by

the expression:
dl
(%), = KsFC b)

where F'is an optical factor depending on the light scattering angle and the wavelength of the
scattered light [20,21]. Information about the aggregation rate was obtained by plotting the
turbidity versus time. To the slope of the curve, the critical coagulation concentration (CCC)

was calculated.

3. Results

3.1. Characterization of nanoparticles

PLGA nanoparticles of different sizes were prepared by the conventional nanoprecipitation
process and an innovative microfluidic technique. To this end, PLGA was dissolved in either
acetone or acetonitrile and then added into the aqueous phase, by manual addition or mixed in
the microfluidic device. The mean particle diameter of nanoprecipitation-prepared PLGA
nanoparticles was around 150 nm and { was -35 mV, depending on carboxylic groups of PLGA.
Microfluidic process was set up to tune nanoparticle size. Indeed, a high total flow rate of
12 mL/min yielded nanoparticles of sub-100 nm size, as already described in the literature [22].
Nanoparticles presented a smaller diameter around 90 nm, compared to the nanoprecipitated
nanoparticles. The morphology of nanocarriers was investigated by TEM microscopy. The

nanoparticles show a homogeneous core and a spherical shape, typical of PLGA nanoparticles
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[23]. Moreover, TEM images showed nanoparticle mean diameter around 60 nm, confirming
the sub-100 nm hydrodynamic diameter found by DLS analysis (Fig. 1). All information of

sizes is given in Table 1.

Fig. 1. TEM images of PLGA nanoparticles prepared by microfluidic procedure.

Table 1 Mean diameter, zeta potential (£) and critical coagulation concentration (CCC) of PLGA nanoparticles
prepared by two different techniques.

Nanoprecipitation Microfluidic

Size (nm + SEM) {(mV + SEM) Size (nm + SEM) ¢ (mV = SEM)

150+1 —35+2 93+1 —-50+2

3.2. Colloidal stability of bare particles

Sets of experiments were performed to determine different properties of PLGA nanoparticles
prepared either by classical nanoprecipitation technique or microfluidic process. Colloidal
stability as a function of the electrolyte concentration was assessed in the presence or not of
stabilizers. For all the measurements, we kept the same concentration of 1 mg/mL PLGA to
avoid the influence of this parameter on the colloidal behavior at measured pH of 6.56.

The colloidal stability of the complexes was analyzed by the turbidity variation as a function of
increased ionic strength, using NaCl from 0.1 to 1 M concentrations. The stability of PLGA
nanoparticles was evaluated by calculating the Fuchs stability ratio W [24,25] versus the salt
concentration that induces the aggregation process. When 1 mL of salt solution was added into
1 mL of PLGA suspension, the turbidity varied because the concentration of nanoparticles (and

salt) is reduced to its half during a very short mixing time (Fig. 2A,B). W is calculated from the

143



Chapter 111

short time limiting slopes of the recorded curves of the turbidity against time ltin(} [d;—(tt)]. As the

NaCl concentration increases, this slope increases and finally assumes a constant maximum
value at high NaCl concentration, which corresponds to the fast coagulation regime. The plots
of Log(W) against Log[NaCl] (Fig. 2C,D) clearly show the two regimes of slow and fast
coagulation. The salt concentration at the crossover is defined as the CCC [26]. The
experimental CCC were around 0.390 M and 0.220 M for the nanoprecipitated and the
microfluidic-based nanoparticles, respectively. The higher CCC of the nanoprecipitated
particles indicate a higher stability coming from electrostatic repulsions. The coagulation of
colloidal particles is affected by their mean diameter (150 nm for the nanoprecipitated against
90 nm for the microfluidic-based nanoparticles). Indeed, the surface charge density of
nanoparticles is proportionally related to the volume-to-area ratio (V/4) of the nanoparticles.
Each PLGA macromolecule has one negatively charged carboxylic group at one of its chain
ends. Therefore, the charge of a PLGA particle is given by the number of contained PLGA
macromolecules, that is, to the volume of the particle. The surface charge density is higher for
larger particles (of radius R) because V/4 = R/3 for spheres [27]. The higher CCC of larger
nanoprecipitated nanoparticles is in accordance with their higher surface charge density. It is
worth noticing that the CCC for both PLGA formulations were larger than that of physiological
serum whose concentration of NaCl is 0.150 M. Therefore, electrostatic repulsions coming
from the charged chain ends of PLGA are efficient enough for ensuring the colloidal stability
in the framework of parenteral administration. The stability is good in pure water and it is in

the slow coagulation regime in serum.
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Fig. 2. Turbidity variation in function of salt additions at increasing concentrations of NaCl. (A) Nanoprecipitation
and (B) microfluidic technique. (C-D) Stability ratio versus NaCl and CCC calculation. (C) Nanoprecipitation and
(D) microfluidic technique.

3.3. Colloidal stability of nanoparticles coated by PVA and Pluronic F68

Coating the PLGA particle surface with a small amount of adsorbed polymeric stabilizer brings
a supplementary steric stabilization [28]. PVA partially hydrolyzed and Pluronic F68 are two
of the most commonly used dispersing agents for colloidal suspensions [29,30]. In this set of
experiments, the colloidal stability in presence of stabilizers was evaluated in the way as for
bare nanoparticles. For each preparation, PVA and Pluronic F68 were added after the
preparation of PLGA nanoparticles at the commonly used 1% w/v concentration to improve the
colloidal stability. No variation of turbidity was observed after the addition of NaCl at different
concentrations (Fig. 3), confirming the stability of PLGA nanoparticles by steric hindrance of
these dispersing agents. Moreover, DLS measurements did not detect any variation of the
nanoparticle mean diameter after salt addition (data not shown), confirming the nanoparticle
stability. Hence, a CCC could not be detected due to the absence of a clear slope in the plot of
Log(W) against Log[NaCl]. Furthermore, the dense coating by adsorbed macromolecules led

to a thicker layer on PLGA surface that decreased the ¢ value from -35mV for bare
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nanoparticles to -20 mV for polymer-coated nanoparticles. This is due to the shift of the zero-

shear plane beyond the polymer layer.
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Fig. 3. Turbidity variation in function of salt addition in presence of Pluronic F68. Neither nanoparticles prepared
by nanoprecipitation technique (A), nor nanoparticles prepared by microfluidic process (B) showed aggregation
after salt addition.

3.4. Stabilization by bovine serum albumin

Upon parenteral administration in vivo, nanoparticles undergo interactions with serum proteins.
The behavior of nanoparticles can be determined by the complex interplay between the charge
state of nanoparticles and proteins [31]. In this context, colloidal stability tests were performed
to assess the effect of serum proteins. Albumin is the most common protein found in human
serum with a concentration ranging between 35 and 50 g/L. In the last set of experiments, we
selected serum albumin at the maximum concentration of 50 g/L to evaluate colloidal stability
after salt addition. The interactions between the carboxyl groups of PLGA and the protein
amino acids caused adsorption of albumin to the nanoparticles, because albumin contains
slightly positively charged amino acids that electrostatically interact with PLGA, stabilizing the
nanosystem even by changing its conformation [32]. Although albumin undergoes
conformational changes on PLGA surface, its adsorption led to a supplementary steric
stabilization in the same way as the PVA or Pluronic F68 dispersing agents. Indeed, the salt-
induced destabilization experiments gave the same results (data not shown) as those with PVA
or Pluronic F68. Albumin acts as a steric stabilizer of PLGA nanoparticles in the serum after

parenteral injection.
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4. Conclusions

In this work, it has been demonstrated that the colloidal stability of acidic-terminated PLGA
nanoparticles can be achieved without the addition of dispersing agents, even in the presence
of moderately concentrated salt solutions, such as the blood serum. For pharmaceutical
applications, PLGA nanoparticles can fit for parental administration with no need for
supplementary stabilizer. Although the colloidal stability is influenced by the nanoparticles
size, the two studied cases in the usual size range of PLGA nanoparticles were in the slow
coagulation regime in salt solutions corresponding to physiological media. The presence of
serum proteins leads to improved colloidal stability due to protein absorption on the particulate
surface. To conclude, drug delivery systems based on negatively charged PLGA do not require
the presence of exogenous stabilizers to improve the stability of the formulation. Indeed, PLGA
suspensions are stable in pure water, once injected, the salt concentration in the blood shifts the
suspension into the slow coagulation regime. At the same time, serum proteins (mainly
albumin) adsorb at the surface of nanoparticles, thereby providing very efficient steric

stabilization.
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Polymer nanoparticles (NPs) have been widely studied for the delivery of several molecules
(e.g. small molecules, proteins, antibodies). However, for their potential application as

nanotechnological tools, preparation methods need to be improved.
Main aim

The aim of this chapter was the translation of PLGA NPs production from a classical method
(nanoprecipitation) to the microfluidic technique. A complete characterization of PLGA

formulations was carried out to study the process translation.
Specific objectives

e Prepare drug-loaded PLGA NPs using classical nanoprecipitation and microfluidic
technique; physicochemically characterize the two systems

e Asses formulation and process variables on transposed formulation

e Study the influence of flow rate ratio (FRR), drug and polymer concentration to increase

encapsulation efficiency and drug loading in microfluidic-prepared formulation
Highlights of the chapter

e Microfluidic technique is a promising tool to overcome the manufacturing limitations
of classical preparation methods. It showed high reproducibility, controlled
physicochemical properties of NPs and easy scale-up.

e Microfluidic process can modulate the physicochemical characteristic of drug-loaded
PLGA NPs

e The elimination of organic solvent residual is a key point to increase drug encapsulation
and release profile. Dialysis method allowed a complete elimination of unencapsulated
drug, leading to a complete encapsulation of active molecule

e A Design of Experiments (DoE) evaluated how FRR and polymer and drug
concentration affect the encapsulation efficiency and drug loading of a hydrophobic

model drug
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Abstract

The possibility to control nanoparticle physicochemical properties, scale up the manufacturing
process and reduce the batch-to-batch variability are important challenges for the development
of nanoparticles. To address these issues, microfluidic has been recently proposed as an
advanced production method that precisely controls nanoparticle properties by monitoring the
diffusion/emulsification mechanism. Herein, poly(lactic-co-glycolic acid) copolymer (PLGA)
nanoparticles have been used to study the manufacturing translation process from bulk mixing
nanoprecipitation to the microfluidic method. As a model drug, a benzimidazole derivative was
chosen and encapsulated into PLGA nanoparticles. Microfluidic-based manufacturing
procedure yielded nanoparticles with a smaller size of 80 nm compared to 170 nm of batch
production, and a polydispersity index below 0.2. Focus is given to the setting up of the
microfluidic system and the conditions required to manufacture polymer nanoparticles. A
Design of Experiments (DoE) was set up to describe the effects of process and formulation
variables (polymer and drug concentration, flow rate ratio (FRR)) involved in the microfluidic
method on encapsulation efficiency and drug loading of the system to reduce drug loss. Then,
a freeze-drying study has been performed to improve the long-term storage of microfluidic-
prepared PLGA nanoparticles, using trehalose as a cryoprotectant to retain nanoparticle
physicochemical properties. In this work, we demonstrated that the translation from
nanoprecipitation to microfluidic leads to comparable formulations without alteration of
nanosystem properties. Moreover, the drug content can be improved by controlling formulation

and process parameters involved in the microfluidic process.
Key words: PLGA, nanoprecipitation, microfluidic, hydrophobic drug, DoE
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Chapter IV

1. Introduction

Nanotechnologies in pharmaceutical fields have been developed to improve therapeutic
applications of different water-insoluble drugs by enhancing their solubility and their protection
against degradation, controlling drug release and overcoming pharmacokinetics issues [1-3].
Thus, several drug delivery strategies have been established by the design and synthesis of
various biocompatible materials [4,5]. Among them, poly(lactic-co-glycolic acid) (PLGA) is
an attractive material for biomedical uses thanks to its approval both by Food and Drug
Administration (FDA) and European Medicines Agency (EMA) for human usage [6,7]. The
application of PLGA has been widely studied for the delivery of small molecules [8], proteins
and/or sub-structures [9], genetic materials [10,11] and imaging applications [12]. Despite its
versatile role in the production of polymer nanoparticles (NPs) as drug delivery systems, the
lack of reproducible and scalable processes limits the their clinical translation and commercial
use [13,14]. Several methods of NP preparation influence the distribution of the drug into the
polymer matrix and/or its absorption on the surface. Emulsification-solvent evaporation
technique and nanoprecipitation are the most commonly used preparation techniques, chosen
on the basis of the chemical characteristics of the drug molecule to encapsulate [6]. As literature
reports, nanoprecipitation technique is described as a straightforward technique to entrap
hydrophobic as well as hydrophilic compounds [14,15]. Nevertheless, for conventional
production methods some drawbacks concerning batch-to-batch variability, scalability, and
production in a continuous manner, make clinical translation of NPs challenging. Recently, to
address the urgent need to standardize NP production, microfluidic technique has been used to
produce NPs with well-controlled physicochemical properties [16]. The possibility to reach
high reproducibility, easy scale-up of the process, continuous production and precisely
controlled assembly enhanced the application of this technique [17,18]. The microfluidic-based
procedure has been vastly applied for the production on a large scale of mRNA-loaded lipid
NPs [19]. The Covid-19 pandemic highlighted the urgent need for a reproducible and
conventional procedure to formulate NPs with more controlled physical properties than by bulk
production methods [20,21]. Microfluidic-assisted nanoprecipitation requires devices useful to
perform a very fast and controlled mixing of water phase and organic water-miscible solvents
when injected in a sub-millimeter multilamination mixer [22]. Devices of different architectures
have been developed for polymer and lipid delivery systems. Formulation and process
parameters have to be adapted to modulate NP features, underlining the importance of these
factors on NP manufacturing process. For example, the flow rate of each solution before being

mixed is well tunable as a determinative factor in polymer NP size [23,24]. On these bases, in
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our study we selected a small benzimidazole molecule as the model drug to compare the
formulation of loaded-PLGA NPs by conventional bulk mixing nanoprecipitation technique
and microfluidic process. The study aimed to translate the formulation from conventional
method to a scalable process, evaluating all the variables involved in the process. In our
investigation, to assess the influence of process parameters and formulation variables on drug-
loaded PLGA NPs, a design of experiments (DoE) was exploited. The effect of polymer and
drug concentration, and process parameters has been studied to modulate the size and the
encapsulation efficiency of the system. To obtain a dried form and eliminate the solvent
residual, a freeze-drying study has been set up, using trehalose as a cryoprotectant to retain the

size and polydispersity of nanosuspensions.
2. Experimental section

2.1 Materials

PLGA 75:25 (Resomer® RG 752 H, My = 4-15 kDa) (analytical grade) and 378.3 g/mol D-(+)-
trehalose dehydrate (trehalose) used for the freeze-drying study were purchased by Sigma-
Aldrich® (St Quentin-Fallavier, France). Small benzimidazole derivative drug (molar mass, My
=431.87 g/mol) was ordered from Cliniscience® (Nanterre, France). Spectrum™ Spectra/Por™
Float-A-Lyzer™ G2 Dialysis devices (MWCO = 3.5-5 kDa) were provided by Fisher Scientific
(Illkirch, France). Sodium silicotungstate used for staining in TEM was supplied from Agar
Scientific (Parsonage Lane, Stansted, UK). Milli Q water was obtained using a Milli Q

Academic System (Merk Millipore®, St Quentin-Fallavier, France).
2.2 Water solubility of model drug

A saturated solution of the model drug in Milli Q water was prepared. The solution was stirred
at 750 rpm for 3 h at room temperature (RT) and left overnight to reach equilibrium. Then, the
sample was centrifuged (14000 rpm, 15 min, RT) and the supernatant was analyzed by ultra-
high-performance liquid chromatography (UHPLC).

2.3 Preparation of polymer nanoparticles by nanoprecipitation

Drug-loaded NPs were prepared by the nanoprecipitation technique [25]. Practically, to 6 mg
of PLGA 75:25 dissolved in acetonitrile, an aliquot (200 uL) of a methanolic stock solution of
drug molecule (5 mg/mL) was added until a total volume of 1 mL. This organic solution was

then dropped into 2 mL of Milli Q water under magnetic stirring. Precipitation of NPs occurred
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spontaneously. To remove the organic solvent and purify the NPs from the non-incorporated
drug, drug-loaded NPs were dialyzed (Spectrum™ Spectra/Por™ Float-A-Lyzer™ G2 Dialysis
devices (MWCO = 3.5-5 kDa)) against Milli Q water at room temperature for 1 h. Unloaded
NPs, without adding drug molecule, were prepared as well. The water suspension was then

stored at 4 °C.
2.4 Preparation of polymer nanoparticles by microfluidic technique

Drug-loaded PLGA NPs were also obtained by microfluidic technique using benchtop
NanoAssemblr™ (Precision NanoSystem, Inc., Vancouver, Canada). Disposable cartridges
with dimensions of 6.6 x 5.5 x 0.8 cm (w x d x h) with a specific toroidal micromixer were
employed together with the automated NanoAssemblr™.

