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SOMMARIO

Le distrofie miotoniche (DM) sono malattie neuromuscolari degenerative a base
genetica caratterizzate dalla progressiva alterazione di diversi organi e tessuti (ad
esempio, tessuto muscolare scheletrico, cardiaco e liscio, sistema nervoso centrale),
dei quali uno dei piu compromessi e il muscolo scheletrico. Esistono due tipi di
DM: la forma piu grave &€ denominata DM di tipo 1 (o malattia di Steinert) e la
forma piu lieve é detta DM di tipo 2 (conosciuta anche come “proximal Myotonic
Myopathy” o “PROMM?”). | meccanismi patogenetici molecolari sono, per laDM1,
I’espansione della tripletta (CTG)n nella regione 3> UTR del gene Dystrophia
Myotonica Protein Kinase (DMPK), mentre 1’espansione della quadripletta
(CCTG)n nel primo introne del gene Nucleic Acid Binding Protein/Zinc Finger 9
(CNBP/ZNF9) e responsabile della DM2. La trascrizione di queste sequenze
ripetute produce RNA tossico che si accumula in aggregati ribonucleoproteici
nucleari (chiamati foci) e provoca una generale alterazione dello splicing. Il
principale problema di queste patologie & che, ad oggi, non esiste una terapia
risolutiva e gli approcci terapeutici attualmente in uso sono puramente sintomatici.
Attualmente, la ricerca farmacologica sta valutando I’efficacia di piccole molecole,
come la pentamidina (PTM), in grado di limitare le alterazioni dello splicing
associate alla DM: la PTM é un farmaco antiprotozoario e chemioterapico in grado
di ridurre la formazione di foci nucleari nella DM; tuttavia rappresenta una terapia
scarsamente applicabile a causa della elevata tossicita a livello sistemico. Per
superare queste limitazioni, un approccio adeguato puo essere la veicolazione di
farmaci mediante nanovettori biocompatibili, in grado di migliorare la
somministrazione mirata e diminuire la tossicita sistemica.

Pertanto, 1’obbiettivo principale di questo lavoro di tesi ¢ stato quello di
individuare una strategia terapeutica innovativa per la DM basata su nanovettori
biocompatibili per la veicolazione di PTM.

A questo scopo, su linee cellulari tumorali e su colture primarie di cellule
muscolari umane € stata testata in vitro, la biocompatibilita di differenti tipologie

di nanovettori [liposomi, nanoparticelle a base di poly(lactic-co-glycolic acid)
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(PLGA), nanoparticelle di silice mesoporosa]. Mediante microscopia a
fluorescenza convenzionale e confocale e la microscopia elettronica a trasmissione,
si é studiato il meccanismo di internalizzazione, la distribuzione intracellulare e la
degradazione delle differenti tipologie di nanosistemi testati. Tutte le nanoparticelle
sperimentate sono risultate biocompatibili per tutti tipi cellulari considerati,
sebbene le cellule di origine muscolare (in particolare i miotubi) abbiano mostrato
una capacita di internalizzazione inferiore rispetto ai modelli tumorali.

Inoltre, in collaborazione con I’Universita di Lione, sono state sviluppate
nanoparticelle a base di acido ialuronico in grado di incapsulare farmaci idrofilici.
Tali nanoparticelle sono risultate biocompatibili sia per le cellule tumorali che per
quelle muscolari, dimostrandosi efficaci nella veicolazione di PTM a cellule
tumorali; € attualmente in corso lo studio degli effetti di questo trattamento sulle
cellule muscolari.

Infine, nel tentativo di colmare il divario esistente tra le tecniche convenzionali
di coltura cellulare in vitro e la sperimentazione in vivo, abbiamo messo a punto
un'innovativa applicazione della tecnologia fluidodinamica per migliorare la
preservazione di muscoli espiantati e studiare cosi la biodistribuzione di nanovettori
in questi organi. | primi dati hanno rivelato come le nanoparticelle di PLGA, che
pure sono facilmente internalizzate dalle cellule muscolari in coltura, riescano
difficilmente a penetrare nelle miofibre nel muscolo intero, poiché la maggior parte
di esse si accumula nel tessuto connettivo. A seguito di questo risultato, abbiamo
intrapreso studi di funzionalizzazione delle nanoparticelle di PLGA, allo scopo di

favorirne la penetrazione all’interno delle fibre muscolari.
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ABSTRACT

Myotonic dystrophy (DM) represents a genetic disorder characterized by
progressive dysfunction of multiple organs and tissues (e.g. skeletal, cardiac, and
smooth muscle; the central nervous systems) among which the most severely
affected is the skeletal muscle; this condition leads patients to a progressive muscle
weakness, wasting and myotonia. The molecular pathogenetic mechanism of DM
type 1 (or Steinert’s) disease is the expansion of a (CTG)n triplet in 3’ UTR region
of the Dystrophia Myotonica Protein Kinase (DMPK) gene, while the (CCTG),
quadruplet expansion in the first intron of the cellular Nucleic Acid Binding
Protein/Zinc Finger 9 (CNBP/ZNF9) is responsible for DM type 2 (previously
named “proximal Myotonic Myopathy” or “PROMM”). These expanded repeats
are transcribed into toxic RNA that accumulates in nuclear RNA-protein aggregates
(called foci), and lead to a general splicing alteration. The main problem of DM
pathologies is that no therapies are currently available, and the commonly used
treatments are administered to only manage symptoms. At present, the
pharmaceutical research is screening small molecules such as pentamidine (PTM)
able to repair the DM-associated splicing defects: PTM is an antimicrobial and
antitumor compound that can mitigate the DM missplicing, but has limited
applicability in humans due to its high systemic toxicity. To overcome these
limitations, the administration via biocompatible nanoparticles (NPs) may represent
a suitable approach, improving targeted delivery of the therapeutic drug and
decreasing its systemic toxicity.

Therefore, the main goal of the present experimental thesis was to set up an
innovative experimental therapeutic strategy for DM based on biocompatible NPs
loaded with PTM.

To this aim, different types of NPs potentially suitable for drug delivery
[liposomes, poly(lactic-co-glycolic acid) (PLGA) NPs, mesoporous silica NPs]
were tested for biocompatibility in vitro on stabilized tumor cell lines and cultured
primary human muscle cells. Conventional and confocal fluorescence microscopy
and transmission electron microscopy allowed elucidating the mechanisms of NP
internalization, intracellular distribution, fate and degradation. The tested NPs
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proved to be biocompatible for all the cell types investigated, although muscle-
derived cells (especially the differentiated myotubes) showed lower internalization
capability than cancer cells.

In addition, novel hyaluronic acid-based nanocomplexes for hydrophilic drug
encapsulation were synthesized in collaboration with the University of Lyon; these
NPs proved to be biocompatible for both cancer and cultured muscle cells, and to
efficiently deliver PTM to cancer cells; the effects of PTM-loaded NPs on muscle
cells are currently under investigation.

Finally, in the attempt to fill the gap between the conventional cell cultures and
the organ complexity in vivo, an in vitro fluid dynamic system was set up to improve
the preservation of explanted muscles and was then used for monitoring the
biodistribution of NPs in this organ. Preliminary results revealed that PLGA NPs,
which are easily internalized by cultured muscle cells, hardly enter the myofibers
in the whole muscle since most of them accumulate in the connective tissue;
consequently, modifications of the NP surface are in progress to improve targeting

to and uptake by the muscle fibers.
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ACRONYMS
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FDA: Food and Drug Administration
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l. Introduction

1. Myotonic dystrophy

1.1. Morphological and functional features of human skeletal
muscle

In humans as well as in the other vertebrates, there are three types of muscle
tissue: the skeletal, cardiac and smooth muscle (Table 1) (Andrew G. Engel, 2004).
Skeletal muscle is a striated voluntary muscle: it is connected to the bones and, by
the contraction of its cells, it is responsible for the body movements. Cardiac muscle
IS a striated involuntary muscle that constitutes the main tissue constituents of the
heart: its contractions induce the movement of blood in the circulatory system.
Smooth muscle is a non-striated involuntary muscle; sheaths or bundles of smooth
muscle cells are present in the walls of hollow organs (e.g., the gut, the uterus and
the urinary bladder) or of the arteries and veins of the blood circulatory system.

Table 1. Main characteristics of the three types of muscle tissue present in Vertebrates.

Three main types of muscle in the human body

Skeletal Cardiac Smooth
Cellular I nm - 20 cm 50— 100 pm 20200 pm
lengh (0.5 mm in uterus in pregnancy)
Cellular 10— 100 pm 10—20 pm 5-10 um
diameter
Cellular cylindrical with more than roughly rectangular, single  fusiform shape,
morfology  one nucleus, non striated  central nucleus striated single central nucleus striated
Connexion  bundles of fibers and intercalated discs, encased  connective tissue, gap junctions and
tendons by collagen fibres and other desmosomes
substances forming the
extracellular matrix
Control Voluntary control by the involuntary contraction involuntary contraction
central nervous system
Power quick and vigorous rhythm variable and slow and rhythmic
continuous
for all life

All muscle cells share various properties: the excitability (i.e., the capability to
respond to a stimulus producing electrical signals called action potential or
impulse); contractility (the ability to contract after stimulation induced by an action
potential); extensibility (the capability of muscle to be stretched without damage);

and elasticity (the ability to recoil back to the initial length after being stretched).
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l. Introduction

Through prolonged contractions and/or cycles of contractions and relaxation, the
muscle tissue carries out four fundamental functions: production of body
movements, maintenance of posture, thermoregulation and movement of fluids
(e.g., the blood and the lymphatic fluid) and materials (e.g., the food and waste).
Skeletal muscles are organs specialized for the movement and stability of the
body. It is a voluntary organ, which means that the central nervous systems (CNS)
controls actively its contraction. Most of the skeletal muscles are anchored to bones
by bundles of collagen fibres know as tendons. Skeletal muscles are made of
elongated multinucleated syncytia known as muscle fibres formed by fusion of
precursor cells (the myoblasts) during the embryonic development (Figure 1).

Myoblasts

P o S

® i Myotubes derived from myoblasts fusion

satellite cell l
i

Figure 1. Development of skeletal muscle cell. The fusion of myoblasts forms myotubes,

W ‘l Differentated skeletal myofiber

precursors of the mature muscle fibers.