Briefly, to 6 mg of PLGA 75:25 dissolved in acetonitrile, an aliquot (200 pL) of a methanolic
stock solution of drug molecule (5 mg/mL) was added until a total volume of 1 mL. The organic
phase comprised of the polymer/drug solution was simultaneously injected to the aqueous phase
at a 1:2 organic:aqueous flow rate ratio (FRR) and 12 mL/min total flow rate (TFR). To remove
the organic solvent and purify the NPs from the non-incorporated drug, drug-loaded NPs were
dialyzed against Milli Q water at RT for 1 h. Unloaded NPs were prepared as well. The particles

were then stored as colloidal suspensions at 4 °C.
2.5 Physicochemical characterization of blank and loaded nanoparticles

The hydrodynamic diameter, polydispersity index (PDI) and surface potential of the prepared
particles were analyzed by dynamic light scattering (DLS) using a Zetasizer Nano-ZS (Malvern
Panalytical, Malvern, UK). The angle was set at 173° and measurements were carried out at 25
°C after dilution of the particulate suspension in Milli Q water. The surface charge of NPs was
evaluated by zeta potential ({) measurements after appropriate dilution of the suspensions using
the Nanosizer Nano Z. The physical stability of nanoparticle suspensions in the storage
conditions (4 °C) was determined by evaluating at different interval times the mean diameter,

the PDI and C . Each measurement was carried out in triplicate.
2.6 Morphology of nanoparticles using transmission electron microscopy

The morphology of NPs prepared by microfluidic technique was evaluated by transmission
electron microscopy (TEM) analysis. TEM was performed with a Philips CM 120 microscope
at the Centre Technologique des Microstructures (CTp) of the University Lyon 1 (Villeurbanne,
France). The diluted samples (10 pL) were dropped onto a 200 mesh carbon/formavar
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microscope grid (copper support coated with carbon), stained with a sodium silicotungstate
aqueous solution, and slowly dried in the open air. The dry samples were observed by TEM

under 120 kV acceleration voltage.
2.7 Determination of encapsulation efficiency

The amount of incorporated drug was determined by separating the non-encapsulated drug from
loaded NPs by dialysis for 1 h against Milli Q water. The total amount of drug was determined
from a fresh aliquot of organic phase used to formulate NPs. The encapsulation efficiency (EE)

was calculated as follows (Eq. (1)):

Eq. I:
A
E.E.(%) = 5" 100

where A is the amount of entrapped drug after NPs purification and B is the initial amount in
the preparation of nanocarriers x100. The drug loading (DL) was calculated as the ratio between
the amount of entrapped drug and the total nanocarrier weight x100. The amount of
incorporated drug was determined by UHPLC. The nanosuspension was diluted with
CH3CN/water mixture 50/50 v/v, acidified by 0.1% TFA, vortexed and filtered through 0.22
um Nylon filters (Agilent). The UHPLC system consisted of a quaternary pump (Waters™,
quaternary solvent manager-R), autosampler (Waters™, sample manager FTN-R), and a
multiple wavelength UV detector (Waters, 2998 PDA Detector). The data were processed using
Empower 3 (Waters™). The analytical column was a Cortecs C18 column (50 x 4.6 mm, 2.7
um; Waters) at 40 °C; the mobile phase consisted of waters 0.1% TFA (solvent A) and CH3CN
0.1% TFA (solvent B) at a flow-rate of 0.5 mL/min with isocratic conditions: 40% A and 60%
B. The column effluent was monitored at 254 nm. The quantification of the active molecule
was done using calibration curves obtained with standard solution chromatographed in the same

experimental conditions, with a concentration range of 0.25-200 pg/mL (R*>0.995).
2.8 Nanoparticle optimization using a design of experiment (DoE)

A 23 full factorial design was used to investigate the effect of three experimental factors (PLGA
and drug concentrations, and FRR) and their interactions on NP physicochemical
characteristics. For each factor was defined the experimental domain whose lower and upper
limits correspond to the coded levels -1 and +1, respectively. The center point corresponds to

the coded level 0. As reported in Table 1, the polymer concentration (X1) was varied from 5-10
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mg/mL, FRR (X3) from 1:2-1:5 and drug amount (X3) from 0.7-1.4 mg/mL. The studied
responses were the encapsulation efficiency (Y1) and the drug loading (Y2) as NP characteristics

to be well-controlled.

Table 1 Selected experimental factors and their coded levels in the 2° full factorial design

Experimental factors Coded levels

-1 0 +1
PLGA conc. (mg/mL) (X;) 5 7.5 10
FRR (X2) 1:5 1:3.5 1:2
Drug conc. (mg/mL) (X3) 0.7 1.1 1.4

The full factorial design consists in 2° runs defined as every possible combination of +1 and —1
levels selected in turn and allows calculating a synergistic model, as follows:

Y, = by + b1 Xy + by X, + b3 X3 + b1, X1 X, + bi3X1 X3 + bz X, X3 (Eq. 2)

where ¥, is the predicted response for experiment i, bo is the intercept, the coefficients b;
correspond to the main effects of the experimental factors (X;) and the coefficients bj; are the
effects of the two-factor interactions.

Two center points were also added in order to estimate the variance of the experimental error
and to evaluate the predictive performance of the developed models. The corresponding
experimentation plan is presented in Table 3. Multiple linear regression calculations, statistical
analysis and response contour plots were performed with Umetrics MODDE 12.0 software

(Umetrics, Umea, Sweden).
2.9 In vitro release study of drug-loaded nanoparticles

To evaluate the drug release from the suspensions, the formulations were incubated at pH 7.4
and 37 °C in phosphate-buffered saline (PBS) 10 mM, simulating physiological conditions. At
different time points (0 min, 30 min, 1 h, 3 h, 5 h, 8 h, 24 h), 50 uL of each sample were
collected and analyzed by UHPLC for drug quantification. The amount of released drug
overtime was calculated from the difference between the initial total amount of the drug present
in drug-loaded NPs and the amount of remaining drug in the dialysis bag at different time
points. The experiments were performed for NPs prepared using both methods, in triplicate.
The same experiment was performed by incubating the free drug in a dialysis bag in PBS at 37

°C.
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2.10 Freeze-drying of drug-loaded nanoparticles

Microfluidic-prepared drug-loaded NPs were freeze-dried using the CRYONEXT pilot freeze
dryer (Cryotec, Saint-Gély-du-Fesc, France). The suspension was prepared by diluting 1/5 with
a solution of trehalose at a final concentration of 12% w/v. The freeze-drying process started
reaching an initial cool temperature of -35 °C for 3 h. Then, the temperature of the shelf was
increased to -20 °C for 10 h with a chamber pressure of 0.25 mBar to remove ice by sublimation
(primary drying). Secondary drying was carried out for 5 h at 4 °C, with 0.1 mBar pressure.
Finally, freeze-dried NPs were resuspended in 1 mL of Milli Q water and vortexed until
complete dissolution of pellet. Size, PDI, {, encapsulation efficiency and storage physical
stability at 4 °C of NPs were measured after resuspension. Also, morphological observations

using TEM were performed.

2.11 Determination and quantification of organic solvent residuals

Considering two different methods to remove organic solvents, NPs were either dialyzed for 1
h against Milli Q water (Spectrum™ Spectra/Por™ Float-A-Lyzer™ G2 Dialysis devices
(MWCO = 3.5-5 kDa)) or evaporated by rotary evaporation under reduced pressure (Rotavapor
R-100, Buchi, Cornaredo, Italy). The quantifications of remaining acetonitrile were performed
by '"H NMR analysis. "H NMR spectra were recorded at the NMR technical facility “Centre
Commun de RMN” of the University of Lyon on the liquid samples in 5 mm tubes with a liquid-
state high-resolution Bruker AVL300 NMR spectrometer operating at 300 MHz under
quantitative analysis conditions. The FID was recorded during an acquisition time of 5.5 s after
a 90° radiofrequency pulse (14 us). A delay of 60 s was applied between each scan for ensuring
full relaxation of the FID. 8 scans were accumulated with conventional phase cycling. 500 puL
of an aqueous suspension of NPs were added to 500 pL of deuterium oxide (D>0) containing
2% v/v of acetone used as internal standard. Quantification of acetonitrile residuals was done
from the integral of the acetonitrile peak at 1.98 ppm and that of the acetone reference peak at

2.15 ppm. The quantification of acetonitrile was performed on lyophilized samples as well.
3. Results and Discussion

3.1 Chemical properties of the drug molecule

The selected model drug is a small benzimidazole derivative, completely insoluble in water
having a LogP of 5.6 (predicted). The molecule behavior depends on the presence of a

benzimidazole and another acidic group which are both ionized at physiological pH, giving
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zwitterion characteristics to the molecule. It was soluble in acetonitrile with a predicted LogP
of 0 and very soluble in methanol characterized by a predicted LogP of -0.5. Its solubility
increased in methanol due to the enhanced number of hydrogen bond donors compared to
acetonitrile. Thus, it has been selected as a model hydrophobic drug for efficiently
encapsulation in polymer NPs to overcome pharmacokinetic and pharmacodynamics issues

related to in vivo administration [26].
3.2 Physicochemical characterization of nanoparticles

Particles were formulated via the nanoprecipitation method, using manual dropwise addition in
bulk mixing and via automatized microfluidic technique. The polymer was dissolved in
acetonitrile, the most common solvent used in nanoparticle formulation and tabulated in Class
2 as reported by ICH Q3C “Impurities: guidelines for residual solvents” [27]. The drug
molecule was solubilized in methanol obtaining an organic phase mixture miscible with water.
The diffusion of the organic mixture into the water phase suddenly decreases the solubility of
the polymer and, as a response to this change of hydrophobicity, it immediately self-assemblies
to form NPs. In this process, the hydrophobic drug concentrated in the core of the polymer
matrix and most of the carboxylic groups of PLGA were exposed on the surface, conferring a
negative zeta potential to NPs [8]. Ideally, the nanoprecipitation process should be robust and
reproducible to control NPs properties [28]. However, batch-to-batch reproducibility and
difficulties in controlling operative parameters limit translation into clinics of drug delivery
systems. Microfluidic is an automatized technique that offers precise and homogeneous mixing
of the organic solution with the aqueous phase. In our setup to translate the formulation from a
conventional production process to a more controlled technique, a toroidal micromixer was

connected to the syringes pumps to facilitate hydrodynamic flow focusing (Fig. 1) [16].

o} R N
Organic water / o) },H + O DR
miscible HO o, O N
Aqueous solvents \ (o} N
phase PLGA " Model drug

Microchannels

L Y °
NPs

Fig. 1. Schematic representation of the microfluidic micromixer

160



Chapter IV

The particle size is related to the mixing of the organic and aqueous phases. Generally, faster
mixing and lower locally amount of organic solvent yield smaller NPs [29]. To evaluate the
formulation of size-tailored NPs and investigate the influence on other physicochemical
characteristics (e.g., {, EE, DL and in vitro release), we compared the manual droplet addition
in bulk mixing and microfluidic strategy. We formulated the NPs setting a total flow rate (TFR)
of 12 mL/min and flow rate ratio (FRR) of 1:2 to obtain sub-100 nm NPs by microfluidics. The
TFR is considered one of the microfluidic parameters to tune the size of PLGA NPs. Indeed,
the high total combined speed at which the organic and aqueous phases are mixed together
results in a faster mixing time which reduces the particle size [29,30]. To compare the
microfluidic results with the nanoprecipitation method, we formulated PLGA NPs by manual
addition of the organic phase into the aqueous phase under magnetic stirring. The results in
Table 2 show the effect of the manufacturing technique on the physicochemical characteristics
of nanocarriers. In the controlled-mixing process, we obtained particles in size of 70 or 81 nm,
for blank and loaded NPs, respectively, with a slight diameter change in presence of the
encapsulated drug. Via nanoprecipitation process, we achieved particles with a size above 150

nm (Tab. 2).

Table 2 Physicochemical characterization of blank and loaded PLGA NPs prepared by nanoprecipitation (N) and
microfluidic technique (M). Values are given as mean + SD (#=3). NPs nanoparticles; PDI: polydispersity index

Formulation  Size (nm + SD) PDI Zeta Potential (mV + SD) EE % + SD DL% + SD

Blank N 147+3 0.05 -30.5+04 / /
Loaded N 169+ 15 0.10 -464+74 85.0+12.0 109+0.4
Blank M 70 +2 0.18 -50.1+1.9 / /
Loaded M 81+8 0.17 -49.1+10 75.1+7.8 94+1.0

All the preformed formulations yielded monodispersed NPs with the polydispersity index (PDI)
in the range of 0.05-0.18.

The spontaneous encapsulation of the model drug occurred during the self-assembling of the
particulate system, a classical approach to facilitate the administration in aqueous media of
hydrophobic drugs [31]. During the formulation process, the organic solvent needs to be
eliminated to avoid destabilization of the system and for in vitro and in vivo testing. Among the
different methods for organic solvent elimination, which include rotary evaporation under
pressure and ultracentrifugation, the dialysis method was exploited as an efficient strategy to
both eliminate the organic solvent from nanosuspension and purify NPs from the unbound
fraction of the drug. The solvent removal methods employed can influence the size and the

distribution of the drug through the polymer matrix [32].
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Compared to other procedures, dialysis led to a slight increase in the PDI due to the slow
removal of the solvents which could facilitate particle growth. However, the dialysis method
was selected as the solvent removal technique for its advantages. Indeed, solvent exchange by
dialysis is considered a slower process that occurs under equilibrium conditions. This gentle
procedure resulted in structural relaxation of the polymer and consequently increased entrapped
drug molecules. Results of EE and DL of NPs prepared via nanoprecipitation or by microfluidic
process showed no significant variation in drug encapsulation (Tab. 2). The dialysis led to the
elimination of organic solvents and improved the association of the drug, removing its
unentrapped fraction, still solubilized in the organic phase. Therefore, the determined EE

referred to the completely encapsulated drug into the polymer matrix.

% drug release

0 T T T T 1
0 5 10 15 20 25

Time (hours)

-~ Nanoprecipitation -+ Microfluidic

Fig. 2. Release profile of drug-loaded PLGA NPs in PBS medium at 37 °C

The effect of dialysis resulted in a controlled in vitro release, as reported in Fig. 2. Normally,
the presence of molecules on the surface of NPs determine an initial burst release, characterized
by a complete loss of the drug in a few hours [33]. Purification by dialysis eliminated the
fraction of drug adsorbed on the polymer surface leading to a better-controlled drug release
profile. Generally, a combination of diffusion and erosion of the polymer matrix leads to drug
release from PLGA. Water adsorption by the PLGA occurs immediately, increasing porosity
and consequently diffusion of release medium, regardless of NP size. PLGA undergoes
degradation by hydrolysis and starts to release the encapsulated drug. In our case, the
encapsulation of the drug into the polymer matrix allowed a sustained release of the drug over
8 hin PBS at 37 °C (Fig. 2). After 6 h, 50% of the initial amount of drug was released from the

polymer matrix and reached almost 100% after 24 h (Fig. 2). There are no important differences
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in release kinetics for loaded nanosuspensions prepared using classical nanoprecipitation or
microfluidic process.

To further characterize the nanocarrier prepared by the most reproducible microfluidic
technique, a morphological study was performed by TEM microscopy. For blank and loaded
NPs, the analysis confirmed the diameter found by DLS (Fig. 3). Moreover, the observed round
shape was similar for both empty and loaded NPs, as already reported for PLGA-based
nanosystems [34,35].

Fig. 3. TEM images of (A-B) PLGA NPs and (C-D) loaded NPs prepared by microfluidic technique

3.3 Design of experiments (DoE) for microfluidic translation

The translation from conventional bulk mixing nanoprecipitation technique to microfluidic was
possible by controlling both formulation and process parameters which might affect NP
characteristics [36]. For this purpose, a DoE was set up starting from the nanoprecipitated
formulation in order to optimize a more effective and easily scalable preparation technique for
drug-loaded NPs. FRR, polymer and drug concentration are critical parameters in the
microfluidic procedure and were investigated considering the resulting effect on the effective
amount of hydrophobic drug loaded into PLGA NPs (EE and DL). Each suspension was
formulated by a constant volume of organic phase at different polymer and drug concentrations
and varying the volume of aqueous phase by using different FRR. All experimental results in

terms of physicochemical characteristics are reported in Table 3.
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Table 3 Experimentation plan built according to a 2° full factorial design (runs 1 to 8) with two additional center
points (runs 9 and 10) with the corresponding responses EE and DL

Run PLGA FRR Drug Size Zeta Potential
PDI EE% DL%
(mg/mL)*(X7)) (v/v)’(X2) (mg/mL)¢(X3) (nm =*SD) (mV = SD)

1 5 L:5 0.7 148+ 11 0.28 -328=+42 100.0 8.9
2 10 I:5 0.7 70+ 1 0.20 -43.8+3.0 95.0 4.6
3 5 1:2 0.7 85+6 0.11 -50.0+3.7 50.3 6.1
4 10 1:2 0.7 90 +1 0.07 -50.5+2.6 74.3 5.0
5 5 1:5 1.4 148 £ 1 0.16 -40.5+0.5 78.1 18.3
6 10 I:5 1.4 110+3 0.21 -47.1+0.8 77.6 10.9
7 5 1:2 1.4 136 £ 1 0.14 -46.6 0.1 75.0 13.6
8 10 1:2 1.4 110+1 0.04 -43.842.5 86.4 9.5
9 7.5 1:3.5 1.1 129+4 0.25 -434+9.8 85.9 10.8
10 7.5 1:3.5 1.1 128 +3 0.25 -448+0.2 92.5 11.3

2 polymer concentration in the organic phase
® flow rate ratio (polymer-drug solution: aqueous phase)

¢ drug concentration in the organic phase

Compared to the conventional process, the microfluidic technique offers a more precise control
over NP size during the formulation development. Working at a fixed TFR of 12 mL/min, we
obtained NPs characterized by a mean diameter below 150 nm and PDI around 0.2 (Tab. 3), as
reported in the literature for PLGA NPs working at high TFR (10-15 mL/min) [29,37]. The (
of considered runs was ranged between -50 mV and -30 mV, suggesting that for hydrophobic
drug-loaded PLGA NPs it is directly correlated to the presence of carboxylic groups on polymer
chemical structure, regardless of modification of process parameters (Tab. 3) [38]. To reduce
the waste of expensive drug molecules by maximizing the encapsulation into polymer
nanosuspension, EE and DL were investigated by the means of a DoE. The experimental values
of EE ranged from 50.3 up to 100% and DL evolved between 4.6 and 18.3% depending on the
operating conditions (Tab. 3). The coefficients of Eq. 2 were determined for both EE and DL
using least square linear regression (Tab. 4). The determination coefficients R? indicated the
satisfactory adequacy of the developed models. Moreover, the residual error value of each
experiment was calculated as the difference between the experimental response and the
response predicted by the model (data not shown). Since these residual errors are almost all
contained within the range of 2*SDexp (Tab. 4), we can conclude that the developed models well
explain each response.

Thus, the validated models were used to visualize the surface responses as a bi-dimensional
plot of two factors (PLGA (X1) and drug (X3) concentrations), while keeping the third one (FRR

(X2)) constant (Fig. 4). In the case of EE, at a large volume of water compared to organic phase
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(FRR 1:5), no significant influence of the polymer concentration was observed while the
increase of drug concentration from 0.7 to 1.4 mg/mL led to a decrease of EE from 100% down
to ~80%, probably due to high amount of drug compared to polymer amount. NPs reached a
sort of limit of entrapment efficiency of the hydrophobic drug in a polymer matrix which
determined a lower EE in presence of a high amount of polymer.

At the intermediate FRR 1:3.5, EE was slightly influenced by both drug concentrations. The
main difference compared to FRR 1:5 was a decrease of EE from 100% down to 80-85% for
0.7 mg/mL of drug. At FRR 1:5, the larger amount of water compared to organic phase
accelerated the solvent diffusion process and consequently allowed immediate NPs
precipitation with higher amount of entrapped drug. At FRR 1:2 and 0.7 mg/mL of drug
concentration, we observed a further decrease of EE that evolved between 55% and 70% as the
polymer concentration ranged from 5 to 10 mg/mL. At FRR 1:2, corresponding to the lowest
solvent diffusion rate, the amount of entrapped drug decreased. Moreover, EE was minimized
at low polymer concentration since there was less polymer to entrap the active molecule. For
1.4 mg/mL of drug, we observed a similar trend since EE increased from ~70% to 90% by
increasing the polymer concentration.

Concerning DL, Figure 4 shows similar results at FRR 1:5 and 1:3.5: the effect of drug amount
on DL is more important than polymer concentration.

As expected, DL increased with the drug concentration and by decreasing the polymer amount.
DL was slightly more influenced by the drug amount than the polymer concentration. Regarding
the effect of FRR on DL, we observed a decrease of the maximal DL from 16-18% obtained at
FRR 1:3.5 and 1:5 down to 12% at FRR 1:2. Once again, this result may be explained by the
fast solvent diffusion process at FRR 1:5 that limited the drug loss [36]. The DL maximization
was obtained for high drug amounts and low polymer ones (i.e., 1.4 mg/mL drug and 5 mg/mL
PLGA) but these operating conditions did not lead to optimal EE. EE was promoted at FRR 1:5
for low drug amount and at FRR 1:2 for high concentrations of both drug and polymer.
Thanks to these results, optimal operating conditions for the microfluidic process may be
determined, but this needs to define specifications for a good compromise between EE, DL and

the amount of wasted expensive drug.
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Table 4 Coefficients of synergistic models (Eq. 2) for EE and DL with their corresponding R? and the estimation
of the experimental standard deviation SDexp

Cocfficients EE (%) (Y1) | DL (%) (Y2)
b0 80.8 9.7

bl 3.9 2.1

b2 -8.9 -1.1

b3 0.1 3.5

bl2 5.5 0.8

bl13 9.8 -0.8

b23 - -0.5

R? 0.930 0.986
SDexp* 5.4 % 0.8%
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3.4 Freeze-drying of loaded NPs

The stability of colloidal suspensions was evaluated at the storage condition (4 °C). For NPs
prepared via nanoprecipitation, no appreciable size and ( change and no precipitation or
aggregation were observed. In microfluidic prepared NPs, the presence of the drug impacted
the stability of the system. To understand the destabilization process, NMR analysis was
performed to evaluate the presence of remaining organic solvents which could have an impact
on PLGA formulation [39]. After the preparation of polymer NPs, rotary evaporation under
pressure and dialysis against water were performed to eliminate acetonitrile. 'H NMR spectra
showed the presence of acetonitrile either using under-pressure evaporation or dialysis (data
not shown). The fast destabilization of loaded systems could be partially ascribed to the
presence of remaining acetonitrile. The effect was more evident in NPs prepared by
microfluidic process, probably due to their smaller size (80 nm) to whom corresponded a faster
degradation rate compared to nanoprecipitation-prepared NPs (170 nm) [40]. PLGA
degradation and consequent destabilization of nanosystems can be ascribed to drug size or
hydrophobicity, NP size and drug-polymer interactions [41]. During the formulation of the
nanosuspension, organic solvents are required, but they must be eliminated (even the residual)
for in vitro and in vivo testing. To guarantee a dry form of NPs with increased storage stability,
a freeze-drying study was set up on NPs prepared by microfluidic technique. To not affect the
physicochemical properties of NPs, trehalose 12% w/v was selected as a cryoprotectant agent,
as already described for other polymer nanosystems [42]. Results shown in Tab. 5 demonstrate

the retention of size, PDI, and C of lyophilized NPs after resuspension in Milli Q water.

Table 5 Physicochemical characterization of loaded-PLGA NPs prepared by microfluidic technique, before and
after freeze-drying

Time Size (nm + SD) PDI Zeta Potential (mV + SD) Osmolarity
Before freeze-drying 81+8 0.165 -49.1+ 10 -
After freeze-drying 84+ 18 0.190 -35.6+29 0.286

Moreover, stability over time after NP resuspension was evaluated over 28 days at storage
conditions (Fig. 5A). After reconstitution in water, the size of loaded NPs was retained by a
monodispersed population (PDI<0.2) (Tab. 5) and their rounded shape did not register
significant changes (Fig. 5B). By UHPLC analysis, we determined a drug association efficiency
of 84% after reconstitution. As shown in Figure 5, the freeze-drying process, in combination
with the cryoprotectant effect of trehalose, offered increased NP stability compared to the not-

lyophilized formulation. The { was still negative and increased due to the presence of surface-
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adsorbed sugar in the system [43]. The value around —35 mV allowed obtaining stable NPs
thanks to the repulsion forces still present on the shell of PLGA NPs. Moreover, the 'H NMR
spectra demonstrated the complete elimination of acetonitrile after the freeze-drying process
(data not shown). Lyophilization performed the double effect to increase the storage stability
of loaded NPs and make the formulation suitable for in vitro and in vivo testing, by removing
the organic solvent.
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Fig. 5. Characterization of drug-loaded NPs after freeze-drying. (A) Stability study (size, and PDI) upon
resuspension of loaded freeze-dried NPs. (B) TEM images of freeze-dried loaded-PLGA NPs after resuspension

4. Conclusions

The reported results confirm the useful application of microfluidic technique in the preparation
of hydrophobic drug-loaded PLGA NPs. The translation from conventional bulk mixing to
microfluidic technique is a key point to achieve a more effective and easily scalable preparation
method. Notably, drug-loaded PLGA NPs were successfully manufactured by NanoAssemblr
device, reducing the preparation time, and yielding suitable NP physicochemical characteristics
(size, EE and DL). Indeed, starting from nanoprecipitation parameters, including polymer
concentration, organic phase content and aqueous/organic phase ratio, the translation into
microfluidic resulted in NPs with sub-100 nm size. The organic solvent elimination methods
were investigated to obtain monodispersed nanosuspension with high EE. Among the most
common methods, the dialysis technique led to NPs with PDI<0.2 with complete elimination
of unencapsulated or surface-adsorbed drug. Thus, the drug content referred to the molecules
efficiently encapsulated into the polymer matrix. In an effort to systematically investigate the
impact on NP properties by changing the preparation methods, a DoE highlighted the crucial

effect of polymer and drug concentrations, and FRR on NP features: in all the runs considered,

169



Chapter IV

FRR set up at 1:5 enhanced the entrapment of the drug into polymer matrix at low drug
concentration. However, the amount of drug improved EE and DL at FRR 1:2 up to a limit
point which is characterized by the maximum entrapment capacity of PLGA NPs towards
hydrophobic molecules. Microfluidic nanoprecipitation method has demonstrated to be a
potential tool to ameliorate the size and EE of PLGA NPs loaded with a small hydrophobic
model drug.

We can conclude that the translation from the conventional nanoprecipitation method to the
microfluidic technique for polymer NPs has an ameliorating effect on NP features. However,
the optimization of translated formulation needs to consider all the formulation and process

parameters involved in microfluidic nanoprecipitation method.
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AMP-protein kinase (AMPK) is a new emerging therapeutic target in the treatment of muscular
myopathies. Small molecules can efficiently activate AMPK to reduce the production of pro-
inflammatory and fibrosis mediators and positively affect the development of muscular

dystrophies.
Main aim

The aim of this chapter was to exploit the nanotechnological strategy to overcome the drawback

of in vivo administration of a potent AMPK activator molecule, called 991.
Specific objectives

o Test 991 efficacy in vitro and in vivo once loaded in PLGA-based nanoparticles (NPs)

e Study the internalization of PLGA NPs in bone marrow derived macrophages
(BMDMs)

e Study the cellular viability for empty and loaded NPs on BMDMs

e Study the retained activity of loaded 991

e Study the in vivo pharmacokinetics and NPs uptake in diaphragm and gastrocnemius

e Study the in vivo efficacy of 991-loaded PLGA NPs
Highlights of the chapter

e Encapsulation of 991 in biodegradable and biocompatible PLGA NPs is a promising
strategy for in vivo delivery.

e The internalization of PLGA NPs is very fast in BMDM without toxic effects. In vitro
efficacy of 991, as potent activator of AMPK was retained. The evaluation of
transforming growth factor- f (TGFp1) expression confirmed a reduction in cells treated
with 991, free or loaded in NPs.

e The biodistribution of NPs after i.v. injection in a superior Duchenne muscular
dystrophy mouse model (D2.mdx) showed a 10% uptake in diaphragm and
gastrocnemius cells.

e [n vivo treatment of 991-loaded NPs over three weeks demonstrated a 10% fibrosis
reduction in D2.mdx, suggesting promising results of 991 activity in vivo.

e Nanomedicine strategy allowed the in vivo delivery of 991, without evident side effects

on mice.
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Abstract

Muscular dystrophies, such as Duchenne muscular dystrophy (DMD), are caused by permanent
muscle injuries leading to a chronic inflammation, with macrophages harboring an altered
inflammatory profile that contributes to fibrosis establishment through secretion of the TGF:
profibrotic cytokine. AMP-activated protein kinase (AMPK) is an attractive therapeutic target
for treating chronic inflammation and fibrosis in DMD as we previously showed that its indirect
activation reduces TGFp; secretion by macrophages and improves muscle homeostasis and
muscle force in a mouse model of DMD. However, potent direct AMPK activators like
compound 991 show strong adverse effects in vivo which prevent their use. Here, we
encapsulated 991 into biodegradable poly(lactic-co-glycolic) acid (PLGA) nanoparticles to
deliver it in vivo and overcome these toxicity issues. We demonstrate that 991-loaded PLGA
nanoparticles retained drug activity on fibrotic bone marrow derived macrophages, by reducing
the secretion of TGFP1 and preserving cellular viability in vitro. In the D2-mdx pre-clinical
DMD mouse model, sub-100 nm nanoparticles accessed the gastrocnemius and diaphragm
muscles, the most affected muscles in DMD mouse model, after chronic intravenous injections.
Muscles exhibited a decreased inflammation associated with fibrosis reduction and increase in
muscle mass, indicative of muscle homeostasis improvement. Our results suggest that
nanomedicine is an efficient strategy to achieve direct AMPK activator molecules
administration in vivo, to prevent their adverse effect and ameliorate dystrophic muscle

phenotype.

Keywords: nanoparticles, macrophages, fibrosis, muscle homeostasis
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1. Introduction

Inflammation and fibrosis achieved important attention for their pathogenic role in several acute
and chronic diseases, including cardiomyopathy, metabolic and autoimmune diseases, and
genetic disorders [1,2]. The biological complexity of an inflamed and fibrotic environment
made it difficult to develop anti-inflammatory therapies to improve tissue regeneration [3,4].
Therefore, the investigation of new approaches to reduce chronic inflammation and
pathological fibrosis are of substantial interest to promote muscle homeostasis. Among several
pathologies, Duchenne muscular dystrophy (DMD) is an X-linked genetic disorder, triggered
by mutations in the dystrophin gene, in which inflammatory and fibrotic responses play a
crucial role in disease progression [5]. Chronic inflammation contributes to persistent muscle
damage and the progression of muscle weakness with high infiltration of immune cells. The
first immune cells to invade the injured area are pro-inflammatory damage-associated
macrophages which can establish fibrosis [6]. Existing data suggest that an appropriate balance
of immune cells responses in dystrophic muscle is essential to ultimately restoring natural
muscle physiology. Indeed, resolution of inflammation is characterized by phenotype changes
of pro-inflammatory macrophages toward their anti-inflammatory phenotype. This process is
promoted by different pathways, including the activation of AMP-protein kinase (AMPK) [7,8].
AMPK is a ubiquitously expressed serine/threonine kinase, considered a crucial protein in
maintaining energy balance and homeostasis in skeletal muscles [9]. Activation of AMPK
exhibited anti-inflammatory properties through the regulation of macrophages' inflammatory
status, gaining much attention as a new therapeutic target. Since the discovery of AMPK as a
druggable target, the effort to develop different compounds able to enhance protein activity,
increased. Although the use of small molecules highlighted the importance of AMPK in the
treatment of many human pathologies, challenges and drawbacks might limit their therapeutic
applicability [10,11]. In dystrophic muscles, the activation of AMPK in immune cells,
particularly in macrophages, causes the activation of the latent-TGF-B-binding protein (LTBP4)
genetic pathway, which is a known modified gene in DMD patients. Consequently, kinase
activation reduces the expression of LTBP4, reducing the amount of the pro-inflammatory
cytokines transforming growth factor- (TGF1) production, crucial for muscle regeneration
[12]. AMPK activator molecules have already found application in the treatment of diabetes
type II. For example, metformin can enhance the activation of AMPK and improve glucose
uptake, even in skeletal muscles to ameliorate muscle contractility [13—15].

In this frame, a potent activator AMPK molecule, namely 991 or EX229, was studied as a

potential approach to reduce inflammation and associated fibrosis in a pre-clinical fibrotic mdx
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mouse model [12,16,17]. However, in the literature, there is no information about the immediate
side effects after intravenous (i.v.) injection of AMPK activator molecules. In the scientific
community, it is known about the irreversible hemolytic effect and platelet aggregation after
AMPK activator i.v. administration in mice. The growing interest in applying nanotechnology
to therapeutic approaches is largely attributable to its uniquely appealing features for drug
delivery, diagnosis, and imaging, synthetic vaccine development [18,19], and the treatment of
muscular dystrophies [20]. Among the studied drug delivery systems, poly(lactic-co-glycolic)
acid (PLGA), a biocompatible and biodegradable polymer, has attracted researchers for the
ability to incorporate hydrophobic compounds [21]. In this study, we investigated
nanomedicine as a possible strategy to administer an AMPK activator molecule in vivo. The
working hypothesis was the use of PLGA nanoparticles to provide a huger concentration in the
systemic circulation, avoiding its rapid clearance, increasing drug accumulation in inflamed
tissues and reducing adverse effects [22]. The developed nanosystem is based on a
biodegradable and biocompatible polymer whose metabolic monomers, lactic and glycolic acid,
can be used by cells to maintain homeostasis [23,24]. PLGA is considered one of the most
successfully biodegradable polymers and its features need to be considered in DMD treatment
to prevent additional muscle degeneration of severely injured skeletal muscles [25].

In the present work, the ability of these nanoparticles to control inflammation and reduce
fibrosis in the context of chronic inflammation was assessed. Their activity on fibrotic bone
marrow derived macrophages (BMDMs) was investigated, by evaluating the ability of 991 to
retain its activity even loaded into polymer nanocarriers. /n vivo tests were then set up to
evaluate a possible accumulation of biodegradable nanoparticles into dystrophic muscles, with
a specific focus on gastrocnemius and diaphragm muscles, which are considered the most

representative muscles of inflammation and fibrosis patterns in the pre-clinical mdx mouse

model [26].
2. Experimental section

2.1 Materials

PLGA 75:25 (Resomer® RG 752 H, My, = 4-15 kDa) and solvents (analytical grade) were
purchased by Sigma-Aldrich® (St Quentin-Fallavier, France). 991 (My = 431.87 g/mol) was
ordered from Cliniscience® (Nanterre, France) and 1,1'-dioctadecyl-3,3,3",3'-

tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) from Thermo Fisher
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Scientific® (Waltham, Massachusetts, USA). Spectrum™ Spectra/Por™ Float-A-Lyzer™ G2
Dialysis devices (MWCO = 3.5-5 kDa) were provided by Fisher Scientific (Illkirch, France).

For the biological tests, Dulbecco’s Modified Eagle Medium (DMEM), high glucose, Glutamax
Supplement, pyruvate, was bought from Gibco® (Thermo Fisher Scientific®) and used for cell
culture. Fetal bovine serum (FBS), penicillin/streptamycin and fungizone as DMEM
supplements were supplied by Gibco®. TGF beta-1 Human/Mouse Uncoated ELISA Kit was
supplied by Gibco®. Annexin V conjugated to Alexa Fluor 488 (ref Al, 1/20 dilution) was
purchased by Molecular Probes (Eugene, Oregon). DAPI (1 pg/mL, ref 564907) was obtained
from BD Biosciences (Grenoble, France). For immunostaining, cells were labeled with rabbit
anti-laminin (ref. L9393, 1/200 dilution) from Sigma-Aldrich® and goat anti-type I collagen
(ref 1310-01, 1/400 dilution) from Southern Biotech (Birmingham, Alabama, USA). For double
immunolabeling, antibodies against F4/80 were purchased from Elabscience (France). Hoechst

33342 (1 pg/mL, ref 14533) for nuclei staining was purchased from Sigma-Aldrich®.

2.2 Nanoparticle preparation and characterization

991-loaded PLGA nanoparticles were produced using a benchtop NanoAssemblr™ (Precision
NanoSystem, Inc., Vancouver, Canada), as already described (Chapter 1V).

Briefly, for each preparation, to 6 mg of PLGA 75:25 dissolved in acetonitrile, an aliquot (200
uL) of a methanolic stock solution of 991 (5 mg/mL) was added until a total volume of 1 mL.
The organic phase comprised of the polymer/drug solution was injected into one port of the
NanoAssemblr™ instrument. The aqueous phase was simultaneously injected into the second
port of the system to maintain a 1:2 organic:aqueous flow rate ratio (FRR) and 12 mL/min total
flow rate (TFR). To remove the organic solvent and purify the nanoparticles from the non-
incorporated drug, 991-loaded nanoparticles were dialyzed (Spectrum™ Spectra/Por™ Float-
A-Lyzer™ G2 Dialysis devices (MWCO = 3.5-5 kDa)) against Milli Q water at room
temperature for 1 h. Unloaded (i.e., without adding 991) and DiD-loaded nanoparticles were
prepared as well. The particles were then stored at 4 °C. Quantification of encapsulated 991
was determined by ultra high performance liquid chromatography (UHPLC) analysis, which
has already been described (Chapter IV).

2.3 Hemolysis test

The hemolytic potential of free and encapsulated 991 was determined on erythrocytes. 10 mL
of mice blood were taken and transferred into Vacutainer tubes. The blood was centrifuged

(2229 rpm, 20 °C, 5 min) and the supernatant was discarded. The solid residue of erythrocytes
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was redispersed with a sterile saline solution containing NaCl 150 mM and centrifuged three
times; each time the supernatant was discarded and NaCl solution added. Then, the solid residue
of erythrocytes was diluted with PBS (3% w/v) and stored at 4 °C. 150 pL of the erythrocyte
stock dispersion was added to 150 pL of free 911 and loaded nanoparticle suspensions (50, 20
and 10 uM), and incubated at 37 °C for 1 h. A dispersion of erythrocytes in PBS was prepared
as negative control and a solution of Triton X-100 20% v/v as a positive control. After
incubation, samples were centrifuged (2229 rpm, 20 °C, 5 min) to separate the red blood cells
and the supernatant. The absorption of the supernatant was measured by UV spectroscopy (A =
570 nm). Results were set relative to negative control with 0% lysis (PBS) and positive control
with 100% lysis (Triton X-100). The hemolytic percentage was calculated according to the
equation (Eq. 1).

Eq. 1

Abs(sample) — Abs (negative control) 100

oy H lysis =
%o Hemolysis Abs (positive control) — Abs (negative control) "

2.4 In vitro studies on BMDMs

2.4.1 Cell culture conditions

Macrophages were derived from murine bone marrow precursors as previously described [7].
Briefly, total bone marrow was obtained by flushing the femur and tibiae from wild-type
C57BL/6J mice with DMEM. Cells were cultured in DMEM containing 20% heat-inactivated
FBS, 30% of L929 cell-line derived conditioned medium (European Collection of
Authenticated Cell Cultures; enriched in CSF-1), 1% of penicillin/streptamycin and 1% of
fungizone for 6-7 days. Cells were cultured at 37 °C in a humidified atmosphere 5% COo.
Macrophages were polarized toward 1 pg/mL of total protein lysate from fib-mdx mouse, in

DMEM containing FBS 10% for at least 48 h.

2.4.2 Cell viability study

Fibrotic BMDMs treated with free 991, blank and 991-loaded nanoparticles (20 uM) for 24 h,
were collected using cold PBS and suspended in PBS containing 1% FBS. After centrifugation,
cells were resuspended in 1X binding buffer containing Annexin V-FITC and DAPI and
incubated for 15 min at room temperature in the dark. Cells were then washed with 1X binding
buffer. Staurosporine (2 uM) and cisplatin (50 uM) induced cells were used as positive controls.