The muscle fibres (also called muscle cells or myofibres) are cylindrical,
multinucleated cells, generally long from 10 to 100 um in diameter and sometimes
several centimetres in length. The cell membrane of muscle fibers is called
sarcolemma and presents characteristic invaginations termed transverse tubules (T
tubules) that penetrate into the myofibre cytoplasm, called sarcoplasm. T tubules
permit the rapid propagation of the electrical potential and also play an important
role in regulating cellular calcium concentration. Sarcoplasm is mostly occupied by
myofibrils that run parallel to the length of the fibre. In each myofibril, sets of thick
and thin filaments partially overlap give rises to alternate bands of dark and light
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l. Introduction

regions. The thick filaments (with a diameter around 11-12 nm) are mainly made
of myosin, while the thin filaments (around 5-6 nm in diameter) are predominantly
made of actin. The thin and thick filaments partially overlap to give rise to the
typical striated pattern unit that occurs with a periodicity of about 2 to 3 um; this
typical repetitive unit is called the sarcomere (Figure 2). The sarcomere is bordered
at each extremity by a dark, narrow line (about 0.1 pum thick) known as the Z line;
each Z line bisects an | band (isotropic, in polarized light) which is common to the
adjacent sarcomeres. The centre of the sarcomeres is dark due to the presence of the
A band (anisotropic, in polarized light) which is itself bisected by a less dense H
zone; in the middle of the H zone there is a lighter region often called the pseudo H
zone or bare zone which contains a region of higher density called the M line. The
presence of these dark and clear zones is responsible of the typical transverse
banding that characterized the striated muscle cells. Actin and myosin filaments are
responsible for the sarcomere shortening and muscle contraction, after the release
of calcium from the sarcoplasmic reticulum, i.e., the endoplasmic reticulum which
wraps around the myofibrils and is an important regulator of muscle contraction
being an intracellular calcium storage depot. In the sarcoplasm, mitochondria are
aligned along the myofibrils, and glycogen granules are abundantly present.
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Figure 2. Sarcomeric organization in myofibrils.
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In the skeletal muscle, each myofibre is surrounded by a loose connective tissue
called endomysium. Muscle cells bundles form fascicles surrounded by a dense
irregular connective tissue called perimysium, while the hole fascicles that form the
entire muscle are surrounded by a dense connective tissue called epimysium.
(Figure 3).

Skeletal muscle fibres are terminally differentiated cells that have lost the ability
to proliferate. However, a damaged skeletal muscle is able to regenerate thanks to
the presence of undifferentiated stem cells termed satellite cells (Yin et al., 2013).
They are located between the sarcolemma and the basal lamina, and are normally
quiescent; however, following appropriate stimulation (e.g., a muscle damage),
they undergo activation, and proliferate; some of the resulting daughter cells fuse
with pre-existing myofibres and differentiate thus restoring the muscle mass, while

others return to quiescence and maintain the satellite cell pool.
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Figure 3. Microanatomical organisation of skeletal muscles.
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1.2. Pathogenic mechanisms of myotonic dystrophy

Among the numerous pathologies affecting skeletal muscle there is myotonic
dystrophy (DM). It is a genetically heterogeneous neuromuscular disorder with
autosomal dominant inheritance and it has been estimated that it affects 1:8000
individuals worldwide (Harper, 2001). However, that estimation is based solely on
diagnosed cases of DM and, given that the diagnosis sometimes takes more than
ten years, it is likely that diagnosed cases represent only a fraction of the population
bearing DM mutations. Studies aimed at understanding DM prevalence are
currently ongoing in USA and in Europe.

A CTG repeat expansion in the 3' UTR region of the Dystrophia Myotonica
Protein Kinase (DMPK) gene is responsible for DM type 1 (DMI; Steinert’s
disease; OMIM 160900), whereas the instability of a CCTG repeat in the first intron
of the CCHC-type zinc finger nucleic acid binding protein (CNBP, also known as
ZNF9) gene is linked to DM type 2 (DM2; proximal myotonic myopathy PROMM,;
OMIM 602668) (Brook etal., 1992; Fu et al., 1992; Mahadevan et al., 1992; Liquori
etal., 2001). Mutations in these two unrelated genes cause similar phenotypes, with
multisystem pathological features mostly affecting skeletal muscle (muscular
dystrophy, myotonia) but involving also other organs and systems (dilated
cardiomyopathy, cardiac conduction defects, insulin-resistance, cataracts, disease-
specific serological abnormalities) (Harper, 2001). Clinical manifestations are
highly variable, depending on the number of repeats, and range from minimal
features, to moderately severe facial and distal limb muscle wasting and weakness,
to severe congenital disorder that often lead to premature death (Harper, 2001,
Meola and Cardani, 2015). The most severe form is congenital DM1, found in
infants with markedly expanded CTG repeats. DM2 displays a milder clinical
phenotype and a more benign prognosis, with no congenital form nor severe
involvement of the CNS (Meola et al., 2002; Meola and Cardani, 2015).

The most accepted pathogenic hypothesis is an “RNA gain-of-function” due to
expanded RNAs that accumulate in nuclear foci and alter the expression of specific
RNA-binding splicing regulators such as muscleblind like 1 (MBNL1) and
CUGBP/Elav-like family member 1 (CELF1/CUGBP1) (Meola and Cardani,
2009); alteration in MBNL1 and CUGBP1 activity results in splicing deregulation
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of a subset of genes in multiple tissues (Miller et al., 2000). It has been demonstrated
(Perdoni et al., 2009) that in DM2 nuclear foci sequester also the splicing factors
snRNPs and hnRNPs, suggesting that a general alteration of the post-transcriptional
pathway could contribute to the multifactorial DM2 phenotype. It has been
suggested that the spliceopathy cannot fully explain the multisystem DM
phenotype, which might also depend on changes in gene expression and translation
efficiency, antisense transcripts, nonconventional translation and micro-RNA
deregulation (Sicot et al., 2011).
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1.3. Current therapeutic development in myotonic dystrophy

Currently, no disease-modifying therapies are available for DM1 or DM2
patients, and treatments are made to only manage the various symptoms; in
particular, to reduce myotonia drugs blocking Na* channels have been proposed:
Mexiletine, an anti-arrhythmic agents belonging to the class 1b, which will be
probably commercialized soon as the medicinal product NaMuscla™ intended for
the symptomatic treatment of myotonia in adults with certains hereditary muscle
disorders (recommendation of the Committee for Medicinal Products for Human
Use, EMA, www.lupin.com); Flecainide, another anti-arrhythmic agent belonging
to the class 1c (Cavalli et al., 2018); or Lamotrigine, an anticonvulsant agent used
for epilepsy and bipolar disorder (Andersen et al., 2017). Although at present no
specific agents activating CI" channels have been identified, Acetazolamide, a
carbonic anhydrase inhibitor involved in CI” activation, is used in cases of myotonia
non-responsive to Na* channels blocker agents (Markhorst et al., 2014).

At present the pharmaceutical research aimed at developing innovative drugs for
the treatment of DM is quite limited. In recent years, lonis Pharmaceuticals tested
a new drug to treat DM1. This antisense drug, called IONIS-DMPKRX, was
designed to target the toxic DMPK RNA in the skeletal muscle that is responsible
for myotonia or muscle dysfunction. Unfortunately, in January 2017 the company
announced that the 1/2 phase clinical trial failed. At present, lonis
Pharmaceuticals,Inc and Biogen are developing a technology aimed at increasing
the efficiency of drug uptake and delivery by adding specific conjugates
(https://us8.campaign-archive.com/?u=8f5969cac3271759ce78c8354&id=110953
8bcf&e=cd1f4d18fe).

Another clinical trial is currently ongoing by AMO Pharma to test the efficacy
of AMO-02 (tideglusib) for the treatment of the CNS and neuromuscular
dysfunctions in the severe form of congenital myotonic dystrophy (Goudron and
Meola, 2017). AMO-02 is an inhibitor of glycogen synthase kinase 3 beta (GSK3R),
a protein especially active in patients affected by this particular DM form, and has
been shown to correct the activity of regulatory proteins, such as CUGBP1, in

animal models of DM1
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(https://www.myotonic.org/sites/default/files/Horrigan%20-%20AMO%20Pharma
%20Tideglusib%20001%20Study%20-%20MDF%20conference%20-%20Septem
ber%202016%20-%20v3.pdf).

Apart from the two above clinical trials, to date two main experimental
therapeutic approaches have been described for DML1 to target expanded RNA
repeats: i) antisense oligomer (ASO)-induced degradation of toxic CUG-containing
RNA, and ii) inhibition of pathogenic interaction of CUG-containing RNA with
nuclear proteins (without causing degradation of the expanded RNA) by means of
small compounds or antisense oligonucleotides binding the CUG repeat hairpin.
Both treatments are intended to prevent MBNLs sequestration and/or significantly
reduce nuclear foci formation thus correcting alternative splicing abnormalities (Jog
etal., 2012).

Therapeutic antisense technology has great potential to target disease-associated
RNA molecules (Bennett and Swayze, 2010), and the systemic administration of
unformulated ASOs gave positive clinical trial data for several diseases (Raal et al.,
2010; Saad et al. 2011; van Deutekom et. al., 2007; Goemans et al., 2011; Buller et
al. 2014; Gaudet et al. 2014). Importantly, the systemically administered ASO
mipomersen sodium has been approved by FDA as a treatment for homozygous
familial hypercholesterolemia (Lee et al., 2013). Second generation ASOs have
chemically modified 2’-O-methoxyethyl (MOE) residues and a phosphorothioate
backbone; a MOE modified ASO targeting noncoding RNAs showed a potent
activity in skeletal muscles of the HSALR mouse model of DM1 (Wheeler et al.,
2012). Lee et al. (2012) generated gapmer ASOs with CAG repeat sequences able
to reduce expanded CUG transcripts and RNA foci in both cell cultures from DM1
patients and in DM1 mouse models. These antisense agents were tested in clinical
trials in DM1 patients to evaluate the safety and tolerability of multiple doses but,
as stated above, the results were unsatisfying. A novel ASO class containing 2'-4'
constrained ethyl (cEt) modifications (Seth et al., 2009) showed enhanced potency
in vivo and favorable safety profile (Seth et al., 2009; Burel et al., 2013). Pandey et
al. (2015) characterized in vitro and in vivo a cEt ASO that targets mouse, monkey
and human DMPK mRNA. When administered subcutaneously, this ASO has
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potent activity against DMPK in skeletal and cardiac muscle in normal mice, human
DMPK transgenic mice, and Cynomolgus monkeys.

A second approach to reduce RNA dominance involves prevention of abnormal
interactions between toxic transcripts and RNA binding proteins, either through the
use ASOs or other small molecules. (CAG)2s morpholino ASO was designed to
bind CUG RNA repeat expansions; its local injection into the skeletal muscle of
HSALR mice inhibited the binding of MBNL1 to the expanded RNA, induced
MBNLL1 redistribution and a partial correction of spliceopathy, and eliminated
myotonia (Leger et al., 2013).