Cells were sorted using a FACSCanto II (BD Biosciences) apparatus.
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2.4.3 Nanoparticles internalization by BMDMs

1.8-2.0x10° BMDM s obtained as previously described were cultured on a round coverslip in a
12-well plate. Cells were incubated with fluorescent PLGA nanoparticles at the final DiD
concentration of 0.9 ug/mL for 2 h, 4 h and 24 h at 37 °C. As a control, untreated samples were
used. After incubation, wells were washed with PBS three times for 5 min and fixed with 4%
paraformaldehyde at 37 °C. Afterward, the cells were washed three times with PBS.
Membranes were permeabilized with PBS 0.5% TritonX-100 and stained with 30 puL of a
solution of primary antibody against F4/80 (ref E-AB.F0995A, 1/200 dilution) overnight at 4
°C. 30 pL diluted secondary antibody in PBS (1/2000 dilution) was added and incubated 2 h at
37 °C. The secondary antibody was coupled to Cy3 fluorophore. The nuclei were stained with
Hoechst 33342. Samples were analyzed under a laser scanning confocal microscope (LEICA
SP5 X) equipped with 2 lasers (405 nm/Diode laser and 470-670 nm/white laser), and the results
were analyzed by Las X (Leica MICROSYSTEMS).

2.4.4 Protein extractions and western blotting

2x10° BMDMs were seeded in 6-well plates. The culture medium was replaced with DMEM
without Phenol Red (Gibco®) supplemented with 10% charcoal-stripped FBS (Gibco®), and
cells were treated with 10 and 20 uM of 991, PLGA nanoparticles and 991-loaded PLGA
nanoparticles for 6 or 24 h. Proteins were isolated in lysis buffer containing 50 mM Tris-HCI
(pH 7.5), | mM EDTA, 1 mM EGTA, 0.27 M sucrose, 1% Triton X-100, 20 mM glycerol-2-
phosphate disodium, 50 mM NaF, 0.5 mM PMSF, 2 mM benzamidine, 1 mM NazVOsand 1%
phosphate inhibitor cocktail 3 (Sigma-Aldrich®; P0044) for 30 min on ice and centrifuged for
10 min at 16.000 g to remove debris. Then, 10 pg of the protein was subjected to SDS-PAGE
and transferred into a nitrocellulose membrane, which was probed with antibodies against
acetyl-CoA carboxylase (ACC) (#3676S, 1:1000) and phosphorylated ACC (p-ACC; #36618,
1:1000) or B-actine (A5316, Sigma-Aldrich®; 1:2000). Blots were analyzed on a Chemidoc
imager (Bio-Rad) using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo

Fisher Scientific), and signal intensity was quantified using Image Lab Software (Bio-Rad).

2.4.5 Quantification of TGFf; by ELISA kit

1.5%10° BMDMs were seeded in 48-well plates and polarized as described above. Free 991,
empty and loaded nanoparticles were incubated overnight at 10 uM concentration; cells were

washed with PBS and cultured for 20 h in DMEM without FBS. The conditioned medium was
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then harvested and centrifuged for 5 min at 2000 rpm. To quantify the total amount of TGFp1,
samples were subjected to heat denaturation followed by acidic treatment and neutralization
according to the manufacturer’s instructions. The level of active TGFB1 was determined by

ELISA (TGF beta-1 Human/Mouse Uncoated ELISA Kit, Invitrogen).
2.5 In vivo studies

2.5.1 Animal preparation

D2-mdx (D2.B10-Dmd™¥/J) mice were purchased from The Jackson Laboratory. They were
bred and used according to French legislation. The protocols were approved by the ACCeS
Ethical committee from Universit¢ Claude Bernard Lyon 1 (project n°APAFIS#33920-
2021092301268077v4). Experiments were conducted on males of 8-12 weeks of age.

2.5.2 Organs biodistribution

200 puL of fluorescent nanoparticles were administered to anesthetized mice by i.v. injection in
the tail vein. At scheduled time points (30 min, 1 h, 24 h, 48 h, 72 h), anesthetized animals were
fully imaged in a light-tight chamber where a controlled flow of 1.5% isoflurane in the air was
administered to maintain anesthesia. Fluorescence images, as well as bright-field pictures of
mice's whole body (ventral and prone view), were acquired via a back-thinned CCD-cooled
camera ORCAIIBT-512G Deutschland GmbH (Herrsching am Ammersee, Germany) using a
coloured glass long-pass RG 665 filter (Melles Griot, Voisins les Bretonneaux, France), which
cuts off all excitation light. Optical excitation was carried out at 644 nm, and the emission
wavelength was detected at 655 nm. At each time point, n = 3 mice for time point were
sacrificed and tissues and organs (brain, heart, lungs, liver, kidney, spleen, GI, diaphragm, bone
marrow, lymph nodes and muscles) were harvested for ex vivo imaging. Images were analyzed

using the Wasabi software 1.5 (Hamamatsu Photonics Deutschland GmbH).

2.5.3 Treatment efficacy

Mice were randomly divided into three groups: 991-loaded PLGA nanoparticles, PLGA
nanoparticles, and untreated (NT). Loaded and empty nanoparticles were administered one

injection every other day (3.50 mg/kg of drug) during the 3 weeks.

2.5.4 Isolation of all cell populations from muscles

Diaphragm and gastrocnemius muscles were dissociated and digested in RPMI medium (Gibco

#61870) containing 1 U/mL of Collagenase B (Gibco #17101015) for 1.5 h at 37°C with
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agitation. Digested muscles were passed through a 30 pum strainer (Myltenyi Biotec #130-098-
458), red blood cells were eliminated with ACK Lysing Buffer (Lonza #BP10-548E) and
samples were incubated with anti-mouse FcR Blocking Reagent (Myltenyi Biotec #130-092-
575) for 20 min at 4 °C in PBS 2% FBS. Cells were then stained with anti-CD45 (PE-
(eBioscience #12-0451-82) or PE-Cy7-(eBioscience #25-0451-82)conjugated), anti-CD64
(FITC-(Biolegend #139316) or Alexa Fluor 647-(Biolegend #139321)conjugated), anti-Ly6C
(PE-conjugated, eBioscience #12-5932-82), anti-CD163 (PE-Cy7-conjugated, Biolegend
#155319), anti-CD206 (FITC-conjugated, eBioscience # 53-2061-82) and anti-Folate Receptor
B (APC-conjugated, Biolegend #153306) antibodies for 30 min at 4 °C in PBS 2% FBS. After
dead cells labeling with DAPI solution (BD Biosciences #564907), samples were analyzed on
a FACSCanto II (BD Biosciences) apparatus. Cross-sectional area (CSA) was determined on
whole muscle sections labeled by anti-laminin antibody using the Open-CSAM program, as

previously described [27].

2.6 Data analysis

For in vitro and in vivo analysis, the results are reported as mean + standard error mean (SEM)
of replicate experiments. Statistical analyses were performed using Student’s t test. P-value
reported was considered as statistically significant for **p<0.01, highly significant for

*#%p<0.0005. All graphs were prepared using GraphPad software.

3. Results

3.1 In vitro

In the current study, we hypothesized that the nanoformulation of 991-loaded PLGA
nanoparticles might serve as a potential strategy to overcome the side effects of the free drug
during in vivo administration. In our previous work, we described the formulation and
optimization of 991-loaded nanoparticles by microfluidic technique.

The validation of the polymer nanosystem in vitro was investigated by culturing BMDMs
rendered pro-fibrotic by treatment with fib-mdx muscle homogenates (Fig. 1A). The
internalization of polymer nanoparticles was assessed by preparing fluorescence-labeled
nanoparticles for confocal microscopy analysis. Our findings revealed a fast internalization as
soon as 2h incubation time which lasted over 24 h (Fig. 1B). The internalization of polymer
nanoparticles started very fast due to the biological nature of macrophages which are devoted

to recognize external agents and phagocyte any external and “non-self” intruders [28,29].
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Fig. 1. (A) Scheme of the experimental design. (B) Intracellular uptake of PLGA nanoparticles in fibrotic BMDMs.
Confocal fluorescence microscopy of BMDMs (I-VI) that have been incubated with nanoparticles for 2 h (I, II), 4
h (ITL, IV) and 24 h (V, VI). PLGA nanoparticles were loaded with DiD (red fluorescence) and cell membranes
are counterstained with Cy3 fluorophore (green fluorescence). Hoechst 33258 (blue fluorescence) staining depicts
nuclei. (C, D) BMDMs were treated with free and loaded 991 (NPs 991-PLGA) for 6 h, and the phosphorylation
of ACC (p-ACC) was quantified by immunoblotting (C-D). (C) Representative immunoblots showing p-ACC,
total ACC, and B-actin as a loading control (NT, non-treated). (D) Quantification of the ratio of phosphorylated
and total ACC protein. (E) TGFp production of BMDMs incubated overnight with free drug, PLGA nanoparticles,
and drug-loaded PLGA nanoparticles at a concentration of 10 uM. (F) Annexin V/DAPI staining of fibrotic
BMDMs. The cells were incubated for 24 h with free 991 and 991-loaded nanoparticles at a concentration of 20
uM. Data are presented as means + SEM. **p<0.01, *** p<0.0005
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In an attempt to demonstrate that 991 encapsulation into nanoparticles did not alter drug
properties, we evaluated the impact of 991-PLGA nanoparticles on phosphorylation of acetyl-
CoA carboxylase (ACC), a major target of AMPK. Similarly to the treatment with 991 alone
(68.1% and 72.3% for 10 and 20 uM concentration, respectively), treatment of fibrotic BMDMs
with 991-loaded nanoparticles induced the phosphorylation of ACC (58.5% and 61.5% for 10
and 20 pM concentration, respectively) compared with untreated control (Fig. 1C-D),
indicating AMPK activation. Next, we confirmed the retention of 991 activity once
incorporated into the polymer matrix by assessing its capacity to inhibit TGF secretion on
fibrotic BMDMs, as previously described [12]. Treatment of fibrotic BMDMs by 991-loaded
PLGA nanoparticles reduced their TGFp: secretion (Fig. 1E, 65.0% as compared with PLGA)
as efficiently as treatment by free 991 (Fig 1E, 67.8% as compared with NT). Importantly, these
decrease in TGFp; secretion was not due to a cytotoxic effect of PLGA-991 nanoparticles.
Indeed, incubation of BMDMs with empty and loaded nanoparticles induced no significant
reduction in cell viability after 24 h treatment compared with untreated control (Fig. 1F). The
presence of PLGA as unloaded and loaded nanoparticles significantly increased cellular
viability as compared with NT sample.

Furthermore, to preliminary characterize the behavior of loaded nanoparticles in vivo,
hemolytic analysis was performed. The release of hemoglobin determined the membrane
damage caused by the formulation assayed. The results showed that 991-loaded PLGA
nanoparticles had no hemolytic effect at tested concentrations (10, 20 and 50 uM) when diluted
with erythrocytes at 3% w/v, registering no detectable disturbance in the red blood cell
membranes. Therefore, these results indicate that the encapsulation of 991 into polymer
nanoparticles might counteract the hemolytic activity of free 991 even at high concentrations,
providing a hemocompatible system. In vitro results evidenced fast nanoparticle internalization
in pro-inflammatory macrophages, which phenotype can be switched toward anti-inflammatory
cells by AMPK activation, preserving the activity of encapsulated 991. 991 loaded into PLGA
nanoparticles showed biocompatibility and no toxic effects in vitro. Activation of AMPK

cascade was induced after 991 release from polymer matrix, making 991 usable in vivo.

3.2 Organs biodistribution

Next, we evaluated the nanoparticulate system on the pre-clinical mouse model of DMD
(D2.mdx), which exhibits strong inflammation, fibrosis and muscle alteration in the diaphragm
and the gastrocnemius muscles [30,31]. To assess whether small-size PLGA nanoparticles,

characterized by size below 100 nm, can accumulate in the diaphragm and skeletal muscles,

186



Chapter V

DiD-loaded nanoparticles were administered by i.v. injection to mice (Fig. 2A). At defined time
points, all the organs and tissues were excised and imaged using IVIS® (Fig. 2B). The
fluorescence intensity was quantified considering the areas of the whole organ. Our data
confirmed that sub-100 nm nanoparticles administered by i.v. reached the main organs at a very
shorter time point, meaning that they are immediately internalized and then re-distributed by
blood circulation. In the liver, nanoparticle residence lasted over 72 h, but in the spleen and
lung the fluorescence intensity decreased over time showing an initial uptake and then the
complete elimination of nanosystem (Fig. 2C), as already reported for PLGA nanoparticles [32].
Interestingly, fluorescence was also detected in the diaphragm (Fig. 2D). Flow cytometry
analysis showed that up to 10% of the cells in the diaphragm internalized the nanosystem after
30 min and 1 h (Fig. 2E). The nanosystem signal decreased over time until an elimination over
72 h (<5%). Although no fluorescence was detected in the gastrocnemius muscle by imaging,
flow cytometry showed that around 5% of the cells internalized the nanosystems (Fig. 2F).

These results show that PLGA nanoparticles efficiently reach the diaphragm and gastrocnemius
muscles in the D2.mdx pre-clinical model of DMD and represent a relevant strategy to deliver

specific AMPK activators.
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Fig. 2. (A) Scheme of the experimental design. (B) Organ ex vivo biodistribution of DiD-loaded PLGA
nanoparticles, at selected time points. (C) Quantification of mean fluorescence intensity in fluorescent organs. (D)
Quantification of mean fluorescence intensity in diaphragm. (E) Quantification of cells which internalized
fluorescent-PLGA nanoparticles by FACS analysis in diaphragm cells. (F) Quantification of cells which
internalized fluorescent-PLGA nanoparticles by FACS analysis in gastrocnemius cells. Data is shown as mean =+
SEM (n =3).

3.3 991-loaded nanoparticles treatment improves muscle homeostasis

Finally, we used the D2.mdx mouse model to investigate the functional effect of loaded
nanoparticles on dystrophic muscle homeostasis. To this aim, 991-loaded PLGA nanoparticles
were chronically i.v. administered to mice for three weeks (Fig. 3A). In the first set of
experiments, we evaluated the consequences of improvement in immune cell status by assessing
the 991-PLGA nanoparticles treatment on dystrophic muscle features. 991 released from the
polymer matrix was associated with a reduced macrophage infiltration in gastrocnemius

compared to mice that received only the vehicle (Fig. 3B-C).
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This effect was associated to a decrease in muscle fibrosis, as shown by a reduction in the area
expressing collagen 1 (Colll) in the diaphragm (Fig. 3D-E). Moreover, 991-loaded PLGA
nanoparticles promoted muscle mass increasing of diaphragm and gastrocnemius in loaded
nanoparticles-treated mice (Fig. 3F-G). This significant increase in muscle mass and reduced
fibrosis are indicative of improved muscle homeostasis in D2.mdx mice after treatment with
991-PLGA nanoparticles.

Taken together, these results show that the modulation of inflammation and especially
macrophages’ phenotype upon 991-loaded PLGA nanoparticles treatment is associated with
reduced fibrosis in the diaphragm and increased muscle mass, leading to improved muscle

homeostasis.
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Fig. 3. 991-PLGA nanoparticles treatment ameliorates dystrophic muscle phenotype. (A-F) D2.mdx mice were
treated every other day for three weeks, and diaphragm and gastrocnemius were harvested. (A) Scheme of the
experimental design. (B-C) FACS analysis of the surface marker CD45+ and CD64+ in gastrocnemius for sample
treated with PLGA nanoparticles (B, left) and 991-PLGA nanoparticles (B, right). (C) Percentage of positive
macrophages in gastrocnemius. (D-E) Muscle sections were immunostained for Colll. (D) Representative images
of Colll immunostained in the diaphragm. (E) Percentage of Colll area in the diaphragm. (F-G) Muscle mass
normalized to mouse body weight for diaphragm (F) and (G) gastrocnemius.
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4. Discussion

The role of macrophages in fibrosis pattern is still not clear [33,34]. It has been demonstrated
how macrophages infiltration is responsible for increased fibrosis in injured muscle [35,36].
These inflammatory macrophages produce high amount of pro-inflammatory cytokines, in
particular TGFB1 amount through the expression of the latent-TGF-B-binding protein (LTBP4)
genetic pathway. LTBP4 has been demonstrated to be involved in the pathological features of
DMD patients [37] and its expression was directly controlled by AMPK activation.
Consequently, activation of AMPK can improve muscle homeostasis in dystrophic muscle.
However, in vivo administration of AMPK activator molecules can be challenging for their off-
target effects [10]. In this study, encapsulation of 991 into PLGA nanoparticles has been
proposed as potential strategy for using AMPK activator molecules in vivo. The effect of 991
encapsulated into polymer nanoparticles was assessed in vitro and in vivo to improve muscle
homeostasis in pre-clinical DMD mouse model. We showed that the 991 can be efficiently
encapsulated into PLGA nanoparticles, preserving its activity on AMPK activation. Our results
indicates activation of AMPK by reduction of TGFp; expression and activation of ACC in
BMDMs by loaded nanoparticles, as already demonstrated in macrophages treated with free
991 [12]. At the same concentration of free 991, loaded nanoparticles promoted the activation
of AMPK and consequently skewing of pro-inflammatory macrophages toward their anti-
inflammatory phenotype. Encapsulation of the active molecule into drug delivery systems of
different nature usually allows to preserve the pharmacological activity of drug, exerting its
therapeutical efficacy [38]. The choice of specific nanocarriers is crucial to consider the
delivery in dystrophic muscles. The potential toxic effect of nanoparticles was avoided by
choosing PLGA to promote 991 activity in vitro and in vivo. PLGA is a biocompatible and
biodegradable polymer, FDA-approved for humane usage [39] and widely used in
nanomedicine field [40]. The effect of PLGA metabolites, in particular lactic acid, can
positively participate in cell survival. Lactate has been recently investigated as fuel for cells
and chemical messenger to enhance cellular viability [41,42]. The principal advantage of
nanoparticles as drug carriers is their small size, which allows them to traverse biological
barriers, enter various tissues and associate to specific cell populations. As already
demonstrated for nanosystems of diverse natures, liver, spleen and lungs are the organs showing
higher uptake [43]. For PLGA nanoparticles that have successfully delivered different
therapeutic compounds, the biodistribution is usually affected by size [32]. Using IVIS and flow

cytometry, 10% of sub-100 nanoparticles resulted in diaphragm after i.v. injection. The
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discrepancy observed between IVIS analysis and flow cytometry in detecting nanoparticles into
gastrocnemius can be likely due to the too low fluorescence intensity, hard to detect, compared
to the most sensitive flow cytometry technique. Similar to tumor accumulation, the
internalization of the nanoparticulate system by i.v. injection can reach around a 10-15%
[44,45]. These results are useful to understand the ability of nanoparticles to be distributed by
blood circulation. The alteration of vessel junctions and the enhanced permeation of vessels
have demonstrated a higher accumulation of nanoparticles compared to physiological
conditions, by the exploitation of the enhanced permeation and retention (EPR) effect [46]. By
exploiting the inflammatory status of D2.mdx, we can enhance the permeation of blood vessels
and increase the extravasation and then the accumulation of nanoparticles in inflamed tissues
[47].

Here, incorporation of 991 into polymer nanoparticles allowed non-toxic distribution of the
drug throughout the dystrophic muscles, providing a model to administer AMPK activator
molecules in vivo. Formulation of colloidal nanosystems has been described to modulate
inflammatory response in pre-clinical DMD mouse model, by providing anti-inflammatory
cytokines and improving dystrophic muscle functions by intramuscular (i.m.) injection [48].
The more severe and chronic inflammatory and fibrosis nature of pre-clinical DMD mouse
model suggests the need of a generalized delivery of nanoparticles to immediately target
compromised organs and tissues, such as diaphragm, through i.v. administration [49].
991-loaded PLGA nanoparticle treatment significantly reduced macrophages infiltration in
gastrocnemius muscle in DMD mouse model. I.v. nanoparticles injection for 3 weeks increased
muscle mass of diaphragm and gastrocnemius (Fig. 3F-G), and reduced fibrosis in the
diaphragm (Fig. 3E). Our promising results on reduced macrophages infiltration and increased
muscle mass are consistent with previous finding of AMPK activation in vivo by agonist
molecules. Activation of AMPK in vivo has already demonstrated to improve histological signs

of pathology and improve contractile function in the mdx mouse model of DMD [50].
S. Conclusions

Here we propose a new biocompatible formulation of an AMPK activator molecule to make
991 usable in vivo. The study indicates that 991 encapsulated into polymer nanoparticles can
be administered in vivo without evident toxic drug effects. The immune response mediated by
pro-inflammatory macrophages can be shifted in chronically inflamed dystrophic muscle and
ultimately promote improved muscle homeostasis. Although a huge number of unique

mutations have been identified in muscular myopathies, chronic inflammation and fibrosis play
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a significant role in the pathogenesis of DMD patients [51]. This study suggests that modulation

of inflammation may slow disease progression and improve dystrophic muscle phenotype

through AMPK activation.
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Active targeting strategies can enhance the accumulation of drugs in target tissues or organs.
Drug delivery systems, and particularly polymer nanoparticles (NPs), can be surface-
functionalized by means of small molecules, proteins or antibodies to improve tropism toward

specific therapeutic targets.
Main aim

The aim of this chapter was to exploit L-carnitine as an active targeting molecule to

functionalize PLGA NPs and increase muscular tropism.
Specific objectives

e Formulation study to functionalize PLGA NPs with stearoyl-L-carnitine (SC)
e Evaluation of different amounts of targeting agent for a suitable target density
e [nvitro evaluation of the uptake of targeted NPs

e [n vitro cytotoxicity study of conjugated NPs
Highlights of the chapter

e The design and optimization of SC-associated PLGA NPs has been presented. 5% and
10% w/w of SC have been assessed to evaluate the most suitable target agent density
on NP surface.

e SC-associated NPs were formulated with a fluorescent probe to evaluate the uptake of
by muscular cells.

e Morphometric analysis was performed on C2C12 myotubes to number NPs in cells,

showing preferential uptake of SC-associated NPs.
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Abstract

Muscular dystrophies are a group of rare genetic pathologies encompassing a variety of clinical
phenotypes and mechanisms of disease. Several compounds have been proposed to treat
compromised muscles, but pharmacokinetics and pharmacodynamics problems could occur; to
solve these issues, nanocarriers could be used to allow controlled and targeted drug release.
Therefore, the aim of this study was to prepare actively targeted drug-loaded PLGA
nanoparticles for the treatment of muscular pathologies. By taking advantage of the specific
expression of Na“-coupled carnitine transporter (OCTN2) on muscular cells, nanoparticles have
been actively targeted by associating them to an amphiphilic derivative of L-carnitine during
nanoprecipitation. We obtained stable and monodispersed targeted nanoparticles; furthermore,
pentamidine, an old drug repurposed for its positive effects on myotonic dystrophy type I, was
incorporated into nanoparticles. Cell uptake studies have been performed on C2C12 myoblasts
and myotubes by confocal microscopy and morphological analysis. The preliminary results
showed an increased uptake for carnitine-nanoparticles if compared to nontargeted carriers,

probably due to the interaction with OCTN2 receptor, preferentially expressed on myotubes.

Keywords: PLGA, L-carnitine, nanoparticles, active targeting, muscular cells

Graphical abstract
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1. Introduction

For years, the enhanced permeation and retention (EPR) effect was the driven strategy for
passive targeting, being largely studied for nanocarrier accumulation in tumor environment
[1,2]. However, models used to study EPR effect often are not sufficiently accurate to describe
the nanocarrier behavior in human body [3]. The active targeting approach is based on the
identification of precise disease biomarkers to which specific ligands on nanocarrier surface are
directed to increase organ or tissue tropism with great affinity and precision. Moreover,
internalizing receptors can enhance nanocarrier uptake by cells [4].

Muscular dystrophies (MDs) are a group of chronic inherited genetic diseases which affect
muscles, especially at skeletal level. Currently, no therapies are available to counteract their
pathogenic causes and conventional treatments are based on glucocorticoids to mitigate
symptoms [5]. Over the last years, drug delivery systems have been proposed for the treatment
of MDs; however, in vivo delivery is challenging due to the presence of biological barriers: the
complex architecture of skeletal muscle and its enveloping by extracellular matrix (ECM) made
of fibrous-forming proteins are the main hurdles for drug delivery to skeletal muscles [6,7]. To
restrict interactions with ECM, intravenous administration of nanocarriers appeared as a
potential strategy to achieve muscle fibers by their dense blood capillary network. However,
the treatment of MDs requires long-term administration, which makes biocompatibility and
biodegradability of nanosystems important requirements. In this context, surface-engineered
nanosystems have been designed to actively promote muscular targeting thanks to peptides
anchored on nanocarrier surface [8,9]. In our work, we identified Na'-coupled organic
cation/carnitine transporter (OCTN) as a potential target for drug delivery at muscular level
[10,11]. OCTN receptors constitute a subfamily of solute carrier SLC22 family, whose
differences in amminoacid composition define two main classes, namely OCTN1 and OCTN2
receptors. Moreover, each member of SLC22 has differences in substrate affinity. In particular,
OCTN2 has a high affinity for L-carnitine, which is a small zwitterion molecule synthetized
endogenously by liver, kidney and brain [12]. L-Carnitine-associated polymer nanoparticles
have been shown to be effective to increase drug delivery by oral administration: the insertion
of a L-carnitine derivative, namely stearoyl-L-carnitine (SC), into the polymer matrix enhanced
cellular uptake and intestinal absorption of drug molecules by OCTN2-mediated transport
[13,14]. Furthermore, SC-conjugated PLGA nanoparticles have been described as novel
potential tools for colon cancer cell-targeted drug delivery. Indeed, cancer cells express high

levels of OCTN2 and ATB®" receptors, both having high affinity for L-carnitine [15]. The same
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approach can be exploited to target the respiratory epithelium of human trachea and bronchi,
since the identification of OCTN transporters can play a significant role in the delivery of
therapeutics molecules by nanomedicine approach [16,17].

On these bases, we propose the formulation of drug-loaded SC-associated PLGA nanoparticles
to target OCTN2 receptor expressed on muscular cells. We tested two amounts of SC to
efficiently functionalize the nanoparticles, which were then characterized. Preliminary in vitro
tests were assessed to evaluate the cell viability in presence of targeted nanoparticles; then, the
analysis of cellular uptake was performed by transmission electron microscopy (TEM) and
confocal microscopy using fluorescent nanoparticles. In the frame of the repurposing approach,
pentamidine (PTM) has been encapsulated into targeted nanoparticles for its proposed activity

in the treatment of myotonic dystrophy type 1.

2. Experimental section
2.1. Materials

PLGA 75:25 (Resomer® RG 752 H, My, = 4-15 kDa) (analytical grade), SC, PVA (My=31-50
kDa, 98-99% hydrolyzed) and PTM isethionate (PTM-I) were purchased from Sigma-Aldrich
(Milan, Italy). All the solvents used were of analytical grade and purchased from Carlo Erba
Reagenti (Milan, Italy). Solvent evaporation was carried out using a rotating evaporator
(Heidolph Laborota 400, Heidolph Instruments, Schwabach, Germany) equipped with a
vacuum pump (Diaphragm Vacuum Pump DC-4). Lyophilization was performed with a

LyoQuest-85® freeze drier (Azbil Telstar Technologies, Barcelona, Spain).

2.2. Preparation and characterization of free base form of PTM

Free base from of PTM (PTM-B) was obtained by dissolving PTM-I in distilled water and
adding a 25% w/w NH4OH solution at 4 °C. The obtained precipitate was filtered, washed with
a 5% NH4OH solution and dried under vacuum overnight. The conversion of PTM-I into PTM-
B was confirmed by mass spectrometry analysis using electrospray ionization or by
atmospheric pressure chemical ionization, in positive ion mode, on a Micromass ZQ

spectrometer (Waters, Milan, Italy), as previously reported [18].

2.3. Preparation of SC-nanoparticles

SC-associated PLGA nanoparticles were prepared by the nanoprecipitation technique [19].
Practically, for each preparation, to 5 mg of PLGA 75:25 dissolved in acetone, an aliquot of a
methanolic stock solution of SC (1 mg/mL), corresponding to SC 5% or 10% w/w, was added
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until a total volume of 1 mL. The organic solution was then dripped into 5 mL of a 0.2% w/w
PVA solution in MilliQ water under magnetic stirring. Precipitation of nanoparticles occurred
immediately. After solvent evaporation under reduced pressure, an aqueous nanoparticle
suspension was obtained. PTM-B-loaded SC-associated nanoparticles were prepared as well,
adding an aliquot of a methanolic stock solution of PTM-B (2.5 mg/mL) to the organic solution
containing PLGA and SC, for a maximum of 30 pg/mL PTM-B concentration in the final
nanoparticle suspension. To purify the nanoparticles from nonincorporated drug, PTM-B-
loaded SC-associated nanoparticles were extensively dialyzed against MilliQ water at 4 °C
(Spectra/Por® 3500 MWCO dialysis membrane; Spectrum, Houston, TX). Unloaded and
unconjugated nanoparticles, without PTM and/or SC, were prepared as well. Fluorescent
nanoparticles were prepared adding 7 pg of a fluorescent probe (Nile Red)/mg of PLGA. The

suspensions were then stored at 4 °C until further use.
2.4. Characterization of SC-nanoparticles

The mean hydrodynamic diameter and the polydispersity index (PDI) of all the nanoparticle
samples were analyzed by dynamic light scattering (DLS) using a nanosizer (Zetasizer Nano Z,
Malvern Inst., Malvern, UK). The selected angle was 173° and the measurements were carried
out at 25 °C after dilution of the particulate suspensions in MilliQ® water. Each measurement
was performed in triplicate.

The surface charge of the nanoparticles was evaluated by zeta potential measurements at 25 °C
after appropriate dilution in MilliQ® water of the suspensions, using the Smoluchowski
equation and the Nanosizer Nano Z. Each reported value is the average of three measurements.
The physical colloidal stability of the nanoparticle suspensions in the storage conditions (4 °C)
was monitored by evaluating at different interval times for 4 weeks mean diameter, PDI and
zeta potential by DLS. Each measurement was carried out in triplicate.

The amount of incorporated PTM-B was determined spectrophotometrically (DU 730 UV-vis
spectrophotometer, Beckman Coulter, Brea, CA) at 264 nm using a calibration curve. To this
aim, each suspension was lyophilized for 24 h; then, the product was dissolved in
dichloromethane. To the solution, methanol was added followed by centrifugation (6000 rpm
for 15 min) to separate the precipitated polymer. The supernatants were then measured at 264
nm [20]. The concentration of the polymer in the suspension was based on dry weight analysis.
Each sample was analyzed in triplicate. The results were expressed as encapsulation efficiency

(EE) (calculated as the ratio between the amount of entrapped drug and the initial amount used
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in the preparation of nanocarriers x 100) and drug loading (DL) (calculated as the ratio between

the amount of entrapped PTM-B and the total nanocarrier weight x 100).
2.5. PTM-B release from nanoparticles

To evaluate the PTM-B release from 5% SC-nanoparticles, the suspension was incubated at 37
°C in 10 mM phosphate-buffered saline (PBS) buffer pH 7.4. Aliquots (1 mL) were withdrawn
at predetermined time intervals (0, 1, 2, 4, 6, 8, 16, and 24 h) and, after purification by dialysis,

the drug content was measured as previously described and compared with the initial value.

2.6. Cell culture and treatment

C2C12 myoblasts (an immortalized murine cell line purchased from ECACC 91031101) were
cultured in 75 cm?-plastic flasks using Dulbecco’s modified Eagle medium (DMEM),
supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (w/v) glutamine, 0.5% (v/v)
amphotericin B, 100 units/mL of penicillin-streptomycin (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) and incubated at 37 °C with 5% CO,. Cells were trypsinized in 0.05%
EDTA in PBS and seeded in flat-bottom 96-well plates (3x10° cells/well) for MTT assay.
Twenty-four hours after seeding, the cells were treated with 5% SC-nanoparticles for increasing
times (2 h, 24 h, 24 h + 24 h recovery) and then processed for MTT assay. For the differentiation
into myotubes, myoblasts were seeded (8x10° cells/well) onto glass-coverslips (12-mm
diameter) in 24-multiwell plates. When cells were grown at confluence, differentiation medium
(supplemented with 2% horse serum) was added for 7 days. The myotubes were processed for

immunofluorescence analysis.

2.7. Cell viability tests

The MTT assay was used to assess the cytotoxicity of 5% SC-nanoparticles on myoblasts. To
this aim, cells were seeded in flat-bottom 96-multiwell plates at the density of 3x10° cells/well.
Then, cells were treated with different nanocarrier concentrations (from 47.35 to 284.14 pg/mL
of PLGA) for 2 h, 24 h and 24 h + 24 h of recovery, selected based on their PTM-B entrapment
capacity. At each incubation time, the medium was replaced by 100 pl of 0.5 mg/mL MTT
solution (Thiazolyl Blue Tetrazolium Bromide, Sigma-Aldrich) (0.5 mg/mL in medium) and
incubated for 4 h at 37 °C in a cell incubator. Then, MTT solution was removed and formazan
crystals were dissolved in 100 ul of dimethyl sulfoxide (DMSO). The absorbance was measured
at 570 nm using a ChroMate 4300 ELISA microplate reader (Awareness Technology Inc., Palm

City, FL, USA). Experiments were performed in triplicate. Statistical comparisons between
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control and experimental conditions were made by the Mann-Whitney pairwise test and

significant difference was set at p < 0.05.

2.8. Immunofluorescence and transmission electron microscopy (TEM) analysis

Myotubes were fixed for fluorescence microscopy with 4% (v/v) paraformaldehyde in PBS pH
7.4 for 30 min at room temperature. Cells were then permeabilized in PBS containing 0.05%
Tween 20 and 0.1% bovine serum albumin (BSA), and incubated with rabbit polyclonal
antibody direct against Solute Carrier Family 22 Member 5 (Abcam ab180757) diluted 1:200,
for 1 h at room temperature. Cells were washed with PBS and incubated with the secondary
antibody (Alexafluor 488) diluted 1:200 in PBS, for 1 h at room temperature. After washing,
cells were incubated with Phalloidin-Atto 594 (Sigma-Aldrich) diluted 1:50 in PBS, for 1 h at
room temperature. Finally, cells were washed and mounted in 1:1 mixture of glycerol:PBS. For
confocal microscopy (CFM), a Leica TCS SP5 AOBS system (Leica Microsystems Italia,
Buccinasco, Italy) was used.

For TEM, myoblasts were incubated for 2 and 24 h with the 5% SC-nanoparticles at the same
concentration used for MTT analysis (91.71 pg/mL). Then, cells were fixed with 2.5% (v/v)
glutaraldehyde and 2% (v/v) paraformaldehyde in 0.1 M PBS pH 7.4 at 4 °C for 2 h, postfixed
with 1% OsO4 at room temperature for 1 h, dehydrated with acetone and embedded in Epon.
Ultrathin sections were observed unstained or after weak staining with uranyl acetate
replacement stain (Electron Microscopy Science) (UAR-EMS). Observations were made in a
Philips Morgagni TEM (FEI Company Italia Srl, Milan, Italy), operating at 80 kV and equipped

with a Megaview Il camera for digital image acquisition.
2.9. Nanoparticle distribution in myoblasts

For CFM, myoblasts were incubated for 2 and 24 h with Nile Red-labeled PLGA nanoparticles
at concentrations found to be noncytotoxic by cell viability. At each incubation time, cells were
fixed with 4% (v/v) paraformaldehyde in PBS pH 7.4, for 30 min at room temperature. To
visualize the intracellular distribution of fluorescent nanocarriers, the cells were washed in PBS,
incubated with either 0.1% Trypan blue (Gibco, Milan, Italy) or Phalloidin-Atto 594 or
Phalloidin-Atto 488 (Sigma-Aldrich) diluted 1:20 in PBS, stained for DNA with Hoechst 33342
(1 pg/mL in PBS), rinsed in PBS, and finally mounted in 1:1 mixture of glycerol:PBS. To
investigate nanocarrier uptake, live myoblasts were preincubated with either PKH26 Red
Fluorescent Cell Linker or PKH67 Green Fluorescent Cell Linker (Sigma-Aldrich) to stain the

plasma membrane, then incubated with the fluorescently labeled PLGA nanoparticles for 30
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min (this short time is necessary to label early endosomes only [21]) and finally fixed and
processed for CFM, as described above. This procedure allowed detecting possible co-
localization of the fluorescence signals of the internalized vesicles and nanoparticles,
irrespective of the type of the occurring endocytic process (e.g., clathrin-mediated endocytosis,
caveolin-mediated endocytosis, lipid-raft mediated endocytosis, phagocytosis, macro-
pinocytosis), since cell internalization of nanoparticles depends on several factors and the
mechanisms may be multiple [22-24]. For CFM, a Leica TCS SP5 AOBS system (Leica
Microsystems Italia) was used: for fluorescence excitation, a diode laser at 405 nm for Hoechst
33342 and a He/Ne laser at 543 nm for Trypan blue, Nile Red were employed. Z-stack of 1 pum
step sized images (1024 x 1024-pixel format) was collected.