Attempts have been made to identify small molecules that may bind RNAs of
interest by examining the secondary structural motifs: small molecules (e.g.
pentamidine (PTM)) would present an advantage over the ASO protocols, due to
their less problematic administration, biodistribution and bioavailability. PTM is a
small compound with high affinity for CUG repeats, able to inhibit MBNL1 binding
and sequestration. Although reverting the spliceopathy in the skeletal muscle of
HSALR mice (Warf et al., 2009), PTM has limited therapeutic application due to its
high toxicity. An improved PTM ligand partially reverted DM1 associated
missplicing when injected intraperitoneally into HSAR mice (Parkesh et al., 2012).
Recent reports indicate that DM does not simply depend on spiceopathy, suggesting
that binding CUGexp may not be enough to reverse all disease pathways. Thus,
efforts to destroy toxic RNA transcript or inhibit its formation have particular
appeal. Childs-Disney et al. (2012) developed a small molecule that photodegrades
the toxic transcript, and analogs of PTM were reported to inhibit the synthesis of
CUGexp by binding to the (CTG-CAG)n» duplex (Coonrod et al., 2013). Nguyen et
al. (2015) have identified three small molecules that intervene in three separate
steps of DM1 pathobiology: each of these molecules shows RNase A-like activity
in selectively cleaving (CUG)16 in vitro and inhibits both the in vitro transcription
of CTGexp and the sequestration of MBNLZ1 into the nuclear foci in a DM1 model
cell culture. One of the agents showed enhanced phenotypic reversal in two separate
DM1 Drosophila assays. Recently, Siboni et al. (2015) demonstrated that
Actinomycin D (ActD), a known transcription inhibitor with affinity and specificity
for GC-rich DNA (Kamitori and Takusagawa, 1992), reduces CUG RNA transcript
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levels in both DM1 cells and mouse models, and rescues MBNL1 dependent
missplicing events in a mouse model. Currently, ActD is most commonly used as a
key component in the multimodal treatment of several cancers (Hill et al., 2014;
Osborne et al., 2011).

As for DM2 pathology, Lee et al. (2009) described a series of multivalent ligands
displaying kanamycin A units which inhibited the r(CCUG)4s—MBNLL interaction
in vitro (Lee et al., 2009). A triaminopyrimidine-acridine ligand was reported to be
an in vitro inhibitor of the MBNL1-r(CCUG)s complex but proved to be toxic in
cellular assays (Wong et al., 2011). To improve the therapeutic potential of this
compound a new set of ligands was developed; they maintained the key
triaminopyrimidine recognition unit but replaced the acridine intercalator with a
bisamidinium groove binder. The optimized ligands have low cytotoxicity and were
able to disrupt the MBNL1-r(CCUG)n foci in DM2 cell cultures (Nguyen et al.,
2014).

Despite the promising results obtained in experimental models in vivo and in
vitro, at present all the tested molecules have scarce therapeutic applicability in
humans because of their low bioavailability (due to enzymatic degradation) or high
systemic toxicity.

Nanocarriers, protecting the encapsulated agents from enzymatic degradation
and to allow drug delivery and sustained release inside the cells, may represent a
suitable approach for improving the administration of therapeutic agents and
decreasing adverse systemic side effects. These nanocarriers must obviously be
biocompatible and biodegradable to play their therapeutic action without damaging
patient’s organism.

To our knowledge, scarce information is available about experiments aimed at
delivering therapeutic molecules for DM by using biocompatible nanoparticles
(NPs). Therefore, nanotechnology represents a truly innovative approach to face

the still unsolved problems of DM treatment.
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2. Nanotechnology in biomedical research

2.1. Nanoparticles for drug delivery

Over the last years, nanotechnology has been receiving a great interest in daily
life. The Food and Drug Administration (FDA) has never given a definition for
“nanotechnology”, “nanomaterials” or “nanoscale”, but mentions nanotechnology
as the science able to manipulate materials with extremely small size, usually with
a dimension between 1 and 100 nm (Soares et al., 2018). Nowadays,
nanotechnologies are very important in different fields including medicine,
chemistry and environment, energy, information-communication and heavy
industry (Kavoosi et al., 2018).

Nanomedicine is defined as a part of the medical science that utilizes nanoscale
materials for various applications including diagnosis, therapeutics and
regenerative medicine (Patra et al., 2018; Kavoosi et al., 2018). The European
medicine agency (EMA) has defined nanomedicine as a science that design systems
having at least one component at nanoscale size for clinical application
(https://www.ema.europa.eu/documents/presentation/presentation-quality-aspects-
nano-based-medicines-dolores-hernan-pacrez-de-la-ossa_en.pdf). The term of
nanomedicine can cover a wide variety of materials and structures, and NPs
represent the main material employed. The most commonly used NPs are showed

in Figure 4.
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Figure 4. NPs commonly used in biomedical fields. Modified from

https://www.ema.europa.eu/documents/presentation/presentation-quality-aspects-nano-based-
medicines-dolores-hernan-pacrez-de-la-ossa_en.pdf

The rational use of NPs has revolutionized the application of pharmaceutical
drugs for therapeutic and diagnostic purposes. Due to their small size, NPs have
unique structural, chemical, mechanical, magnetic, electrical and biological
properties that are different from those of the equivalent bulk materials (Patra et al.,
2018). The use of such delivery systems may improve drug stability in vivo and
prolong its blood circulation times; this can increase drug bioavailability thus
making it possible to lower the doses to be administered, with a reduction of
systemic toxicity and side effects.

The clearance of NPs by the hepatic, renal and immune systems represents, in
fact, one of the most important drawbacks in drug delivery technology because NPs
may undergo opsonization and removal before reaching the target organs and
tissues (Sahay et al., 2010; Adabi et al, 2017). To overcome these problems a local
administration, the block of the activity of phagocytic cells or the modification of
NPs surface with hydrophilic polymers represent possible solutions (Adabi et al.
2017). When NPs reach the target organs, they NPs undergo metabolic processing,
to be finally excreted from the organism. The following table summarises the main
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pharmacokinetics steps of NPs in the body: absorption, distribution, metabolism

and excretion (Table 2).
Table 2. Pharmacokinetic steps of NPs inside the body.

parenteral, transmucosal, transnasal, transdermal and pulmonary

U

Opsonization process. Nanostructures interact with different biological ]

Nanostructures can be administer by different routes: gastrointestinal, J

component belonging to the immune system

U

Distribution of nanostructures into different organs, tissues and cells

U

Metabolic process of nanostructures and clearance by different routes

~

OJOR0

v

2.2. Nanoparticle testing for biomedical application

An important aspect in drug delivery technology is represented by the study of
the relationships between NPs and the possible responses that can occur in living
systems. For this reason, pre-clinical evaluations of the biocompatibility of NPs in
in vitro and in in vivo systems represent an essential step for developing safe and
efficient drug delivery systems.

Biocompatibility was refined in 1987 as follow: “Biocompatibility refers to the
ability of a material to perform with an appropriate host response in a specific
situation” (Williams, 1987). The notion of biocompatibility is strictly related to that
of biodegradability, i.e. the ability of the NPs system to be eliminated from the
cell/lorganism  without undesired negative effects. The definition of
biocompatibility encompasses a wide and varied panel of analyses, from the
chemical characterization of the material to the tests in vitro (cytotoxicity) and in
vivo (e.g. hemocompatibility, irritation/intracutaneous reactivity, sensitization,
systemic toxicity, pyrogenicity, implantation). These tests must be applied at both
short and long term.

The most used methods in vitro, in vivo and ex vivo for testing NPs intended for

biomedical application are briefly described in the following chapters, with special
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reference to the recent technological advancement of in vitro/ex vivo systems aimed

at mimicking to the biological environment.

2.2.1. In vitro studies

Regarding the interaction of nanoconstructs with the biological systems, in vitro
studies are the first to be performed for evaluating NPs cytotoxicity.

In general, NPs are able to easily enter the cells and to interact with their
organelles, thanks to their small size. Once in contact or inside the cells, NPs can
affect cellular viability through chemical or physical interactions which may induce
structural and/or functional changes (Nel et al., 2009).

Chemical mechanisms hindering cell viability include the production of reactive
oxygen species (because of the destruction of balance of redox systems caused by
the nanomaterials: Soares et al., 2018), the release of toxic ion (Xia et al., 2008),
the disturbance of the cell membrane electron/ion-transport activity (Auffan et al.,
2008), the oxidative damage through catalysis (Foley et al., 2002) and lipid
peroxidation (Kamat et al., 2000). On the other hand, physical mechanism includes
disruption of the membranes (Hussain et al., 2005) or their activity (Navarro et al.,
2008; Elsaesser and Howard, 2012), altered transport processes (Ovrevik et al.,
2004), protein misfolding (Hauck et al., 2008), and protein aggregation/fibrillation
(Chen and Von Mikecz, 2005).

To identify the cytotoxic effects of nanomaterials, different in vitro assays may
be performed. These tests are usually applied to cultured cells, in order to evaluate
cell proliferation and death, or stress responses following exposure to
nanomaterials. For example, the mitochondrial activity, the release of lactate
dehydrogenase, or the activation of death-related proteins (such as activated
caspases) are popular and practical markers for assessing the cytotoxicity of NPs
(Niles et al., 2008; Soares et al., 2018).

Necrotic cells undergo early plasmalemmal and mitochondrial damage, with
ensuing release of cytosolic enzymes and sudden adenosine triphosphate (ATP)
depletion; as a consequence, the live-cell assays based on the reduction of
compounds (such as tetrazolium and resuzarin) by the mitochondria electron

transport chain become negative. Contrary to necrotic cells, apoptotic cells preserve
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functional plasma membranes until the late stages of this regulated form of cell
death (i.e., until karyorrhexis and cell fragmentation into apoptotic bodies): this
allows cells to retain their cytosolic enzymes and the capability to reduce
tetrazolium and resazurin. In addition, in apoptotic (but not in necrotic) cells,
specific proteases called caspases are activated (Kabakov et al., 2011; Riss et
al.,2016).

Time zero 30minto4h 4t048h =48 h

Apoptosis
Wiable cell 2° Necrosis
Enzyme release 0 + 4+ +
Caspase 0 ++ o+ 0
ATP ++++ 4+ + 0
Tetrazolium e 4+ + 0
Resazurin ++++ +++ + 0
Enzyme retention +++ +++ + 0
Time zero 30minto4h 4t048h >48 h
Ko
- A ~. 3 {‘\
Y : (4 . A
Necrosis /Qi""n D PP f '\(,i‘ \ i€ e
[\ s r: 3 taf | .
&l am™ ) G Y. gy Vewd o
(¢ {g;; & \ @Y N ogv %
D e / Sy A
— ——— Vg -
Viable cell Cell debris
Enzyme release 0 - ++ 0
Caspase 0 0 0 0
ATP = 0 0 0
Tetrazolium - 0 0 0
Resazurin -+ 0 0 0
Enzyme retention +HH 0 0 0

Figure 5. Viability and cytotoxicity biomarkers commonly used to assess the occurrence
of apoptotic or necrotic events due to the cytotoxic effect of nanomaterials (modified
from Niles et al., 2008).

However, it is worth remarking that the results of the conventional toxicity
assays following NPs administration may sometimes be questionable, due to the
following reasons. The chemical composition of NPs can directly influence the

results of some enzyme-based assays or can change the pH or nutrient balance in
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the culture medium thus altering the cell growth conditions (Mahmoudi et al.,
2018): all these events are potentially able to affect cell viability or proliferation,

irrespective of the occurring interaction between NPs and the cultured cells.

2.2.2. Invivo studies

The main drawback of in vitro tests is the inability to fully reproduce the
complexity of living organisms, and for this reason in vitro studies are insufficient
alone to predict possible hazards to humans. In the literature there is a considerable
number of newly synthetized nanocomposites successfully tested in in vitro models
that then proved to be unsuitable when applied in vivo; the knowledge of the NPs
behaviour in a living organism is therefore mandatory, to predict the fate, possible
toxicity and therapeutic efficacy of NPs suitable for drug delivery in humans.