3. Results and Discussion

3.1. Preparation and characterization of SC-nanoparticles

In this work, L-carnitine was exploited as an active targeting agent to increase nanoparticle
muscular tropism and improve the therapeutical treatment of MDs. To promote the association
to PLGA nanoparticles, we have chosen a commercial L-carnitine derivative, SC, in which the
hydroxyl group of L-carnitine has been functionalized by a stearoyl moiety; during nanoparticle
formulation, the SC long fatty chain anchors to PLGA matrix by hydrophobic interactions and
exposes hydrophilic L-carnitine on nanoparticle surface (Fig. 1) [25]. A similar approach has
been used to prepare functionalized nanoparticles by solvent extraction/evaporation to increase
drug oral delivery by carnitine receptor-mediated uptake [14]. In this work, as a repurposed
drug for potential applications in muscular dystrophy treatment by active targeting [26], PTM-
B was encapsulated into SC-nanoparticles. The incorporation was allowed by the electrostatic
interactions between the positively charged PTM-B and the negatively charged PLGA, as
previously reported [20].
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Fig. 1. Cellular uptake of SC-PLGA nanoparticles: functionalized nanoparticles bind to OCTN2 receptor on cell
membrane, forming a complex that is then internalized into the cell.

All the nanoparticles were prepared by nanoprecipitation. However, the composite formulation
required the presence of PVA in the aqueous phase as a stabilizer. In particular, different
concentrations (from 0.1 to 1% w/v) of PVA were assessed to obtain stable nanoparticles,
limiting, at the same time, PV A toxicity in vitro. Finally, a nontoxic 0.2% PV A concentration
was used [27].

Nanoparticles were formulated at 5% and 10% SC to investigate the effect of ligand percentage
on nanoparticle characteristics. As reported in Table 1, the nanoparticle mean diameter tends to
diminish with the increase of SC percentage, probably as a consequence of the amphiphilic
character of SC during nanoparticle formation. On the contrary, the incorporation of PTM-B
into functionalized nanoparticles causes mean size and PDI to increase: this effect can be due
to the more complex composition of the systems. Concerning the zeta potential, for SC-
associated and PTM-B-loaded nanoparticles it is higher than that of blank nanocarriers. Indeed,
the charged functional groups of SC and PTM-B interact with PLGA and modify the surface

charge of the nanoparticles.

Table 1 Physicochemical characteristics (mean diameter, PDI and zeta potential) of nanoparticles.

Nanoparticle Mean diameter PDI Zeta potential
composition (nm £ S.D.) (mV £8.D.)
PLGA 94+ 1 0.170 -39.2+1.8
5% SC-PLGA 82+1 0.198 -23.7+1.1
10% SC-PLGA 73+1 0.184 -29.6+£1.0
5% SC-PTM-B-PLGA 98+ 11 0.399 -184+24
10% SC-PTM-B-PLGA 128 + 10 0.222 -28.8+3.3
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After 4-week storage at 4 °C, no precipitation and/or aggregation occurred for 5% and 10%
empty SC-nanoparticles. On the contrary, for PTM-B-loaded nanosystems, the mean particle
size, PDI and zeta potential values were stable only for 5% SC-nanoparticles. On these bases,
we selected the lower SC percentage for further EE and drug release tests.

5% SC-PTM-B-PLGA nanoparticles showed an EE of 65%, which was lower than that of
untargeted nanoparticles (about 90%); this result is probably due to the interaction of the
stearoyl chain of SC with the polymer matrix and the competition with PTM-B incorporation.

To evaluate PTM-B release from 5% SC-nanoparticles, the suspension was incubated for 24 h
at 37 °C in PBS pH 7.4. At physiological pH, the drug is stably associated to the polymer matrix
thanks to electrostatic interactions, as already demonstrated [20]: indeed, after 24 h, only 60%

of PTM-B is released in these conditions (Fig. 2).
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Fig. 2. PTM-B release from 5% SC-nanoparticles as a function of time after incubation in PBS pH 7.4 at 37 °C.

3.2. In vitro tests

C2C12 myoblasts were cultured and incubated for 2 h, 24 h and 24 h + 24 h of recovery with
5% SC-nanoparticles to evaluate cellular viability. The nanoparticle concentrations were 47.35,
94.71, and 284.14 pg/mL. Unconjugated nanoparticles were used as control at the same
concentrations.

Cellular viability was similar in control samples and in samples exposed to any nanocarrier
concentration after 2 h of incubation (Fig. 3A). Conversely, cell population viability decreased
after 24 h in a dose-dependent manner (from 86% for lowest concentration to 62% for higher
concentration) (Fig. 3B). A further step of experiments was performed at a longer incubation
time of 24 h, followed by 24 h of recovery in culture medium. The cell viability showed similar
values in control samples and in samples exposed to the lowest concentrations of 5% SC-
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nanoparticles, while the highest concentration tested induced a decrease of 24% of cellular
viability (Fig. 3C). Since PLGA is a biodegradable and biocompatible polymer without toxic
effects in vitro and in vivo [28], the reduced cellular viability can be related to the presence of

SC.
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Fig. 3. C2C12 cell viability evaluated by MTT test after 2 h (A), 24 h (B), 24 h + 24 h recovery (C) treatment in
presence of 5% SC-nanoparticles. Data are given as mean SEM, representative of three independent experiments.
*p<0.03 vs control (CTR) sample.

TEM analysis, performed to shed light on nanoparticle interaction with cells, confirmed the
uptake of 5% SC-nanoparticles within the myoblasts (Fig. 4) at 2 h- and 24 h-incubation time.
At TEM, nanoparticles showed a regular roundish shape and a moderate electron density. After
2 h of incubation, SC-nanoparticles entered the myoblasts by endocytosis (Fig. 4A) and a
nanoparticle exhibited endosomal escape (Fig. 4B). After 24 h-incubation, nanoparticles were
found free in the cytosol (Fig. 4C) and some residual bodies containing roundish moderately
electro-dense structures accumulated in the cytoplasm and occurred in secondary lysosomes
(Fig. 4D-E). Nanoparticles were never found inside the nucleus nor contacting cytoplasmatic
organelles. No cell alteration or suffering occurred in myoblasts at any incubation time. The
experimental evidence of TEM indicates that 5% SC-nanoparticles enter the myoblasts mostly
by classical endocytosis or OCTN2-mediated endocytosis [ 14,29]. Consistent with observations
on PLGA nanoparticle cell uptake [30], TEM confirmed that, in the myoblasts, nanoparticles,
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after endocytosis, follow the endolytic pathway, always remaining outside the nucleus.
However, their rapidly escape from endosomes, as already described for other polymer
nanoparticles [31,32], and occur free in the cytosol. The large number of residual bodies can be
ascribed to enzymatic degradation of nanoparticles. Moreover, C2C12 cells, treated with the
nanocarrier concentration 94.71 pg/mL, did not show any sign of cell stress, thus confirming

the biocompatibility of the nanosystem.

Fig. 4. TEM analysis of 5% SC-nanoparticles uptake and intracellular fate. TEM images of a C2C12 myoblast
incubated for 2 h with 5% SC-nanoparticles (A-B). Two nanoparticles (arrows) are entering the cell by endocytosis
(A). A nanoparticle (arrow) is escaping an endosome (B). TEM images of a C2C12 myoblast incubated for 24 h
with 5% SC-nanoparticles (C-E). Two nanoparticles (arrows) occur free in the cytosol (C). Three nanoparticles
(arrows) occur inside secondary lysosomes (D-E).

3.3. Cellular internalization

OCTN receptors belong to the larger family of solute carriers which are ubiquitously expressed
in human body. OCTN2 is a sub-set of OCTN receptors and it is considered the principal plasma
membrane carnitine transporter [12,33]. To detect the presence of OCTN2 receptor in
myoblasts and myotubes to gain further insights into the possible role of the transporter,
myoblasts and myotubes were labeled with the anti-OCTN2 antibody and evaluated by
immunofluorescence. The presence of OCTN2 receptors was observed either on myoblasts or

in myotubes. However, the high number of receptors is highlighted in the myotube (Fig. 5).
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Fig. 5. Fluorescence microscopy micrographs of a myoblast (A) and a myotube (B) immunolabelled for OCTN2
(green); counterstaining with phalloidin (red). Note the high number of receptors in the myotube.

To visualize the cell internalization, Nile Red-loaded nanoparticles were prepared. Then,
C2C12 myoblasts and myotubes were incubated 24 h in presence of fluorescent nanoparticles
(5% SC-associated or untargeted). Confocal microscopy analysis did not show significant
difference in nanoparticle uptake between SC-associated and untargeted nanoparticles, either

in myoblasts or in myotubes (Fig. 6A).
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Fig. 6. (A) Confocal fluorescence microscopy analysis of myotubes that have been incubated with (A-a) untargeted
nanoparticles and (A-b) 5% SC-conjugated PLGA nanoparticles. Nanoparticles are loaded with Nile Red (red
fluorescence) and cells are counterstained with phalloidin conjugated with Alexa488 (green fluorescence). Hoechst
33342 (blue fluorescence) staining depicts cell nuclei. (B) Morphometric analysis of C2C12 myoblasts for
nanoparticles (NPs).

Morphometric analysis was performed to number nanoparticles in each cell. Only in myotubes,
5% SC-nanoparticles resulted better internalized compared to untargeted nanoparticles (Fig.
6B). Probably, the enhanced uptake effect for targeted nanoparticles can be ascribed to an

increased expression of OCTN2 receptors in myotubes than in myoblasts (Fig. 5).
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4. Conclusions

To our knowledge, our preliminary results demonstrate for the first time that the association of
L-carnitine to PLGA nanoparticles could allow nanosystem muscular tropism via the OCTN2
receptor-mediated endocytosis. Furthermore, we demonstrated that the cell differentiation stage
affects the receptor expression and possibly influences the nanoparticle uptake. Finally, the
developed nanosystems showed high biocompatibility to muscle cells, making these SC-
nanoparticles potential candidates for delivering therapeutic agents against muscular

pathologies.
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Discussion

The present Ph.D. thesis has been co-tutored by the department of Drug Science and
Technology, University of Turin, and the Laboratoire d’Automatique, de Génie des Procédés
et de Génie Pharmaceutique, Université Claude Bernard Lyon 1. The research project is based
on nanotechnological approaches for the formulation of active molecules to enhance their
therapeutic applicability.

Over the years, the number of publications concerning nanomedicine importantly increased,
due to its benefits [1]. Administration of potentially toxic compounds, molecule protection from
degradation and drug rapid clearance are important challenges that nanomedicine strategy can
overcome [2,3]. Indeed, the nanotechnological approach was highlighted as a powerful tool to
ameliorate the therapeutic index and the chemical properties of drug molecules. For example,
nanomedicine reached significant advances in antitumor therapy to limit the non-specific
toxicity of anticancer agents [4,5]. Moreover, the innovative development of nanotechnology-
enabled vaccines based on lipid nanoparticles (NPs) for mRNA delivery enhanced the
importance of nanotechnological strategies in clinical applications [6]. However, limitations in
production processes and difficulties to achieve the Good Manufacturing Practices (GMP)
standards in terms of final product limit the translation from bench to the clinics of
nanomedicine-based therapies [7].

In this research work, we exploited nanomedicine to design and characterize drug delivery
systems (DDSs) for improving the pharmacokinetics and pharmacodynamics properties of old
and new therapeutic compounds, repurposing their therapeutical applications. In particular, the
aim of the present research has been the development of lipid and polymer colloidal carriers as
DDSs for studying biomedical applications.

NPs, which include nanospheres and nanocapsules, are defined as colloidal DDSs characterized
by a sub-micrometer size and chemically constituted by natural or synthetic polymers [8].
Compared to liposomes or inorganic nanocarriers, polymer sub-structures confer higher
physical stability and tunable release profile to NPs [9]. Moreover, the surface of polymeric
NPs can be easily modified to adapt the nanosystem to the therapeutic needs (e.g. PEGylation,
active targeting agents) [10—-12].

In this context, squalene (SQ) and poly(lactic-co-glycolic) acid (PLGA) have been selected as
materials to develop biocompatible and biodegradable nanocarriers. SQ and PLGA-based NPs
offer tremendous opportunities to design and obtain nanosystems with adaptable properties
through simple preparation processes and versatility. Moreover, the consolidated experience
with SQ and PLGA NPs from Italian and French labs was the driving force in the choice of this

class of biocompatible nanosystems [13,14].
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SQ and PLGA nanosystems were designed to efficiently encapsulate pentamidine (PTM), an
antiprotozoal drug that recently has been repurposed for alternative applications [15,16].
Recently, its new clinical repositioning required technological approaches to improve its
therapeutic efficacy and overcome off-target effects [17—19]. Indeed, PTM has been repurposed
for its positive effects on cancer pathologies, muscular dystrophies, and brain disorders
[16,20,21]. Furthermore, PTM anticancer activity was already tested in a collaborative study
between the University of Turin and University of Lyon, resulted in an original scientific paper
[22].

In this project, we first decided to assess nanocarriers of different nature for PTM delivery as
anticancer molecule. In literature, several techniques have been reported as easy methods for
the preparation of NPs. However, solvent displacement (nanoprecipitation) is considered the
most suitable technique for lab-scale preparation. Indeed, nanoprecipitation has been adopted
as an incorporation strategy both for lipophilic, and sometimes, hydrophilic compounds, which
can be more challenging [23]. The choice of PLGA and a SQ derivative, as NP building
polymers, was based on their chemical features. PLGA is a co-polymer of lactic and glycolic
acids, which are biocompatible monomers for the human body [24]. On the same bases, SQ is
an endogenous compound involved in cholesterol biosynthesis [25]. Moreover, both polymers
can spontaneously self-assembly to form NPs and electrostatically interact with PTM free base
(PTM-B) that is characterized by two amidine groups (pKa=12), positively charged at
physiological pH (Fig. 1). In this contest, formulative studies of PTM-B-loaded NPs have been
previously set up exploiting drug chemical structure: nanocomplexes of polyarginine and
hyaluronic acid or functionalized-mesoporous silica NPs were described to efficiently interact
with the positively charged amidine groups of PTM-B [22,26]. On the same bases, we proposed
lipidic NPs to exploit the electrostatic and hydrophobic interactions between PTM-B and
squalenic acid (SQ-COOH) [27]. As already described by P. Couvreur ef al., formulation of SQ
NPs is supported by the behavior of SQ derivatives to self-assembly and from NPs in aqueous
media [28]. In this work, we evaluated different molar and charge ratios between SQ-COOH
and PTM-B to significantly increase the drug loading (DL) of the nanosystems. A molecular
modeling study showed the interactions among PTM-B and SQ-COOH molecules, considering
the three SQ-COOH/PTM-B molar ratios (3:1, 4:1, 4.5:1) having the highest DL. SQ-
COOH/PTM-B 3:1 and 4.5 are characterized by the same size of about 190 nm and a negative
zeta potential (- 26 mV), which confers colloidal stability. Further experiments were performed
on SQ-COOH/PTM-B 3:1 formulation which is characterized by the highest DL (17.5%) and

colloidal stability. Investigations on organic/aqueous phases ratio (V¢/Vy) led to NPs with a
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lower mean diameter (109 nm), PDI below 0.1 and increased drug loading (19%) (0.2:1 V/Vy).
Moreover, as for other nanosystems based on ionic interactions, SQ-COOH/PTM-B NPs have
a pH-responsive drug release [29]. Indeed, at pH 7.4 the ionizable groups of PTM-B and SQ-
COOH are charged, occurring in strong ionic interactions that limit drug release. However, in
the endosomal or tumor microenvironment (pH 5.0) [30], the balance between the positive
charges of PTM-B and the negative charge of SQ-COOH is altered, enhancing PTM-B release.
Moreover, since SQ has been reported to bind low-density lipoprotein receptor (LDLR) for its
structural homology with cholesterol [31], cancer cells with different expressions of LDLR
were selected to evaluate PTM-B anticancer activity and test the hypothesis of SQ as an indirect
targeting agent (Fig. 1). Results showed that the anticancer activity of loaded NPs improved
with increasing LDLR expression.

On the whole, the advantages of our system lay in: 1) the possibility to electrostatically combine
a biocompatible drug delivery system and the active molecule by the simple nanoprecipitation
technique; i1) the pH-dependent release profile exploiting ionization of carboxylic and amidine
groups; iii) the indirect targeting activity of a SQ derivative toward cells expressing LDLR.
The following step was to translate the nanotechnological formulation of PTM-B-loaded lipid
NPs to polymer-based nanocarriers. A comparison between lipid and polymer systems was
proposed by the formulative study of PLGA NPs for PTM-B encapsulation. We selected a
PLGA acid-terminated (pKa=4.5) to which we associated PTM-B by ionic interactions.
Nanosystems based on ionic forces highlighted the feasibility of these formulations that are
based on strong interactions without any covalent linkage [32]. Indeed, establishment of ionic
interactions between PLGA and PTM-B leads to a decrease in mean size from 135 nm for empty
PLGA NPs to 120 nm for loaded nanosystems, with EE above 80%. Since numerous researches
have demonstrated the possibility to modify PLGA NP surface [33-35], we prepared PEG2000-
functionalized NPs to increase the hydrophilicity of the surface by using a mixture of PLGA:
PLGA-PEGa000 (1:2 w/w ratio), still maintaining a high EE (above 85%). Overall, the
formulation process exploited the chemical properties of the polymers and the drug. Once again,
the nanoprecipitation method has proven to be a simple preparation procedure, economically
beneficial and environmentally friendly (thanks to the low amount of energy and time required).
Moreover, the mutual stabilization between PLGA and PTM-B allowed us to avoid surfactant
agents in the formulation. /n vitro tests on human ovarian carcinoma cells (A2780)
demonstrated that PTM-B retained its anticancer activity, even if delayed due to the gradual

release from the NPs (Fig. 1).
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The two mentioned formulative studies highlighted the interest in a positively charged small
molecule, such as PTM-B, for the design of nano-sized carriers. Indeed, PTM-B chemical
characteristics open the possibility to nanotechnological approaches exploiting a variety of
nanocarriers that can overcome PTM-B-related issues and thus allowing its repurposing in the

treatment of rare muscular diseases and brain disorders [36,37].

Cancer cell death

[ )
PTM-B PLGA/PTM-B NPs

Fig. 1. Schematic representation of self-assembled NPs by electrostatic interactions

Although nanoprecipitation is considered the most simple and reproducible manufacturing
process at lab-scale [38,39], scaling-up can be challenging. Thus, the second part of the work
was focused on the translation study of PLGA formulation from the classical nanoprecipitation
method to the microfluidic technique, evaluating the impact of formulative and operative
parameters on nanosuspension (Fig. 2). We chose a hydrophobic model drug, called 991, to
assess the microfluidic technique as a potential scalable process. The driving force of 991
choice was its importance in the treatment of inflammation in muscular diseases. However, in
vivo administration of 991 is limited by its significant side effects. In collaboration with the
Institut NeuroMyoGéné in Lyon, we developed 991-loaded PLGA NPs to challenge in vivo side
effects of free 991 administration. Loaded PLGA NPs were prepared either by
nanoprecipitation or microfluidic technique to determine the effects of process and operative
parameters on the final formulation. By the nanoprecipitation technique, the hydrodynamic
diameter increased from 147 nm for empty NPs to 170 nm after drug encapsulation. NP mean
diameter was monodispersed (PDI<0.1) and the zeta potential was below -40 mV. To directly
transpose it into microfluidic technique, flow rate ratio (FRR) (organic:aqueous phase)

remained 1:2 and total flow rate (TFR) was set up to 12 mL/min. It has been reported that TFR
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affects the size of the NPs, with a high TFR corresponding to smaller nanocarriers [40].
Microfluidic-prepared NPs showed a size of 80 nm compared to 170 nm for nanoprecipitation.
The zeta potential of all preparations was highly negative. Encapsulation efficiency (EE) and
DL were quite similar for both the manufacturing processes: EE was 75% and 85% for the
microfluidic and nanoprecipitation process, respectively, and DL was around 9-10% for both
the techniques. Even the drug release profile was comparable between the two formulations:
indeed, a complete release of the drug was achieved over 24 h, without a burst release of , as
usually reported for PLGA NPs [41].

The most important difference between the NPs prepared by nanoprecipitation and
microfluidics was their stability at storage conditions. For the latter technique, the smaller size
of loaded NPs determined a faster degradation and the destabilization of the system. Indeed,
the determination of critical coagulation concentration (CCC) for NPs characterized by a size
below 100 nm was lower compared to nanoprecipitated NPs, whose destabilization rate was
slower. The importance of formulation and process parameters can be investigated by design
of experiment (DoE) [42]. We set up a DoE to reduce drug loss and evaluate the importance of
drug and polymer concentration and FRR used. At fixed FRR of 1:5, no significant influence
of polymer concentration was evidenced on EE. We hypothesized a sort of limit of polymer
matrix to encapsulate hydrophobic drugs. Conversely, at higher FRR the effect of polymer
concentration was important, probably related to the higher polymer solubility in the high
solvent content solution and longer time mixing between aqueous phase and organic solvents
[43]. Indeed, EE and DL maximized at high drug amount and low polymer concentration,
concluding that they are extensively influenced by FRR. With amphiphilic molecules,
important changes in solvent polarity and viscosity drive the nucleation steps which determine
the EE and drug loss.

In an effort to systematically unveil the interplay among formulation and process variables on
translated drug-loaded PLGA NPs, we can conclude that drug loss can be controlled by playing
with FRR which determined a significant effect on EE and DL. The aforementioned formulation
study showed the possibility to formulate drug-loaded PLGA NPs via either nanoprecipitation
or microfluidic technique. In particular, we evaluated the issues related to formulative
translation toward microfluidic production and the effects over NPs stability. Finally, we
applied DoE to determine the effects of microfluidic formulation and process parameters on EE
and DL. The findings of the comparative study here reported can be helpful for the future design

of drug-loaded nanosystems by nanoprecipitation and/or microfluidic process.
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Fig. 2. Comparative analysis of nanoprecipitation and microfluidic technique

Further in vitro and in vivo studies aimed at assessing the biological activity of the formulation
obtained by the microfluidic technique. Indeed, 991 belongs to a class of compounds which
attracted the attention for the activity as AMPK activators [44]. AMPK is considered an
interesting therapeutic target to enhance glucose uptake and regulate numerous metabolic
pathways, maintaining cellular energy homeostasis [45]. It also emerged as a target to
ameliorate inflammation and fibrosis in muscular cells by a negative regulation of transforming
growth factor beta (TGFP1) production [46]. However, in vivo delivery of AMPK activator
molecules is challenging due to significant side effects. PLGA NPs were easily and fast
internalized by fibrotic bone marrow-derived macrophages (BMDMs), the most relevant
immune cells in Duchenne muscular dystrophy (DMD), giving promises to the internalization
of loaded NPs. The fast uptake was due to the macrophages' nature as cells devoted to recognize
and phagocyte external and ‘’non-self’’ intruders [47]. The ability of PLGA NPs to efficiently
encapsulate 991 gave interesting perspective for an in vivo delivery. Indeed, the
biocompatibility and biodegradability of PLGA is crucial in perspective to treat muscular
tissues already damaged. Furthermore, viability results on BMDMs showed no significant toxic
effect on living cells, but a slight increase in the percentage of living cells resulted in the
presence of PLGA. This effect is probably due to PLGA degradation and increased lactic acid
content, considered as fuel for living cells [48]. By these results, the effect on inhibition of

TGFp1 production was confirmed by its quantification in samples treated with free 991 and
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encapsulated drug. Taken together, in vitro results gave promises for an in vivo administration.
In inflamed tissues, as DMD affected muscles, the anatomical features of blood vessels are
altered in presence of inflammatory mediators. The tight junctions become more permeable
leading to easy extravasation of nanosystems, on the same concept as the well-known enhanced
permeation and retention (EPR) effect exploited for tumor targeting [49]. On these bases,
preliminary in vivo studies were carried out in a superior DMD mouse model (D2.mdx) [50].
In the new crossed mouse model, the diaphragm is the most representative organ for its
inflammatory and fibrosis pattern, which affects its strength more than in gastrocnemius or
tibialis anterior (TA) muscles, the main affected organs [51]. Biodistribution analysis of
fluorescent NPs administered by intravenous injection (i.v.) resulted in high NPs accumulation
in liver, spleen and lungs, as already described for polymer nanocarriers [52]. However, by
FACS and fluorescence analysis, we demonstrated that 10% of diaphragm and gastrocnemius
cells internalized NPs after 1 h injection, as promising results for distribution in muscles.
Moreover, our system can be exploited to reach all muscular cells after i.v. injection. The
therapeutical potential of loaded NPs can be maximized in inflamed tissues, exploiting the EPR
effect. Following the preliminary biodistribution data, an efficacy study was assessed on
D2.mdx mice to evaluate the feasibility of in vivo administration of encapsulated 991 and the
consequent effectiveness on muscular fibrosis. At the end of the treatment, all mice were still
alive and diaphragm and gastrocnemius were analyzed for pro- and anti-inflammatory markers,
showing a reduction of pro-inflammatory immune cells in gastrocnemius. Moreover, mice
treated with loaded 991 showed a 10% of fibrosis reduction in the diaphragm, compared to
empty NPs administration. The fibrosis improvement paves the way for an in vivo
administration of AMPK activators, confirming that nanotechnological approach can overcome
the toxicity issues of AMPK activator molecules. The findings of this first study can be helpful
to investigate different nanocarriers as tools to encapsulate AMPK activator molecules and
promote their in vivo delivery. A screening of several nanosystems could ameliorate the
targeting toward macrophages and reduce inflammation and fibrosis in DMD models.

Given the difficulties to develop therapeutic approaches for muscular diseases, active targeting
strategies could improve nanocarrier uptake by target cells [53,54]. Thus, in the third part of
the research project, preliminary results were collected about the surface functionalization of
PLGA NPs by an active targeting agent to increase the nanomedicine tropism toward muscle
cells. In the context of muscular targeting, L-carnitine, a small zwitterion molecule, has been
selected as a potential targeting agent to increase muscular tropism [55]. Skeletal muscle has a

complex organization of structures and sub-structures, which makes drug delivery hard and
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complex. It is composed of long cylindrical post-mitotic multinucleated myofibers, rounded by
connective tissue [56]. To gain skeletal muscle selectivity, some recognition elements are
required. We hypothesized to improve NPs muscular tropism by L-carnitine binding to OCTN2
receptors on muscular cells [57]. To this aim, PLGA NPs were functionalized with a lipophilic
derivative of L-carnitine, stearoyl-L-carnitine (SC), in different amounts to achieve an
appropriate density on NPs surface [58]. Unfortunately, the presence of SC on NPs determined
a lower in vitro myoblasts viability at longer incubation times. Then, the detection of OCTN2
receptor was assessed on myoblasts and myotubes, confirming its presence in multinucleate
cells. Demonstration of SC-NPs internalization in myoblasts by TEM images confirmed the
ability of PLGA NPs to enter cells by classical or OCTN2-mediated endocytosis, as previously
demonstrated for SC-conjugated NPs across the blood brain barriers or intestinal barriers
[59,60]. Moreover, PTM-B can be efficiently encapsulated into SC-PLGA NPs and repurposed
to improve delivery in muscular dystrophy transfected cells. Indeed, PTM has potential effect
in the treatment of myotonic dystrophy type I (DM1). DM1 is characterized by splicing defect
on DMPK gene, leading to accumulation of expanded RNA-protein aggregates, namely
primarily nuclear foci. Research studies demonstrated the potential activity of PTM in reducing
the accumulation of nuclear foci and improving physiopathology of DM1 [61]. These
preliminary results need further investigations to uncover the possibilities of these formulations.
To conclude, active targeting of muscular cells by surface-modified nanocarriers can be a
powerful tool to improve muscular uptake, challenging its biological complex structure by

enhancing the permeation and therapeutic efficacy of drug.
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In this thesis work, we proposed formulative studies of active molecules for different
therapeutic applications; lipid and polymer nanocarriers were chosen as the building blocks to
encapsulate these therapeutic compounds. Drug repurposing strategy was the driving force for
selecting therapeutical candidates to ameliorate their pharmacokinetics issues.

In the first part, nanosystems based on biocompatible squalenic acid (SQ-COOH) and PLGA
were formulated with pentamidine free base (PTM-B) to reduce its toxic effects in vitro and in
vivo. We presented two formulation studies based on the molecular structure of PLGA and SQ-
COOH, which exploited their negatively charged groups to incorporate PTM-B through ionic
interactions with its positively charged amidine groups. A comprehensive characterization of
the nanosystems was described. For both the formulations, the preliminary studies performed
in vitro suggested that encapsulated PTM-B can display anticancer activity. Moreover, SQ-
COOH has been assessed as a possible indirect targeting agent: cancer cells with high
expression of low-density lipoprotein receptor (LDLR) showed enhanced PTM-B activity.
Thus, we confirmed that squalene can efficiently interact with LDL and indirectly improve drug
uptake. Future tests will be devoted to evaluate the cellular trafficking of SQ-COOH/PTM-B
nanoparticles thanks to the association of a fluorescent dye. The first part of the work also
showed that nanoparticles based on ionizable groups could offer pH-responsive release that can
be exploited to improve drug accumulation in an acidic environment, such as the tumor
interstitium. In these studies, the nanoprecipitation technique, a simple and environment-
friendly procedure, found easy applicability to formulate nanocarriers based on electrostatic
interactions. This is an important advantage for a future scale-up of these formulations, which
have all the pre-requisites for translation in the microfluidic technique.

The second part of the work, aimed to design PLGA nanoparticles for the encapsulation of a
novel hydrophobic drug, highlighted the importance of the microfluidic technique and the
problems related to transposing polymer nanocarrier formulation from conventional
nanoprecipitation technique to high-controlled microfluidic process. In this frame, we prepared
drug-loaded PLGA nanoparticles by both techniques and evaluated the process and formulative
parameters to improve encapsulation efficiency and drug loading. Although microfluidic
technique offers the possibility to tune the physicochemical characteristics of polymer
nanoparticles, the translation process is hard to achieve and many variables need to be
considered. Nevertheless, this technique allowed a small benzimidazole drug, namely 991,
interesting in the treatment of Duchenne muscular dystrophy, to be efficiently encapsulated,
preventing its in vivo toxic effects. The system was cytocompatible with bone marrow-derived
macrophages and had a positive impact on reducing inflammatory and fibrosis mediators in
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biological tests. In vivo, we were able to administer 991 without visible toxic effects on D2.mdx
mice, promoting a 10% reduction of muscular fibrosis. Further studies will be devoted to
confirm the fibrosis reduction in diaphragm and gastrocnemius in a large number of animals.
Moreover, the encapsulation of 991 into polymer nanocarriers paves the way to the
encapsulation of AMPK activator molecules into nanosystems of different nature.

The third part of the thesis describes preliminary results to promote an active targeting strategy
toward muscular cells. To this aim, PLGA nanoparticles were functionalized with stearoyl-L-
carnitine to exploit specific uptake mediated by OCTN2 receptors. Further tests will be focused
on the characterization of the internalization process to confirm a preferential uptake in
presence of the active targeting agent.

The findings of this work can serve the domain from different perspectives. From a
technological point of view, they offer a better understanding of the formulation process for
polymer-based nanocarriers obtained by either nanoprecipitation or microfluidic technique,
highlighting the importance of a rational design to obtain nanocarriers with appropriate
physicochemical and morphological characteristics. Indeed, although the two techniques are
based on the same principle, changing the process can modify the nanoparticle features.
Moreover, the encapsulation of hydrophobic drugs, either by electrostatic interactions or via
hydrophobic forces, is a difficult process that requires formulative considerations in terms of
organic solvents, volume ratio and molecular proportions. From a biological point of view, we
showed that our biodegradable and biocompatible drug delivery systems might improve the
efficacy of the tested active molecules. Further investigations are highly recommended to
uncover the possibilities of these formulations. Finally, the drug-repurposing strategy offers the
possibility to re-collocate old or new drugs in the treatment of different rare pathologies that
often do not have a cure.

In conclusion, considering the multidisciplinary aspect of the research, the combination of
technical and scientific skills and tools available to each group resulted to be crucial for the
realization of the project itself and for obtaining the expected scientific results. The
collaboration through the co-tutored Ph.D. thesis allowed the involved research groups to
enhance and strengthen the synergy of skills perfectly complementary and guarantees for

further developments in the formulation and active targeting of repurposed drugs.
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Des problémes de pharmacocinétique et de pharmacodynamique peuvent entraver les
applications cliniques de plusieurs molécules actives. La nanomédecine propose une stratégie
potentielle pour pallier aux inconvénients de certains médicaments et améliorer leur utilisation
thérapeutique en utilisant des systémes d'administration de médicaments (DDSs). Les DDSs
ont été largement étudiés pour la conception de traitements plus efficaces et plus stirs, avec des
applications importantes, notamment dans le domaine du cancer [1,2], et maladies immunitaires
[3]. L'un des principaux obstacles au développement des DDSs réside dans leur éventuelle
toxicité. Sur cette base, 1’acide poly(lactique-co-glycolique) (PLGA) et les dérivés du squaléne
sont des composants biodégradables et biocompatibles capables de s'auto-assembler pour
former des nanoparticules (NPs). Plusieurs méthodes de préparation des NPs sont décrites dans
la littérature [4]. La méthode de nanoprécipitation est un processus simple en une seule étape,
principalement utilisée pour I’encapsulation de molécules hydrophobes [5]. Une solution
organique du polymere et molécule active est ajoutée goutte a goutte a la phase aqueuse, qui
peut étre de 1'eau ou un tampon aqueux. Ainsi, le NPs se forment immédiatement. Cependant,
cette méthode présente un certain nombre d'inconvénients pour la production de NPs, tels que
la variabilité entre différents échantillons, le manque de contrdle précis sur les caractéristiques
des NPs a obtenir et la difficulté de produire de grands volumes. Ces questions ont accru l'intérét
de la recherche scientifique pour le développement de méthodes de production nouvelles et
innovantes. Au cours de ces dernic¢res années, les dispositifs a micro-échelle ont €té optimisés
pour produire des NPs avec un meilleur controle des caractéristiques chimiques et physiques
du systeme [6]. Ce travail de thése comprend la formulation de DDSs a base de polymeéres et
lipides pour améliorer la pharmacocinétique et la pharmacodynamique de molécules d'intérét
thérapeutique. Une étude comparative est présentée pour souligner l'importance des parametres
et des variables du processus dans la détermination des caractéristiques physico-chimiques des
NPs. Deux molécules actives ont été étudiées dans ce travail et ont été sélectionnées en tenant
compte de leur possible repositionnement dans des applications cliniques (drug repurposing).

La premicre partie de ce travail de thése décrit une stratégie de formulation pour incorporer la
base libre de la pentamidine (PTM-B) dans des NPs d’un dérivé du squaléne, notamment I’acide
squalénique (SQ-COOH), qui a été choisi en raison de sa structure chimique caractéristique,
présentant un acide carboxylique terminal (pKa=4,5) chargé négativement au pH
physiologique. Les dérivés du squaléne ont la capacité de s'auto-assembler pour former des
suspensions colloidales en milieu aqueux [7]. La PTM-B, qui posseéde deux groupes amidine
chargés positivement (pKa=12), est capable d’établir des liaisons ioniques avec le groupe

carboxylique du SQ-COOH pour former une suspension colloidale stable. Dans cette partie du
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travail, il a été possible d'optimiser la capacité de charge du systéme, appelée charge
médicamenteuse (DL). Les NPs ont été préparées en utilisant la technique de nanoprécipitation
[8], en évaluant l'impact des variables de formulation, telles que le rapport molaire SQ-
COOH/PTM-B et le rapport des volumes des phases organique et aqueuse, sur les
caractéristiques du systeme. Une étude de dynamisme moléculaire a permis de décrire
l'interaction entre la PTM-B et le SQ-COOH a différents rapports molaires SQ-COOH/PTM-B
(3:1, 4:1 et 4,5:1). Etant donné que pour les différents rapports molaires considérés les
différences en termes de caractéristiques physico-chimiques étaient négligeables, le rapport
molaire SQ-COOH/PTM-B 3:1 a été sélectionné pour maximiser la DL de la formulation.
L'effet du rapport entre le volume de la phase organique et le volume de la phase aqueuse
(Ve/Va) utilisé pour la formulation des NPs a été étudié et mis en relation avec le diametre
moyen et la DL des nanoparticules. En travaillant a un V/Va de 0,2:1, les NPs présentaient un
diamétre moyen d'environ 110 nm et une DL maximale de 19%. Il a ét¢ démontré
précédemment que les dérivés du squaléne sous forme de NPs s'associent in vivo aux
lipoprotéines de basse densité (LDL) par analogie avec le cholestérol, dont le squaléne est un
intermédiaire endogeéne de la synthése [9]. Ce phénomeéne permet au dérivé du squaléne de
cibler indirectement le récepteur des LDL (LDLR), qui est surexprimé a la surface de certaines
cellules cancéreuses. Sur cette base, des essais in vitro ont été réalisés sur des lignées de cellules
cancéreuses présentant différents degrés d'expression du récepteur, démontrant l'internalisation
des NPs par le LDLR. Toujours sur la base d'interactions ¢électrostatiques, la PTM-B a été
incorporée dans des NPs de PLGA. La formulation a été optimisée en testant différents types
de PLGA (50:50 et 75:25, ratio acide lactique/acide glycolique) et différentes quantités de
PTM-B. Les suspensions colloidales ont été caractérisées par un diamétre moyen de 120 nm et
un potentiel z&éta négatif d'environ -25 mV. L'efficacité d'encapsulation (EE) du médicament
dans la matrice polymere par le biais d'interactions ¢€lectrostatiques était élevée et supérieure a
80%. Les méthodes classiques de formulation des NPs, notamment la nanoprécipitation,
peuvent poser des problémes lors de la production a grande échelle, car le processus de
translation peut entrainer des modifications des propriétés du nanosysteéme [ 10]. Pour surmonter
ces inconvénients, la technologie microfluidique est utilisée pour produire des DDSs et mieux
contrdler les caractéristiques chimiques et physiques de la suspension colloidale [11,12]. Afin
d’étudier I’impact des variables de processus et de formulation pour la production a grande
échelle de NPs polymériques, une étude comparative entre la méthode de production classique
et la microfluidique a été optimisée. Un dérivé de benzimidazole, appelée 991, a été choisie