Actually, in vivo studies allowed to optimize several parameters to make NPs
able to more easily enter the cells and to overcome the biological barriers.
Numerous works focused their attention on the study of the in vivo biodistribution
of NPs into different organ and tissues using mice and rats us animal models (review
in Li et al., 2012). From these studies, inorganic (e.g. gold, silver, ferric oxide,
quantum dots) and organic NPs (e.g. liposomes (LPs), solid lipid) are found mainly
in liver, spleen, lung, brain, heart and kidney. As expected, the biodistribution of
the different NPs into organs and tissues, depend on the different routes of
administration and on the physicochemical properties (such us size, surface
chemistry and composition) of nanovectors. For example, Nel and collaborators
(2009) studied in vivo the cytotoxic effect of NPs taking into account their size,
hydrophobicity and surface charge: these authors found that cationic NPs are more
toxic than the anionic ones due to the electrostatic interactions between the negative
cell membrane and the positive NPs which enhances cellular uptake; moreover,
they demonstrated that hydrophobic NPs generally have a short half-life in vivo
(hence a relatively low bioavailability) as they are rapidly removed by the
reticuloendothelial system (RES).

The administration route may also strongly influence NPs bioavailability in the
organs and tissues of a living body. When NPs directed to a given organ are

systemically administered (e.g., by intravenous injection) it is important to study
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their presence and effects not only on the organs of interest, but also in others to
clarify where NPs are efficiently taken up and to detect the possible occurrence of
tissue damage or inflammation response.

There are however limits for the tests in vivo too. This is usually a long and costly
experimentation, which is sometimes believed as insufficient to directly prove the
efficacy of a treatment on humans. In addition, especially in recent years, the ethical
concern on the use of animals in testing has grown in the public opinion, and the
Three Rs (3Rs: replacement, refinement and reduction) (Russell and Burch, 1959)
is nowadays the gquiding principle for more ethical use of animals in
experimentation: 3Rs are aimed at ameliorating the animal welfare and the
scientific quality when the use of animals is unavoidable, and also encouraged to

develop alternatives to animal testing.

2.2.3. Fluid dynamic in vitro technologies

The currently available in vitro systems from the conventional 2D cell cultures
to the 3D co-cultures cannot efficiently mimic the functional and structural
complexity of a living organism.

Several alternative cell culture methods have been proposed in recent years in
order to avoid a simplistic in vitro representation (Wei et al., 2006; Mazzei et al.,
2010; Giusti et al., 2014). The first generation involved low shear perfusion systems
(Chen, 1992), sired tank bioreactors (Reuss, 1995) and airlift bioreactors (Saxena
et al., 2007). The peculiar feature of these kind of systems, that makes them more
suitable than conventional cell culture, is the introduction of fluid dynamics
mimicking the flow of the physiological fluids. As shown in Figure 6, in a
physiological environment, cells coordinate their behaviour and function in
response to different signals: biochemical, physico-chemical and mechano-
chemical cues. One of the most important physicochemical cues is the oxygen
concertation. Using a dynamic system, it is possible to maximize the transport of
this gas thanks to the recirculation of fresh medium (Sbrana and Ahluwalia, 2012).
Under fluidic dynamic conditions, cells in culture are subjected to shear stress,

flow-dependent mechanical stimuli, concentration gradients, movement and local
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increase of nutrients, all features that are known to positively influence cell
functions and stimulate growth (Vozzi et al, 2011).
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Figure 6. Different types of signals from which the activity of cells and organs depend. Using a
bioreactor with an appropriate design and engineering, it is possible to reproduce these factors

occurring in vivo (modified from Sbrana et al., 2012).

The second generation of bioreactors are composed by a membrane or fibres
housing supported by a ring containing an outlet and inlet ports. All the system is
connected to a glass medium reservoir, glass medium waste and a micro-peristaltic
pump. These types of bioreactors offer a high degree of oxygenation thanks to the
diffusion of humidified air across the membrane. (De Bartolo et al., 2006 ;
Schwartlander et al., 2007; Ye et al., 2007).

Finally, the third generation is represented by micro-fluidic systems. These
devices include microarray bioreactors (Powers et al., 2002), the micro cell culture
chamber assay (Lee et al., 2006) and the micro cell culture analogue (Sung and
Shuler, 2009). However, the microfluidic systems are limited by their microscale
size. In order to overcome the disadvantages of all these systems, new fluid dynamic
technologies for in vitro models have been developed in order to avoid this problem.

These devices offer the same mechanical stimuli from flow and are normally
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composed of different culture chambers made of polydimethylsiloxane that can be
collected and joined together, in parallel or in series, offering the possibility also to
simulate a multiple organ system. Three different bioreactors were developed: a
laminar flow chamber, for the simulation of shear stress, a multicompartmental
bioreactor and its evolution, presently under experimentation, for the metabolic
study of organs and tissues. Previous works have successfully demonstrated the
validity of these bioreactors demonstrating the increase of integrity and tight
junction of epithelial cells (Caco-2) in comparison to the static condition (Giusti et
al., 2014). Also, Vozzi and collaborators (2009) underlined the advantages of these
multisystemic bioreactor showing the improved of metabolic function of
Hepatocyte-HUVEC cells under dynamic conditions.

These new fluid dynamic in vitro systems allow to fill the gap between the
conventional in vitro cell cultures and the in vivo complexity thanks to the
possibility to use directly explanted organs. When applied to explanted tissues or
organs (such as the skin, muscle or gut), this technology may provide reliable
organotypic information thus helping to reduce the number of animals to be used

for pre-clinical tests.

2.3. Nanoparticles for skeletal muscle

A wide variety of NPs have been proposed as drug nanocarriers for biomedical
use; however, their application to the treatment of muscular dystrophies has so far
been quite limited. The studies essentially focussed on Duchenne muscular
dystrophy (Nance et al, 2018), and several different NPs were tested: polymeric
NPs (PNPs) proved to efficiently deliver oligonucleotides (Rimessi et al., 2009;
Sirsi et al., 2009; Falzarano et al., 2013, 2014; Wang et al., 2015); LPs were used
to deliver gentamicin (Yukihara et al., 2011) and morpholino oligomer (Negishi et
al., 2014); cationic LPs were used to deliver siRNA to skeletal muscles in vivo
(Mori et al., 2014); a nanolipodendrosome carrier was loaded with MyoD and
myogenin as novel therapeutic agents in mice with muscular dystrophy phenotype
(Afzal et al., 2013); perfluorocarbon NPs were used to deliver rapamycin (Bibee et
al., 2014). Recently, gold NPs have been tested in vitro and in vivo to deliver Cas9
and correct the DNA mutation causing Duchenne muscular dystrophy (Glass et al.,
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2017; Lee et al., 2017). Gold NPs and fluorescent copper nanoclusters were also
proposed for diagnostic purposes (Qin et al., 2010; Chen et al., 2015).

On the other hand, to our knowledge, only few studies focussed so far on
nanocarriers intended for DM treatment: Bubble LPs were used to deliver antisense
oligonucleotides to correct chloride channel 1 (Clcnl) alternative splicing and limit
myotonia in a DM1 mouse model (Koebis et al., 2013; Negishi et al., 2018), and
methods to obtain encapsulation and controlled release of PTM in mesoporous
silica nanoparticles (MSNSs) intended for DM treatment have been recently set up
(Peretti et al., 2018).

For the experimental work of this thesis, we chose to test nanocarriers already
demonstrated to be biocompatible in different biological systems. Their main

characteristics are described below.

2.3.1. Liposomes

LPs were discovered in 1960 by Bangham and Horne and approved for the
clinical use in 1995 (Bozzuto and Molinari, 2015; Zylberberg and Matosevic,
2016). Due to their unique properties and the high biocompatibility, LPs are widely
used in biomedical application for drug delivery and gene therapy (Zylberberg and
Matosevic, 2016). Nowadays, about a dozen of LP-based drug-carrier systems are
available in the market (Zylberberg and Matosevic, 2016; Chang et al., 2012) (Table
3).
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Table 3. FDA approved liposome-based drug delivery systems for biomedical applications
(modified from Zylberberg et al., 2016).

Drug Administration Product Particle type
Ampotericin B Intrevenous Ambisome Liposome
Ampotericin B Intrevenous Abelcet Lipid complex
Ampotericin B Intrevenous Amphotec Lipid complex
Daunorubicin Intrevenous DaunoXome Liposome
Cytarabine SpinalEpidural Depocyt Liposome
Morphone sulfate Intrevenous Depodur Liposome
Doxorubicin Intrevenous Doxil PEGylated liposome
Inactivated hepatitis A virus Intramuscolar Epaxal Liposome
Inactivated hemaglutinine of Intramuscolar Inflexal Liposome
Influenza virus strains A and B
Doxorubicin Intrevenous Myocet Liposome
Doxorubicin Intrevenous Lipodox PEGylated liposome
Vincristine Intrevenous Margibo Liposome
Verteporphin Intravenous Visudyne Liposome

LPs are colloidal aggregates of phospholipids that assemble in water forming a
spherical vesicle made of a single bilayer or of multiple concentric lipid bilayers
encapsulating an aqueous compartment. The main components of LPs are
phospholipids, i.e., amphiphilic molecules containing a hydrophilic head and two
hydrophobic chains (Figure 7, Su et al., 2018). In an aqueous environment, due to
their amphiphilic nature, they are able to form membranes where the polar head
locates at the surface and the fatty acid chains are in the inner part, far from the

water.
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Figure 7. Self-assembly representation of a LPs (modified from Su et al., 2018).

Thanks to their amphiphilic nature, LPs may be loaded with both lipophilic and
hydrophilic molecules: hydrophilic drugs are normally dissolved in the aqueous
core, while lipophilic compounds are entrapped inside the lipid bilayer (Figure 8).
Conventional LPs were the first generation of this NPs type; they consist of a
cationic, anionic or neutral lipid bilayer containing also cholesterol that surrounds
an aqueous core. To increase stability and extend the blood circulation times, LPs
with surface-bound PEG were developed. Moreover, to improve targeting, LPs may
be functionalized with different compounds (peptides, carbohydrates, antibodies)
that can interact with ligands specifically expressed on the surface of the target cells.

LPs can be formulated and processed to different size, charge, and lamellarity
according to the specific requirements such as drug loading, application, cost and
reproducibility (Bozzuto and Molinari, 2015).

Changing the concentration and type of phospholipids, it is possible to modify
the plasticity, stability and pharmacokinetic of LPs. For example, cholesterol
improves the phospholipid packing thus stabilizing the LPs membrane and
improving its stability in vivo and in vitro. Moreover, to prolong the half-life of
LPs in blood circulation and reduce the uptake by the reticuloendothelial system, it
is possible to use cholesterol for anchoring specific molecules (e.g., polyethylene

glycol, PEG) able to modify the pharmacokinetic features.
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Figure 8. Encapsulation of hydrophobic and hydrophilic drugs inside different types of LPs
(modified from Sercombe et al., 2015).

2.3.2. Mesoporous silica nanoparticles

Among the nanocarriers for delivering pharmaceutical agents, MSNs are very
promising, due to their versatility and unique structural features. MSNs may have
different sizes (from 50 to 300 nm) and shapes (from spheres to rods), uniform
cylindrical mesopores, high surface areas (1000 m?/g) and easily functionalizable
surfaces (Manzano and Vallet-Regi, 2018). Moreover, MSNs are mechanically,
thermally and chemically more stable in the biological environment than other
biomaterials such as polymers. According to the description by the International
Union of Pure and Applied Chemistry (IUPAC), a mesoporous material is defined
as a porous material with pore diameter between 2 and 50 nm and a high volume (1
cm?®/g) in which it is possible to load a wide variety of chemical compounds. Thanks
to this versatility, MSNs are therefore suitable for different biomedical applications
as host materials for pharmaceuticals or bioactive molecules, or as bioimaging,
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biocatalytic and biosensing tools (Trewyn et al., 2007; Slowing et al., 2008; Liong
et al., 2008; Manzano et al., 2009; Viviero-Escoto et al., 2010).

Recent investigation demonstrated the possibility to design MSNs for single-
drug or multi-drug release. The pores may be closed to avoid the leak of the drug
by covering the whole NPs with a shell sensitive to specific internal or external
stimuli (such as the pH, light, magnetic fields, ultrasound) that trigger the release
of the cargo at the target site (Manzano and Vallet-Regi, 2018). In MSNs designed
for multi-drug loading, one therapeutic agent is loaded into the pores while the other
one in the shell (Baeza et al., 2012). In addition, other studies developed an
alternative preparation system where a cytotoxic drug is loaded in an inactivate state
(as a pro-drug) that is enzymatically activated at the target site: for example, Baeza
et al. (2015) used MSNs where the non-toxic pro-drug, indol-3-acetic acid was
loaded in the pore while its switchable activating enzyme (horseradish peroxidase)
was in the shell.

Irrespective of the method used for manufacturing, it is relatively simple to
prepare MSNs with various structural features of size, shape and pore volume;
moreover, similarly to LPs, MSNs may be functionalized by adding on their internal
or external surfaces either functional groups to avoid their interaction with blood
components and the reticuloendothelial cells, or ligands to improve their interaction
with cells expressing specific receptor. All these structural and compositional
features can affect the pharmacokinetic and pharmacodynamic behaviour, and the
modes of cell interaction and internalization of the MSNs. Figure 9 shows different
functionalization strategies of MSNS.
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Figure 9. Different types of functionalization on MSNs (modified from Chen et al., 2018).

Previous studies have demonstrated an optimal biocompatibility in vitro using a
MSNs dosage lower than 100 pg/kg (Hudson et al., 2014), while in vivo MSNs are
well tolerated at dosages lower than 200 mg/kg (Lu et al., 2010). This great
biocompatibility is probably due to the fact that NPs are degraded to non-toxic
silicic acid (Shen et al., 2014), which is normally present in many tissue and
physiologically excreted through the urine (Park et al., 2009). This makes MSNs
very promising nanocarriers for theragnostic and diagnostic applications, and good

candidates for future tests in clinical trials.

2.3.3. Polymeric nanoparticles

PNPs are considered as optimal vectors for drug delivery due to their simple
formulation design, versatility, safety, efficacy, absence of immunogenicity,
biological inactivity, good pharmacokinetics, and tunable release of both
hydrophobic and hydrophilic drug. Polymers are macromolecules formed by a large

number of similar units bonded together and are characterised by multiple structures
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and properties related to the chemical composition, molecular weight, and number
and type of reactive groups.

Natural or synthetic polymers can be used to manufacture PNPs (Table 4).
Natural polysaccharides have various origin (microbial, vegetal, or animal) and can
be classified in cationic (chitosan), anionic (alginate, heparin, pectin, hyaluronic
acid), or neutral (pullulan, dextran), based on their intrinsic charge. Natural
materials are less toxic, more biocompatible and biodegradable in comparison to
the synthetic ones, but they are difficult to reproduce (due to the high degree of
variability) and to purify. Conversely, synthetic polymers are more immunogenic,
which prevents their long-term usage.

Table 4. Most commonly natural and synthetic polymers.

Natural polymers Synthetic polymers
+ Chitosan Polylactides(PLA)
+ Gelatin Polyglycolides(PGA)
* Sodium alginate Poly(lactide coglycolides) (PLGA)
* Albumin Polyanhydrides

Polyorthoesters (POE)
Polycyanoacrylates
Polycaprolactone (PCL)
Polyglutamicacid (PGA)
Polymalic acid (PMLA)
Poly(N-vinyl pyrrolidone)
Poly(methyl methacrylate)Poly(vinyl alcohol)
Poly(acrylicacid) (PAA)
Poly acrylamide (PAM)
Poly(ethylene glycol)
Poly(methacrylic acid)

Generally, PNPs have a size between 10 and 1000 nm and are classified as
nanocapsules and nanospheres, depending on the preparation method (Nagavarma
et al., 2012). Nanocapsules are vesicular structures in which the drug can be
confined inside an aqueous or non-aqueous liquid core surrounded by a polymeric
shell; nanospheres are solid/matrix systems in which the drug may be trapped

within the polymeric mass or adsorbed at the surface (Figure 10).
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Figure 10. Different type of PNPs: A nanospheres and B nanocapsules.

PNPs can be either formulated from direct monomeric polymerization or from
preformed polymers.

Figure 11 shows the most common polymerization techniques to synthesize
PNPs (El-Say and EI-Sawy, 2017).

[ lonic gelation or coacervation of hydrophilic polymers 1
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Figure 11. Various techniques for preparation of PNPs (modified from Say et al., 2017).

The therapeutic agent can be dissolved, entrapped, encapsulated or attached to
the PNPs matrix. The release of the drug from PNPs may occur in three different
ways: by enzymatic reaction that causes polymer rupture or degradation at the
delivery site; by hydration and swelling of the polymer followed by diffusion of the
drug through the matrix; by dissociation of the drug from the polymer.
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Among the different natural polysaccharides, hyaluronic acid (HA) has been
widely use in the pharmaceutical field thanks to its biocompatibility,
biodegradability, non-toxicity, and non-immunogenicity properties (Morra, 2015).
HA is a negatively-charged linear glycosaminoglycan (GAG) made of several
identical subunits (D-glucuronic acid and N-acetyl-D-glucosamine disaccharide)
linked together by glyosidic bonds (Figure 12).

OH OH

/
O

~0 O HO O
o)

NH
o:<
Jn

Figure 12. Structure of HA monomer.

HA is an important component of the extracellular matrix, being widely
distributed throughout the connective, epithelial, muscular and nervous tissues.

Among the synthetic polymers, poly(lactic-co-glycolic acid) (PLGA) NPs are
very promising nanoconstructs for drug delivery (Danhier et al., 2012). PLGA
hydrolysis forms two endogenous and biocompatible monomers, lactic acid and

glycolic acid, which are easily metabolised via the Krebs cycle (Figure 13).

0] 0 0
HO 0 HAC /L/ OH
0] H ——
STy oH + Ho
CH 0
2 < v OH
Poly(lactic-co-glycolidic acid) Lactic acid Glycolidic acid

Figure 13. Hydrolysis of PLGA (modified from Danhier et al., 2012).
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In addition, PLGA NPs are able to encapsulate both soluble and insoluble drugs
ensuring a high loading efficiency. The presence of reactive groups on their surface
allows an easy modification and functionalization, thus empowering the stability of
NPs in physiological conditions and improving cell and tissue targeting. PLGA NPs
are approved by the FDA and EMA as drug delivery systems for biomedical
applications such as the administration of vaccines, or the treatment of cancer as
well as of cardiovascular (Pascual-Gil et al., 2017), inflammatory (Gu et al., 2013;
Ikoba et al., 2015), infectious (Darvishi et al., 2015; Kumar et al., 2015) or
neurodegenerative diseases. Nowadays eleven types of products for medical
application using PLGA NPs are available on the market (Sun et al., 2017).
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3. Aim of the work

During my doctoral program, | focused my attention on the still unsolved
problem of the lack of therapy for DM1 and DM2.

As already reported, the most accepted pathogenic hypothesis for these genetic
neuromuscular disorders is an RNA gain-of-function due to expanded RNAs that
accumulate in nuclear foci where RNA-binding splicing regulators are sequestered;
this leads to a general splicing deregulation.

Several molecules among which PTM proved either to induce the degradation
of the expanded RNA repeats or to inhibit the sequestration of splicing factors in in
vivo and in vitro experimental models; however, serious delivery or toxicity
drawbacks prevent their clinical application.

Nanotechnology may offer a solution to this problem. In fact, drug-loaded NPs
may improve the therapeutic efficacy thanks to their ability to protect the
encapsulated molecules from enzymatic degradation and to ensure their delivery
and sustained release inside the cell.

Therefore, the main goal of my work was to set up an innovative experimental
therapeutic strategy for DM based on biocompatible nanocarriers loaded with
therapeutic agents that were selected among the ones accredited by the scientific
literature.

To this aim:

1) the suitability for muscle cells of different biocompatible nanocarriers was
tested in vitro on both established cell lines and primary cultures;

2) novel biocompatible nanocarriers that efficiently encapsulate pentamidine
were synthesized and preliminarily tested in vitro;

3) an in vitro system able to maintain explanted mouse skeletal muscles under
fluid dynamic conditions was set up and used to investigate the biodistribution of
selected NPs in the whole muscle.

The synthesis of the new nanocarriers was achieved by a chemical and
pharmaceutical approach, while the studies on the relationships between NPs and
the biological environment were mainly performed by fluorescence (conventional

and confocal) microscopy and transmission electron microscopy.
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The first aim of my doctoral project was to verify the suitability for muscle cells
of different biocompatible NPs. In pilot studies, the cell uptake, the interactions
with cellular components, and the intracellular degradation of LPs, PNPs and MSNs
were investigated in vitro on established cell lines (Costanzo et al., 2016, 2017a).
Analyses at light and electron microscopy (Costanzo et al., 2017b) allowed us to
demonstrate that each investigated NPs was characterized by specific interactions
with the cells, and to understand the cellular basis of their biocompatibility; in
addition, these results gave us an experimental background to proceed with the
evaluation of the impact of these NPs on muscle cells.

Therefore, LPs, MSNs and PLGA NPs (pilot tests demonstrated the unsuitability
for muscle cells of polymeric NPs, thus replaced by PLGA NPs) were applied to
primary human myoblasts and myotubes from healthy human subjects (Guglielmi
et al., submitted). During this study, | became aware of the complexity of the
primary muscle cell cultures, where cycling myoblasts and resting differentiating
myotubes may occur, with significant consequences on NPs experimentation. The
results demonstrated the biocompatibility of all the tested nanocarriers for both
myoblasts and myotubes but highlighted the reduced uptake efficiency of muscle
cells in comparison to the established cancer cell lines usually employed for NPs
evaluation. Since this study suggested PLGA NPs as the most promising
nanocarriers for muscle cells among those tested, we performed a pilot study to
preliminarily assess the therapeutic efficacy of PLGA NPs loaded with PTM base
(PTM-B) using cultured myoblasts obtained from skeletal muscle biopsies of a
DML1 patient (see preliminary results 1). The results showed a reduced toxicity of
NPs-loaded PTM coupled with a reduction of the intranuclear foci containing toxic
RNA typical of DML1.