comme médicament modele dans la formulation de NPs de PLGA pour la nanoprécipitation et
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la microfluidique. Les parametres de total flow rate (TFR) et de flow rate ratio (FRR) corrélés
au processus de microfluidique ont été étudiés pour transposer la synthése des NPs en
microfluidique. En travaillant & un TFR de 12 mL/min et a un FRR de 1:2 (rapport phase
organique/phase aqueuse), il a été constaté que les NPs chargées de 991 avaient un diameétre
moyen d'environ 80 nm, comparé aux 170 nm obtenus par nanoprécipitation. Une fois dialysé
pour €liminer la fraction de médicament non incorporée, I'EE et la DL des formulations ont été
étudiées. Les formulations ont montré une EE similaire entre 75% et 85%, respectivement pour
celles produites par microfluidique et celles obtenues par nanoprécipitation, correspondant a 9-
10% de DL. La purification par dialyse a permis d'obtenir des NPs dans lesquelles le
médicament est efficacement incorporé dans la matrice polymere, ce qui a également ¢été
confirmé par l'absence de libération soudaine dans des conditions physiologiques (PBS, pH
7,4). Cependant, les NPs préparées par microfluidique ont montré une moindre stabilité a 4 °C
que celles préparées par nanoprécipitation classique. Probablement, le diamétre moyen
inférieur a 100 nm entraine une concentration critique de coagulation (CCC) plus faible et donc
une déstabilisation plus rapide. La formulation a été convertie en forme solide par
lyophilisation, en utilisant 12% p/v de tréhalose comme cryoprotecteur. Apres lyophilisation,
les NPs remises en suspension ont conservé leur diametre moyen initial d'environ 80 nm. Le
passage de la technique classique de nanoprécipitation a la microfluidique peut entrainer une
modification des caractéristiques de la formulation, ce qui constitue un inconvénient majeur.
Par conséquent, le processus de translation microfluidique des NPs a été optimisé a I'aide d'un
plan d'expériences (DoE), permettant d'évaluer l'influence du FRR, de la concentration du
polymeére et du médicament dans la phase organique sur EE et DL. L’EE et la DL ont été
maximisées pour une concentration élevée de médicament et une faible concentration de
polymere, ce qui permet de conclure que ces deux valeurs sont largement influencées par le
FRR. Les résultats de I'é¢tude comparative sont utiles pour la conception future de nanosystemes
chargés de médicaments afin de passer de la méthode de production classique au processus
microfluidique. La troisiéme partie de ce projet était 1'évaluation biologique des NPs chargées.
Le 991 est un puissant activateur de I' AMP-protéine kinase (AMPK), qui participe a la réduction
de l'inflammation et de la fibrose dans la Dystrophie Musculaire de Duchenne (DMD).
L'activation de I'AMPK entraine une régulation négative du facteur de croissance transformant-
B (TGFB1), une cytokine pro-inflammatoire [13]. Cependant, I’utilisation clinique du 991 est
entravée par ses effets secondaires importants. Des macrophages fibrotiques dérivés de la
moelle osseuse (BMDM) ont été utilisés pour évaluer l'activation de ' AMPK et, par conséquent,

la réduction du TGFpi. Les résultats ont montré que les NPs sont rapidement internalisées par
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les macrophages et ont entrainé a une réduction du TGFp; en présence de 991, a la fois sous
forme de médicament libre et chargé dans les NPs de PLGA. L'évaluation du comportement du
systéme in vivo a été la derniére étude de 1'évaluation biologique. Nous nous sommes concentrés
sur l'absorption des NPs de PLGA au niveau du diaphragme car il est considéré comme I'organe
le plus représentatif pour son profil inflammatoire et fibrotique [14]. Des études préliminaires
ont évalué le profil pharmacocinétique des NPs apreés administration intraveineuse (i.v.) dans
un modele supérieur de DMD (D2.mdx). Apres 1 h, une 10% des cellules dans le diaphragme
et le muscle gastrocnémien avaient internalisés des NPs. En outre, des NPs chargées de 991 ont
¢€té injectées par voie 1.v. pour évaluer la réduction de la fibrose chez les souris D2.mdx. Apres
trois semaines de traitement, une réduction de 10% de la fibrose a été obtenue dans ce modéle
animal, un résultat prometteur pour l'amélioration de 'homéostasie musculaire in vivo. La
derniére partie du projet explique le développement préliminaire d'une stratégie de ciblage actif
pour augmenter le tropisme musculaire de NPs. Compte tenu de la présence de récepteurs
spécifiques sur les cellules musculaires, en particulier le transporteur organique/cationique Na*
2 (OCTN2) [15], la L-carnitine a été utilisée pour cibler sur les cellules musculaires. L'agent de
ciblage est dérivé de la fonctionnalisation de la L-carnitine par 1'acide stéarique pour obtenir la
stéaroyl-L-carnitine (SC). La SC a été choisi car 1'acide stéarique peut interagir efficacement
avec la matrice polymére et exposer la carnitine a la surface des NPs. Deux concentrations
différentes de SC (5% et 10% p/p) ont été évaluées pour trouver la densité équilibrée du ligand
[16]. Les nanoparticules étaient caractérisées par un diametre moyen inférieur a 100 nm pour
les deux pourcentages de SC testés, et un potentiel zEéta négatif autour de -20 mV. La viabilité
cellulaire a été évaluée sur des myoblastes de la lignée cellulaire C2C12 traités avec des NPs
conjuguées a 5% de SC. Apres 2 h d’incubation aucun changement n’a été observé dans les
échantillons traités avec des NPs marquées par SC par rapport au controle. Cependant, apres 24
heures d'incubation et plus, la viabilit¢ cellulaire a diminué de maniere significative.
L'expression du récepteur OCTN2 sur les myoblastes et les myotubes a été évaluée par
immunomarquage en microscopie confocale. Les myotubes ont montré une présence plus
¢levée du récepteur OCTN?2, par rapport aux myoblastes. Ces données préliminaires démontrent
la possibilité de développer une stratégie de ciblage active et d'améliorer le tropisme musculaire
sans effets de véhicule toxiques. Globalement, ce projet de thése a démontré les applications
potentielles des systemes d'administration de médicaments dans divers domaines biologiques.
Du point de vue de la formulation, la nanoprécipitation représente le procédé de fabrication de
nanoparticules polymeres le plus simple et le plus respectueux de I'environnement, facilement

transposable en microfluidique.
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Alcuni aspetti di farmacocinetica e farmacodinamica limitano 1’applicazione clinica di
numerose molecole terapeutiche. La nanomedicina si propone come una possibile strategia per
migliorare D’efficacia terapeutica di sostanze farmacologicamente attive. Il termine
“nanomedicina” si riferisce alla formulazione di nanosistemi, chiamati generalmente sistemi di
rilascio di farmaci (drug delivery systems — DDSs). I DDSs sono stati largamente studiati per
sviluppare approcci terapeutici piu efficaci, con notevoli risultati nel trattamento dei tumori
[1,2] e di malattie autoimmuni [3]. Uno dei maggiori problemi che si riscontra nella
formulazione di sistemi di rilascio di farmaci ¢ la possibile tossicita del veicolo. In questo
contesto, I’acido poli(lattico-co-glicolico) (PLGA) e i derivati squalenici, come [’acido
squalenico (SQ-COOH), sono tra i candidati per formulare dei DDSs, grazie alla loro
biocompatibilita e biodegradabilita. In presenza di un mezzo acquoso, questi materiali hanno la
capacita di auto-assemblarsi per formare delle nanoparticelle (NPs) dell’ordine dei nanometri.
La preparazione delle NPs puo avvenire mediante diversi metodi [4]. Il metodo della
nanoprecipitazione ¢ considerato un processo semplice, che viene prevalentemente utilizzato
per incorporare farmaci idrofobici in matrici polimeriche [5]. Una soluzione organica di
polimero e molecola terapeuticamente attiva viene aggiunta goccia a goccia nella fase acquosa,
costituita da acqua oppure tampone acquoso. In questo modo le NPs si formano
istantaneamente. Tuttavia, esistono diversi svantaggi nell’utilizzo di questo metodo per la
produzione di NPs, come la variabilita tra campioni diversi, la mancanza di un preciso controllo
sulle caratteristiche delle NPs e la difficolta di una produzione in grandi volumi. Queste
problematiche hanno rivolto I’interesse della ricerca scientifica allo sviluppo di innovativi
metodi di produzione. Negli ultimi anni sono stati ottimizzati dei dispositivi su microscala per
produrre NPs con un maggiore controllo delle caratteristiche chimico-fisiche del sistema [6].
Questo lavoro di tesi descrive la formulazione di DDSs a base di polimeri e lipidi per migliorare
I’efficacia e diminuire la tossicita di molecole ad interesse terapeutico. Viene inoltre presentato
uno studio comparativo che sottolinea I’importanza dei parametri e delle variabili di processo
nel determinare le caratteristiche chimico-fisiche delle NPs. Le due molecole attive presentate
in questo lavoro sono state selezionate considerando il loro possibile riposizionamento nelle
applicazioni cliniche (drug repurposing).

La prima parte della tesi descrive una strategia formulativa per incorporare la pentamidina base
libera (PTM-B) in NPs squaleniche. Lo SQ-COOH ¢ stato selezionato come veicolo per la sua
struttura chimica, che presenta un acido carbossilico terminale (pKa=4,5), carico negativamente
a pH fisiologico. Inoltre, come molti derivati squalenici, anche lo SQ-COOH ha la capacita di

auto-assemblarsi per formare delle sospensioni colloidali in mezzo acquoso [7]. La PTM-B
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presenta due gruppi amidinici carichi positivamente (pKa=12), che instaurano dei legami ionici
con il gruppo carbossilico dello SQ-COOH, formando una sospensione colloidale stabile. In
questa parte di lavoro ¢ stato possibile ottimizzare la capacita di carico del sistema, definita
drug loading (DL). Le NPs sono state preparate con la tecnica della nanoprecipitazione [§],
valutando I’impatto delle variabili formulative, come il rapporto molare SQ-COOH/PTM-B e
il rapporto tra i volumi della fase organica e della fase acquosa, sulle caratteristiche del sistema.
Uno studio di dinamica molecolare ha inoltre permesso di descrivere 1’interazione tra PTM-B
e SQ-COOH a differenti rapporti molari di SQ-COOH/PTM-B (3:1, 4:1 e 4,5:1). Dal momento
che per 1 vari rapporti molari considerati le differenze chimico-fisiche delle NPs risultavano
trascurabili, € stato selezionato il rapporto molare SQ-COOH/PTM-B 3:1 per massimizzare il
DL della formulazione. L’effetto del rapporto tra i volumi di fase organica e fase acquosa
(Ve/Va) utilizzato per la formulazione delle NPs ¢ stato studiato in relazione al diametro medio
e al DL. Con un V¢/V.di 0,2:1 le NPs presentano un diametro medio di circa 110 nm e un DL
massimo del 19%. E’ stato precedentemente dimostrato che i derivati squalenici sotto forma di
NPs si associano in vivo alle lipoproteine a bassa densita (LDL) per analogia con il colesterolo,
della cui sintesi lo squalene ¢ intermedio endogeno [9]. Questo fenomeno consente un
direzionamento indiretto da parte del derivato squalenico verso il recettore delle LDL (LDLR),
che ¢ overespresso sulla superficie di alcune cellule tumorali. Su queste basi, i test in vitro sono
stati condotti su linee cellulari tumorali con diversi gradi di espressione del LDLR, dimostrando
un’internalizzazione delle NPs mediata dallo stesso recettore. Basandosi sulle interazioni
elettrostatiche tra farmaco e polimero, la PTM-B ¢ stata incorporata anche in NPs di PLGA. La
formulazione ¢ stata ottimizzata testando diversi tipi di PLGA (50:50 e 75:25, rapporto acido
lattico: acido glicolico) e diverse quantita di PTM-B: le sospensioni colloidali hanno mostrato
un diametro medio di 120 nm e un potenziale zeta negativo di circa -25 mV. L’efficacia di
incorporazione (EE) del farmaco nella matrice polimerica ¢ risultata elevata e superiore
all’80%. I metodi classici di formulazione delle NPs, tra cui la nanoprecipitazione, presentano
delle difficolta nella produzione su larga scala, poiché il processo di traslazione puo determinare
il cambiamento delle proprieta del nanosistema [10]. Per superare questi inconvenienti, nella
formulazione di NPs ¢ stata proposta la tecnologia della microfluidica, che permette di
controllare meglio le caratteristiche chimico-fisiche della sospensione colloidale [11,12]. Con
lo scopo di studiare I’impatto delle variabili di processo per una produzione su larga scala di
NPs polimeriche, ¢ stato effettuato uno studio comparativo tra la metodica classica di
produzione e la microfluidica. Un derivato benzimidazolico, chiamato 991, ¢ stato selezionato

come farmaco idrofobico modello nella formulazione di NPs di PLGA mediante
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nanoprecipitazione ¢ microfluidica. Per traslare la preparazione delle NPs in microfluidica,
sono stati impostati i parametri di total flow rate (TFR) and flow rate ratio (FRR): lavorando a
TFR 12 mL/min e FRR 1:2 (rapporto fase organica/fase acquosa), le NPs caricate con 991
hanno mostrato un diametro medio di circa 80 nm, minore rispetto ai 170 nm ottenuti per
nanoprecipitazione. Le preparazioni sono state dializzate per eliminare la frazione non
incorporata di farmaco e determinare cosi ’EE e il DL. L’EE ¢ risultata essere compresa tra
75% e 85%, rispettivamente per quelle prodotte in microfluidica e quelle ottenute mediante
nanoprecipitazione, cui corrisponde un DL di 9-10%. La purificazione ha permesso di ottenere
delle NPs in cui il farmaco ¢ efficacemente incorporato nella matrice polimerica, confermato
anche dal mancato burst release in 4 h in condizioni fisiologiche (PBS, pH 7,4). Tuttavia, le
NPs preparate per microfluidica hanno dimostrato una minore stabilita a 4 °C rispetto a quelle
preparate con la nanoprecipitazione classica. Probabilmente, il diametro medio inferiore ai 100
nm determina una minore concentrazione di coagulazione critica (CCC) e pertanto una
destabilizzazione piu rapida. La formulazione ¢ stata convertita in forma solida mediante
processo di liofilizzazione, utilizzando trealosio al 12% p/v come crioprotettore. Dopo
liofilizzazione, le NPs risospese hanno mantenuto il loro iniziale diametro medio di circa 80
nm. Come detto, il passaggio dalla tecnica convenzionale di nanoprecipitazione alla
microfluidica puo determinare una modifica delle caratteristiche della formulazione. Pertanto,
il processo di translazione in microfluidica delle NPs ¢ stato ottimizzato utilizzando un disegno
sperimentale (DoE), che permette di valutare I'influenza di FRR e della concentrazione sia del
polimero sia di farmaco nella fase organica sull'EE e DL. EE e DL sono stati massimizzati per
un'alta concentrazione di farmaco e una bassa concentrazione di polimero, portando alla
conclusione che entrambi 1 valori sono largamente influenzati dall'FRR. I risultati dello studio
comparativo sono utili per la progettazione futura di nanosistemi contenenti farmaci, passando
dal metodo di produzione classico al processo di microfluidica.

La terza parte di questo progetto ha riguardato la valutazione biologica delle NPs-991. 11 991 ¢
un potente attivatore della AMP-proteina chinasi (AMPK), coinvolta nella riduzione di
inflammazione e fibrosi nella distrofia muscolare di Duchenne (DMD). L'attivazione di AMPK
si traduce in una minore produzione del fattore di crescita trasformante-f (TGFpi), una
citochina pro-infiammatoria [13]. Tuttavia, l'applicabilita clinica del 991 ¢ impedita dai suoi
significativi effetti collaterali. I macrofagi fibrotici derivati dal midollo osseo (BMDMs) sono
stati utilizzati per valutare l'attivazione di AMPK e, di conseguenza, la riduzione di TGFp;. Si
¢ osservato che le NPs vengono velocemente internalizzate dai macrofagi e portano ad una

riduzione del TGFP: in presenza del 991, sia come farmaco libero sia caricato nelle NPs di
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PLGA. La valutazione del comportamento del sistema in vivo ¢ stato l'ultimo studio della
valutazione biologica. Ci siamo concentrati sull'assorbimento di NPs di PLGA da parte del
diaframma, considerato 1'organo piu rappresentativo per il suo modello infiammatorio e
fibrotico [ 14]. Studi preliminari hanno permesso di valutare il profilo farmacocinetico delle NPs
dopo la somministrazione endovenosa (i.v.) in un modello superiore di DMD (D2.mdx). Dopo
1 h ¢ stato registrato un assorbimento del 10% delle NPs nel diaframma e nel muscolo
gastrocnemio. Successivamente le NPs contenenti 991 sono state iniettate per i.v. per valutare
la riduzione della fibrosi nei topi D2.mdx. Dopo tre settimane di trattamento ¢ stata osservata
una riduzione del 10% della fibrosi nel modello animale, un risultato promettente per il
miglioramento dell'omeostasi muscolare in vivo.

L'ultima parte della tesi descrive lo sviluppo preliminare di una strategia di direzionamento
attivo per aumentare il tropismo muscolare delle NPs. Data la presenza di recettori specifici
sulle cellule muscolari, in particolare il trasportatore organico/cationico Na* 2 (OCTN2) [15],
abbiamo selezionato la L-carnitina per direzionare le NPs di PLGA verso le cellule muscolari.
A questo scopo ¢ stata utilizzata la stearoil-L-carnitina (SC), in cui I’agente di targeting ¢ stato
legato all’acido stearico per favorire 1’associazione con la matrice polimerica ed esporre la L-
carnitina sulla superficie delle NPs. Due diverse concentrazioni di SC (5% e 10% p/p) sono
state testate per ottimizzare la densita del ligando [16]. Le NPs risultano essere caratterizzate
da un diametro medio inferiore a 100 nm per entrambe le percentuali di SC e da un potenziale
zeta negativo intorno a -20 mV. La vitalita cellulare ¢ stata valutata per le NPs con il 5% di SC
sui mioblasti della linea cellulare C2C12. Un tempo di incubazione di 2 ore non ha mostrato
alcuna variazione di vitalita nei campioni trattati con NPs direzionate rispetto al controllo.
Tuttavia, dopo 24 ore di incubazione la vitalita delle cellule ¢ diminuita significativamente.
L'espressione del recettore OCTN2 su mioblasti e miotubi € stata valutata mediante microscopia
confocale utilizzando un anticorpo anti-OCTN2. I miotubi hanno mostrato una maggiore
espressione del recettore OCTN2 rispetto ai mioblasti. Questi dati preliminari dimostrano la
possibilita di sviluppare una strategia di direzionamento attivo e migliorare il tropismo
muscolare.

In conclusione, questo progetto di tesi ha confermato le potenziali applicazioni dei sistemi di
drug delivery in diversi campi terapeutici. Da un punto di vista formulativo, lo studio ha
permesso di valutare 1’utilizzo della nanoprecipitazione in diverse condizioni sperimentali,
confermandone 1’utilita nella preparazione di NPs polimeriche e la sua applicabilita in

microfluidica.
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