The second aim of my doctoral project arouse from the promising results
obtained on DM1 myoblasts treated with PTM-B released by PLGA NPs. In order
to synthesize novel biocompatible nanocarriers encapsulating PTM, | worked for
nine months at the Laboratoire d'automatique et de génie des proceeds (LAGEP) of
the Claude Bernard University, in Lyon (France). Under the guidance of Prof.
Giovanna Lollo, | synthesized novel HA-based NPs suitable for efficiently

encapsulating PTM isethionate salts (PTM-S) (Carton et al., submitted). Studies in
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vitro are in progress to assess the impact of these NPs on an established murine
muscle cell line. The first results demonstrated their full biocompatibility for
myoblasts and suggested a high internalization efficiency, which however needs to
be checked by further experiments (see preliminary results II).

In order to validate the tested NPs for biomedical application, a nanocarrier must
be faced not only with cultured cells but also with the complex biological
environment of the target organ and the living organism. However, the use of
laboratory animals implies several ethical and economic problems.

In this view, as the third aim of my doctoral project, | undertook a new challenge
to set up an in vitro system able to preserve explanted organs and tissues from
control animals used for other experimental protocols, in order to respect the 3R
principles. A fluidic dynamic system (IVTech Srl, Massarosa, Lucca, Italy)
originally developed to improve cell cultures, was adapted to preserve explanted
skeletal muscles in vitro for prolonged times, thus offering an experimental model
mimicking the functional and structural complexity of the whole organ (Carton et
al., 2017). In addition, the muscles necessary for our experiments were explanted
from control animals used in other experimental protocols, thus reducing the
number of laboratory animals. This novel experimental system allowed to monitor
the biodistribution in the whole muscle of the PLGA NPs successfully tested in
cultured cells, highlighting the NPs retention in the connective tissue (see
preliminary results 111) and opening the way to new studies aimed at improving NPs

targeting by means of surface functionalization (Figure 14).

60



Il. Results

Flow rate velocity
Sense of the flow
Pumping heads

driving two
independent circuits

Peristaltic pump

Mixing chamber <

Tubes with luer lock connectors

Drawer

Soleus musde/%

Single flow configuration

Figure 14. Schema of the fluidic dynamic experimental system.

The above-described studies have been carried out in collaboration with the
research teams headed by Prof. Silvia Arpicco and Prof. Barbara Stella (Department
of Drugs Science and Technology, University of Torino, Italy), Prof. Giovanna
Lollo (LAGEP, Claude Bernard University, Lyon, France), and Prof. Giovanni
Meola (Department of Neurology, IRCCS Policlinico San Donato, San Donato
Milanese, and Department of Biomedical Sciences for Health, University of
Milano, Italy).

The results summarized above are described in detail in the published or submitted
scientific articles, as well as in the preliminary results reported below. The
published articles have been reproduced with the permission of the journals’

Publishers.

61



Il. Results

62



Il. Results

M. Costanzo, F. Carton, A. Marengo, G. Berlier, B. Stella, S. Arpicco, M. Malatesta
(2016): Fluorescence and electron microscopy to visualize the intracellular fate of
nanoparticles for drug delivery. Eur J Histochem 60:2640, DOI:
10.4081/ejh.2016.2640.
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Abstract

In order to design velid protocdls for drug
release via nanocmiers, it is essentia to
know the mechanisns of adll intemalization,
theinteradions with organelles, andtheintra-
cellular permenence and degradation of
nanopartides (NPs) as wall as the possible 2l
alteration or damege induced. In the present
study, the intracdllular fate of liposormes, poly-
rmeric NPs and mesoporous silica NPs (MSN)
has beeninvestigatedinan in vitro call system
by fluorescence and transmission eledron
rmiaoscopy. The tested nanocamiers proved to
be dharadterized by spedfic interadions with
the adll: liposomes enter the cdlls probably by
fusion with the plasma menrbrane and under-
@o repid cytoplasric degradation; polymeric
NPs are internalized by endocytosis, oaaur in
the oytoplasmboath endosed in endosomes and
free in the oytosal, and then undergo messive
degradation by lysosome action; MSN are
internalized by bath endocytosis and phagocy-
tosis, and persist in the cjtoplasmendosedin
vaaudles. No one of the tested nanocamiers
wes found to enter the nudeus. The exposure
to the different nanocarriers dd not inaease
call death; only liposormes induced a redudion
of cdll population after long incubation tinmes,
probably due to adll overloading. No subadllular
danmege wes absened to be induced by paly-
meric NPs and MSN, whereas transrrission
eledron miaoscopy revealed oytoplasm alter-
ations in liposometreated cdls. This inmpor-
tant infomretion on the strudural and func-
tional relationships between nanocarriers
designed for drug ddlivery and adltured cdlls
further proves the audal rde of miaascopy
techniques in nandtechnalogy.

[European Journal of Histochemistry 2016; 60:2640]

European Jourd of Histochemidtry 2016; volune 60:2640

Introduction

Nanomedidne bears nanotechnology and
medi d ne together, with the aimto abain new
therapeutic approaches and inprove aurrent
treaments.! The unique features of nanone-
terids, suchaseg, inaeased surfaceareaand
quantum effeds, are responsible for their
remarkable efficacy in establishing nolecular
interadions at the cdlular and subclular
level. Due to these peauliarities, nanocarriers
received spadal attention in recent years, as
suitable todls for effidently delivering drugs or
diagnostic agents to the target sites.
Nanopartides (NPs) rray be loaded with rela-
tivdly large variety of drug noleadles (eg,
smell molecules, peptides, nudeic adds)
which are protected from deavage by external
agents, and the encapsulated drugs do not par-
tidpate in the contrd over phammacokinetic
and biodstribution. Thus, NP-besed targeted
therapy has emerged as a unique strategy to
nreintain a drug therapeutic dose at the target
site, while redud ng systermic drug toxiaty and
adverse sice effeds to healthy tissues. %

A plethora of nanosized drugddivery sys-
terrs has been developed, and particular atten-
tion has been paid to li posommes and biodegrad-
able palymeric NPs, as bioconpatible and ver-
satile systens to encapsulate adive agents.

Li posormes are nanoconstrudts mede of nat-
ural or synthetic phosphalipids surrounding a
water core. Liposomes spontaneously form
when phosphdlipids are dispersed in water,
and are non-toxic, biodegradable, and biocorm+
patible, being phosphadlipids their major com-
ponent. Awide variety of drugs may be encap-
sulated in liposomes into either the aqueous
aore or the surrounding hilayer#* Liposomes,
espedally the cationic ones, are also used for
gene therapy, and are considered the nmost
suitable transfeding vedors anong the aur-
rently used synthetic (non~viral) carriers.s©

Pdymeric NPs indude nanospheres and
nanocapsules cormposed of natural or synthetic
polyrrers, in which drugs can be adsorbed, dis-
solved, entrapped or encapsulated.
Nanospheres are netrix systes where the
loaded drug is uniformly dispersed, while in
nanocapsules the drugis confinedto the inner
aqueous or aly awvity surrounded by a tiny
paymeric membrane. Poymeric NPs have
good encapsulation effidency and high stabili-
ty in plasmg, and inarease the solubility and
sahility of hydrophobic drugs while lowering
their toxidty, thus permitting a controlled
release at the target site at relatively low
doses. 1215

Mesoporous silica NPs (MSN) have recently
attraded attention as promrising components
of multimrodal NP systens, owing to their
straightforward synthesis and fundionaliza-
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tion, tunable pore size, large drug loading
Gapadty, good chemical stability, and adequate
bi oconmpti bility: 267 MSN can encapsullate both
smell noleaules and digonudedtides. '

Despite the numerous studies on the physico-
chemic and phamreadlog cl properties of lipo-
soes, paymeric NPs and MQ\, little attention
has so far been paid to investigate the mecha-
nisirs of cal intemndlization, organdle interac-
tions, and intracdlular permrenence and degra-
dation as wall as the possible NP+dlated
alteration or darege. Thisinfomretionis essen-
tial for designing suitable protocdls for NPredi-
ated drug ddlivery®2 and in the present study
the intracdlular fate of liposoes, paymeric
NPs and MSN has been investigated in an in
vitro cdll system by fluorescence and transimis-
sion eedron miaosaopy.

Materials and Methods

Preparation and characterization of NPs

Fuorescent labelled liposomes were pre-
pared by thin lipid film hydration and extru-
sion method. Briefly, a chloroform solution of
the lipid components (Avanti Polar-Lipids dis-
tributed by Spedra 2000 Rone, Italy) 1,2-
di palmi toyl-sn-glycero-3-phosphocholine
(DPPC), chdesterd (Chdl), and Lo phos-
phatidy-DL-dlycerd sodiumsalt (PG) (70:30:3
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nrolar rati os) wes evaporated and the resulting
lipid film wes dried under vacuum overnight.
Lipid films were hydrated with a 10 mM solu-
tion of fluorescein-5(and-6)-sulfonic add
trisodum salt (Invitrogen, Life Technologies,
Monza, Italy) in HEPES [4{2-hydroxyethyl)
piperazine-1-ethanesulforic add] buffer (pH
7.4), and the suspension was vortex rrixed for
10 min and beth sonicated. The formulations
were extruded (BExtruder, Lipex, Vancouver,
Canadh) at 60°C passing the suspension 10
times under nitrogen through 220 nm polycar-
bonate menmbrane (Costar, Corning
Incorporated, NY). To prepare hyaluronated
liposormes, HA,,DPPE conjugate wes previ-
ously prepared as reported by Ampico & al 4
The lipid films were mede up of DPPC/Chd
(7030 nolar ratio) and then hydrated using a
solution of HA,-DPPE conjugate (3 nolar
ratio) in HEPES.

Fuorescent labelled polymeric nanoparti-
des were prepared by nanopred pitation of the
copolymer - poly(methoxypolyethyleneglycol
cyanoaaylate-cohexadecyl  cyancaanylate)
(poly(MePEGCA-co-HDCA)) obtained as eari-
er reported?. Pradicly, 12 ng of the copaly-
mer and 16.8 g of Nile red ((9-diethylanino-
SH-benzo[ a.] phenoxazine-5-one), Sigme-
Aldrich, Milan, Ttaly) were dissolvedin 2 miof
warmacetone; this solution wes then added to
4m of MilliQ® weter under magnetic stirring.
Predi pitati on of nanopartides ooourred sponta-
neously. After solvent evaporation under
reduced pressure, an aqueous suspension of
fluorescent nanopartides was obtained?
Fluoresaent li posonmes and polyrreric NPs were
purified from nonH ncorporated dye by gdl fil-
tration on a Sepharose (4B colurm.

The mean partide size and the polydispersi-
ty index (PI) of liposomes and polymeric
nanopartides were deterrined at 25°C by
quasi-elastic light scattering (QELS) using a
nancsizer (Nanosizer Nano Z, Malvern Inst.,
Malvern, UK). The seledted andle wes 173° and
the measurerment was mede after dilution of
the nanopartide suspension in MilliQ® water.
Each measure wes pafomed in triplicate.

Arinoimesoporous silia NPs (NH,-AMSN)
were prepared by using cetyltri methylanmoni -
um bromide (CTAB) as strudure direding
agent (SDA) as previously desaibed.”
Fluorescein isothiocyanate (FITC) labelled
MSN were prepared as reported by* with
minor nodifications. Briefly, at a suspension
of 1nmg of NH,AMSNin 150 L of MilliQ® water
250 L of FITC ethand solution (0.3 ng/rl)
were added. The mixture wes nreintained for 5
h under stiming in the dark and then the
nanopartides were centrifuged and washed
with ethand three times untl the super-
natants were colorless.

The partide surface charge of all formrula-
tions was investigated by zeta potential meas-
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urements at 25°C applying the Smoluchowski
equation and using the Nancsizer Nano Z
Measurements were arried aut in triplicate.

In vitro &l aulture

Hela cdls, a humman cdl line conmronly
used for besic research as a standardised in
vitro system, were grown in Dulbeco’s nodi-
fied Eage medium supplemented with 10%
(W) feal clf serum 1% (wA) dutamine,
10,000 units/rL of penidllin and 10,000 pgiri
of streptomyan (Gbaoo by Life Technologies,
Milan, Ialy), at 37°C in a 5%C0, hurridified
atmosphere. Cells were trypsinized (0.25%
trypsin in PBS containing 0.05%EDTA) when
sub-confluent, and seeded either on 12 multi-
well plastic miaoplates (2010* per well) for
cl viahility evaluation or dlass coverslips in
12-rulti-well plastic miaoplates (10010* per
well) for fluorescence and transmission elec-
tron miaosaopy (TEM). One day after seeding,
the initial medium wes replaced with a fresh
one containing fluorescent NP suspensions:
both unaoated and hyaluroni c ad d-coated lipo-
SOmes were admi nistered at the concentration
of 500 g/, MSN at 50 pghrl and palyrreric
NPs at 100 pgirl. The chosen NP concentra-
tions were previously denmmonstrated to be non-
qytotoxic for various aultured cdlls#% Cdlls
wereinaubated with NPs for 2h, 24hand48h
and then proaessed as desaribed below; in par-
dle, untreated cdls were used as contrdl.
Hela are highly prdliferating cdlls with a cdll
cyde of about 20 h,% therefore a 48 h inauba-
tion time allows the conpletion of two cydes.

Cell viability assay

To estimate the effect of NPs on cdll viabili-
ty, Hela aultures at all the incubation tines
were detached by mild trypsinization and
stained in suspension for 2 mrin with 0.01%
Trypan blue in the aulture medium: cells that
were permreable to Trypan blue were consid-
ered as non~iable and their percentage wes
esti mated by ni aroscope counting on a Burker
henooytometer; call sanples not exposed to
NPs were considered as controls. Results were
expressed as the mean + standard error (SE)
of three independent experiments.

To evaluate cdl gowth, 2010* cdllsfinell
were seeded on 12 multi-well plastic
miaoplates and the total call nunmber was esti-
meted after the different inaubation times.
The calls were detached by mild trypsinization
and counted in a Burker hemooytormeter;, and
the data were expressed as the mean of three
i ndependent experiments + SE.

In order to evaluate the effedt of NPs
administration on cdl prdiferation, the S
phase cdlls fradion wes estimeted 2 h, 24 h
and 48 h after NPs exposure: cells groan on
coverslips were pulsedabdled with 20 UM bro-
nmodeoxyuridine (BrdU, Signa) for 30 min at
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37°C, then fixed with 70%ethand and treated
for 20 min at roomtenperaturein 2N HQ, to
denature DNA partially. After neutralization
with 0.1 M sodium tetraborate (pH 8.2) for 3
min, sanples were washed in PBS, parmreabi-
lized for 15 min in PBS containing 0.1%
bovine serum alburrin and 0.05% Tween-20,
andinaubated for 1 h with a nouse nmonodon-
al antibody recognizing BrdU (BD, Franklin
Lakes, NJ, USA) diluted 1:20in PBS. After two
washings with PBS, sanples were inaubated
for 1 hwith an Alexafluor 54-conjugated anti -
nmouse secondary anti body (Moleaular Probes,
Invitrogen, Milan), diluted 1:200in PBS. The
adl sanples were washed with PBS, stained
for 5 min with 1 pgil Hoechst 33342
(Sgma) in PBS, and finally mounted in
PBSglycerd (1:1) to be observed and scored
in fluorescence miaosaopy (see below). Data
were expressed as the mean of three inde-
pendent experiments £ SE.

Analysis of NPs intracellular distri-
bution

At each inaubation time, Hela cells were
fixed for fluorescence miaoscopy with 4%
(VA) pareformreldehyde in PBS, pH 7.4, for 30
min at roomtenperature.

The sanples were stained for DNA with
Hoechst 33342 (1 pgfri in PBS for 5 min;
Sgre), counterstai ned with 0.1%Trypan blue
in PBS for 30 sec, rinsed in PBS, and nounted
in a 1:1 mixture of gycerd :PBS (Calbiochem,
Inalco, Milan, Ttaly): this allowed to visualize
the intracallular presence of fluorescent NPs
and to \erify their possible intranudear loca-
tion. An Olympus BX51 niarosaope equipped
witha 100Wmeraury lanmp (Olynpus Ialia S,
Milan, Taly) wes used under the following
conditions: 450480 nm exdtation filter
(exd), 500 nmdichroic rrirror (dm), and 515
nm barrier filter (bf), for FITC; 540 nmexd,
580 nmdm, and 620 nm b, for Nile red; 330-
385 nmexd, 400 nmdm, and 420 nm bf, for
Hoechst 33342 Imeges were recorded with an
QICAM Fast 13%4 digital camera (QIreging,
Surrey, BC, Canada) and processed using
ImegePro Plus 7.0 software (Media
CQyametics Inc,, Rodkille, MD, USA). For
confocal laser scanning miaoscopy, a Leica
TCSSP system nmounted on a Leica DMIRBE
inverted microscope (Leica Miarosystens
Ialia, Milan, Iraly) wes used; for fluorescence
exdtation, an ArMs laser at 488 nmfor FITC,
a HeMe laser at 543 nmfor Nile red, and an
AUV laser at 364 nmfor Hoechst 33258 were
used. Spaced (0.5 um) optical sedtions were
recorded using a 63x ail inmersion objedtive.
Inreges were collected in the 1024001024 pixel
formret, stored on a nmegnetic Mmess menmory
and processed by the Leica confocal software.
For TEM, Hela cells were fixed with 2.5%o(VA)
dutaraldehyde and 2% (VA) paraformrelde-
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hydein 0.1 M phosphate buffer, pH 7.4, at 4°C
for 2 h, postfixed with 1% 0s0, and 1.5%
potassi um ferrocyanide at room tenmperature
for 1h, dehydrated with acetone and ermbed-
dedin Epon.

Ultrathin sedions were weakly stained with
uranyl acetate and obsenved in a Philips
Morgagni transimission eledron miaosaope
(FEIL Conpany Italia S, Milan, Iraly) operat-
ing at 80 KV and equiipped with a Megaview I
camera for digital imege acquisition.

Results

Characterization of NPs

Liposormes (bath uncoated and hyaluronic
ad d-aoated) showed dianmeters around 230 nm
(unaoated liposomes, 22046 nmy hyaluronic
ad d-aoated liposones, 24513 nm, PI<0.1). As
previously reported,* liposome size inareases
with the addition of HADPPE conjugate. Zeta
potential was negative for both formulations
and wes -15.040.70 mV for uncoated li posomes
and nore negative (43.0£1.11 mV) for
hyaluronic add-coated ones due to the pres-
ence of the @rboxylic negative residues of HA
on their surface. At TEM, they appeared as
spherical vesides of low eledtron density
(Figure 1ab).

Polyrreric NPs were 10425 nmin dianmeter
(PI0) ad ted a zamtatid d -44.D
mV; at TEM, they appeared as spherical parti-
des of moderate eledron density (Figure 1c).

MSN were 100£23 nm in diameter with
mesopores of about 3.5 nm, and a zeta poten-
tial of 1244091 m\, AL TEM, MSN appeared as
spherica partides of moderate eledron densi-
ty, with well-ordered mesopores (Figure 1d).
Cell viability

The Trypan blue exdusion test showed that
the percentage of dead cdlls in all NP-reated
Hela sanples was lower than 1.5%at all inau-
bation times, at no variance with control sam+
ples (Figure 2a).

Thetot@l nunrber of calls wes sinrilarin con-
trd sanples and in sanples exposed to poly-
meric NPs and MSN at all times considered.
Conversdly, cell populations exposed to lipo-
somes underwent significant nodfication in
comparison to control sanples; in detail,
unaoated liposomes induced a decrease after
48 h inaubation, while hyaluronic ad d-coated
liposormes induced a dearease after both 24 h
and48h (Figure 2b).

The Sphase fradion did nat signifianty
change after 2hinaubation with all NPs exaept
from MSN, which showed a signifiant
inaease in BrdU incorporetion. After 24 h
inaubation, no change wes found in all sam-
ples while, after 48 h NPs incubation, BrdU
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incorporation signifiantly deareased in cdls
inaubated with hyaluronic add-aoated lipo-
somes and palyeric NPs (Figure 2¢).
Intracdlular distribution of NPs

Liposomes

Miaosaopic obsenations were simrilar for
uncoated and hyaluronic add-coated lipo-
somes. Fluorescence riaoscopy showed that,
after 2 h inaubetion, several liposomes had
entered Hela cdlls; they appeared as isdlated
NPs and never accunrulated nor formed intra-
adlular aggregates even after 48 h incubation
(Figure 3a<). Confocal miaroscopy confimed
the limited nunber of liposoes inside the
adls, and derronstrated that they always local-
ized in the periphera region of the cdll never
enteringthe nudeus (Figure4a). AL TEM, lipo-
Somes were strongly eledron dense due to the
lipid staining by osmium tetroxide, and
showed roundish shapes and shaggy profiles
(Figure 5). Many liposoes - bath singly and
as small aggregates - were found adhering to
the cdl surface, while athers oaaurred inside
the cdlls, just below the plasma membrane or
in the peripheral regon of the oftoplasm
(Figure 5 ac). No intemalization processes
such as endogytosis or phagooytosis were
obsenved, suggesting a diredt transloction

through the call merrbrane. Liposones never
ocaurredin the inner part of the oytoplasmnor
insidethe call nuddl. After call intemalization,
nmany liposomes showed a loose filamentous
content, and eledron dense fine granular
nreterial ocourred nearbyinthe oytosal (Figure
5b). Moreower, in the cdlls exposed to lipo-
somes meny lipid droplets were found: they
frequently oacurred dose to the li posomes and
contained the eedron dense fine granular
material, which appeared preferentially -
although not exdusively- distributed at their
periphery (Figure 5b). After 2 h, but espedally
after 24 h inaubation, many lipid droplets acau-
mulated in the outer qytoplasiic region, often
budd ng fromthe call surface until their extru-
sion in the exracellular milieu (Figure 5¢cd).
These lipid droplets were absent in the con-
tras and in the calls treated with the other NP
types. All Hela cdlls inaubated with liposones
contained large amounts of vesiaular and
merbranous strudures, although nudei and
qytoplasimic organdlles did not show morpho-
logical alterations. This phenomenon wes par-
tiaularly evident after 24 h inaubation and in
adls treated with hyaluronic ad d-aoated lipo-
somes. Consistent with the results on call via-
bility, no neadtic nor apoptatic figures were
ever obsened

Figure 1. Tranamission dedron mi

of uncoated liposomes (@), hyduronicadd-

ana:l liposomes (b), polymeric NPs (c) and MSN (d). WHll-ordered mesoporesaredear-
ly visblein MSN. ac). Negative staining. Scae bars a-c) 100 nny d) 50 nm
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Polymeric NPs

Fluorescence i aoscopy revealed that poly-
mreric NPs entered Hela cells after 2 h inaube-
tion: they appeared as isdlated NPs that pro-
gressively inaeased in nunber and acounu-
lated in perinudear areas, after 24h (Figure 3
a'¢). Confocal miaoscopy confinred their
oytoplasimic distribution and their absence in

percentage of dead cells

ol ow ol om 0w
2h 24n 48h
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the cdll nudei (Figure 4b). AL TEM, polymeric
NPs showed a regular round shape and a nod-
erate eledron density (Figure 6). Snde NPs
were rarely found to adhere to the call surface
(Figure 6), andin the cytoplasmthey appeared
both inside membrane-bounded endosomes
(Figure 6b) andfreein the oytosdl (Figure 6a);
they never occurred inside the nudeus. After

b number of cells (X10%)
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24 h inaubation, a large nurber of roundish
eledron dense residual bodies acaunulatedin
the perinudear region of the cytoplasm
(Figure €e); this phenomenon did not oaaur in
contral calls or in sanples treated with MSN or
liposomes. Somre polymeric NPs were sur-
rounded by double membranes, as typial of
autophagic figures (Figure 6 ¢, d).

percentage of BrdU-positive cells

§25°3
3

» ﬁi *
ik

h 24h 48h

Figure 2. Effedt of NP treaiment on adl prolifaation. a) Mean vauesiSE of dead cdll percentage after 2, 24 and 48 h inaubation with
the different NPs b) Mean vduesiSE of cdl number aftar 2, 24 and 48 h inaubdation with the diffarent NPs ¢) Mean vduesiSE of

BrdU-positive cdli

dfter 2, 24 and 48 h inaubation with the NPs In the hi

vaues identified with asterisks are sig-

nificantly different from the contrdl (untreated) cdlis at thesame inaubation time CTR, contral; L, liposomes; LHA, hyaduronic add-
coated liposomes; Poly NPs, polymaric NPs MSN, mesoporous silica nanopartides

Figure 3. Conventiond fluores-
cance migosoopy andysis of
liposome (green fluoresoncs, a-
c), polymeric NP (red fluores-
aancg, a-¢)and MSN (green flu-
orescencg, a'-b") intracdlular
disribution after 2h (@@'), 24h
(bb") and 48 h (cC") inauba-
tion. All NPs are distributed in
the whole gytoplasmy, epeddly
in the painudear region, but are
gpparantly absnt from nudd.
Polymeric NPs and MSN pro-
gressivldy acaumulate inside the
cdls wheress liposomes do not
show evident acamuilation at
inaeasing tresment times DNA
is stained with Hoechst 33342
(blue fluorescence); in ac and
a-b" the cytoplaam is counter—
sainad with Trypan blue (red
fluorescence). Sale bars 20 pm
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Figure 4. Confocd 500 nm-
spacad optical sadiions of Hela
ddls after 24 h inaubation with
liposomes (green fluorescence,
a), polymaric NPs (red fluores-
aancg, b) and MSN (grean fluo-
resaencg, €). Al the NPs are dis-
tributed in the cytoplaambut are
absnt fromthenudeaus; notethe
paiphead locdion of liposomes
DNA is sainaed with Hoedhst
33342 (blue fluoresomnce). In a
and c the gytoplaam is counter-
sainad with Trypan blue (red
fluorescence); in b the red fluo-
rescant signd of polymaric NPs
has bean margad with the brigh-
fidd image Salebars 20 pm

Figure 5. Tranarision dedron

miaosoopy andysis of liposomes

intracdlular distribution after 2 A~

h (3 b) and 24 h (G d) incuba- _,/ :

tion. a) Sevad liposomes enter i L

theddl apparently without endo- i f

qytotic process and ocar freein

the oytoplasm. Note their loose \‘ -

filamentous periphay. b) ‘ =

Eledron dense fine granular “i

neterid (arow) ocauwrs in the L !
in dose proxmity to 1 /

liposomes and lipid droplets (L)- ;

Granda nataid gppears dis

tributed dso a the paiphay

(aronheads) of the lipid

droplets (L). ) After 24 h inar

bation, while liposome uptake a b

continue (@Tow), nearly dl lipid =

droplets (L) contain dedron : :
dense granular neteiad and T e [
some of them bud from the cdl

arface (@aronheads). d) Ddail *

of a paiphad ddluar region: g
t\AollpdquIds(L)aﬂarIng 2
adl su'fanald one is edrudad N :

(@aronhead). Cel organdles L) .

appear hardly recognizable Scae

bars 500 nm
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No contad: between palyrmeric NPs and oyto-
plasmic organelles, nor indication of cell alter-
aion or danege were ever obsened at any
incubation ine.

MSN

Obsenvation at conventional and confocal
fluorescence miaosaopy revealed that, after
2 hinaubetion, many MSN were intermalized
by Hela cdls, and it wes evident that their
anmount progressively inaeased up to 24 h

Figure 6. Tranamisson eedron
migosoopy andysis of polymaic
NPs intracdiuar distribution after
2h (@d)and 24 h (e) inaubation. a)
Two polymaric NPs oaars a the

adl paiphery: one adhering to the

adl surface (arownhead), the other
fredy distributed in the cytosol

(a1'ow). b) A polymeric NP is
endosome (aTow)

osad in an s
Pulynmc NPs are partidly (c) and * :
mn‘plehdy (d) endosad by 5 - -4
(arowns). e) Afte- 24 h inaubation, : S
the oytoplaam contains numerous e e :
stel ad srongy dedron dene 5 @ %
residud bodies (aTowheads) G, [ ° %j’.

gymgm;L lipid drople; N, nudas
ebars 200 nm

Figure 7. Tranamission dedron
miaosopy andysis of MSN intra-
ddluar didribution after 2 h (ad)
and 24 h (g f) inaubation. a) Large
of MSN ocars a the
adl surface (asterisks). Shel dus-
tars of MSN are visble indde the
gytoplaan, even insde nudear
invaginations (arrows). The arrow-
head indicates the detail showad in
b. b) A MSN duster is intemdlisxd
via phagooytosis by theedrusion of
psaudopodia (arrows). c) Smdll
dusters of MSN enter the cdis by
endogytods (@rows). d-€) Vaauoles
containing MSN (arrows) are ubiq-
uitoudy distributed in the gto-
plasm sometimes vary dose to the
nudeus (N). f) MSN ocar in lage
vaauoles containing
neterid. L, lipid droplets N,
nudass Scde bars a) 5 png bf)
500 nm
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(Figure 3a"-¢"). MSN often oaaurred as dus-
ters bath at the cdll surface and inside the
cytoplasi;, after 24 h inaubation nost of MSN
were located around (but never inside) the
nudeus (Figure 4c). At TEM the MSN were
roundish and highly eledron dense (Figure
7). According to the obsenvations in fluores-
cence maosaopy, many MSN were found to
adhere to the cdll surface, frequently as large
aggregates (Figure 7a). Sinde or few MSN
were intermalized by endogytosis (Figure 7c),

N
P
§€ P

F P BT PR ¥
[L“ )'.,J L )
e

X

while the large dusters entered the call via
phagooytosis (Figure 7b). In the cytoplasmy
MSN were always foundinside vaaudles of var-
ious sizes that were ubiquitously distributed
in the oytoplasm (sometimes very dose to the
nudear envelope), but they were never found
inside cell nudei (Figure 7 de). After 24 h
incubation, MSN were obsened inside large
vaaudles (probably secondary lysosomes or
residual bodies) containing heterogeneous
material (Figure 7). MSN dd not contact any
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particular organelle, and there wes never sign
of subcellular alteration or damege at any
inaubation time.

Discussion

Bi oconpatibility and non-toxidty are essen-
tia prerequisites for nanocariers to awid
adverse effedts in the patient’s organism, and
are espedally inportant when NPs are ainmed
at delivering therapeuti c agents to restore the
nomel physidogical fundions in diseased
adlswhich areto be presened: thisisthe ase
with highly differentiated non-cyding cells
such as myofi bres and neurons,

In our experimental moddl, adll death wes
apparently unaffected by the exposure to the
various NPs, consistently with previously pub-
lished data by our group** and others.®
However, hyaluronic add-coated liposomes
were found to significantly reduce call popula-
tion after both 24 h and 48 h, while uncoated
liposormes induced a dearease after 48 h only.
The slondown of call praliferation derronstrat-
ed after 48 h inaubation with hyaluronic add-
coated liposomes partialy explains such a call
nunber redudion, but it is likely that also cdll
death contributes to the population dedine.
This is only apparently in contrest with the
results obtained by the Trypan blue exdusion
test; in fadt, it should be considered that dead
ddls, after detaching from the substrate, may
undergo rapid degradation thus becoming
undetedable: this may cause their underesti-
nretion espedally at long inaubation tines.

Our exparimental nodd seas therefore
nore sensitive to the treatrent with lipo-
SOmes in conrpari son to ather previously i nves-
tigated cdl lines* The stronger effect of
hyaluronic-ad d-aoated liposomes is probably
due to the cgpahility of hyaluronic add to
inarease the uptake effidency by cdlls bearing
D4 receptors®? as Hela cdlls® although
the rapid disaggregzti on of these NPs does not
allow to dbsene any dfference in their intra-
cdlular accumulation. This observation con-
fimrs and extends previous data denmonstrat-
ing that NP biocorrpatibility may depend -at
least in part-on the cdll type®

Polynreric NPs were found to slow down cdll
proliferation after 48 h incubation, although
the total call nunber remeined unaffeded.
This phenomenon has been already obsenved
in aultured epithelial calls inaubated with poly-
rmeric NPs for 1-3 days® and may be due tothe
intracdllular overload of NPs and/for their rem
nants after long inaubation times. The long-
term effed of polymeric NP intermalization
cartainly desenves further investigation since
a signifi@nt redudion in cdl prdiferation
may represent a predidive sign of call death.

Orignd Paper

Conversdly, adll praliferation wes inaeased
after brief (2 h) exposure to MSN: this is con-
sistent with previous obsenvations by Christen
d al.* and our goup (unpublished results),
and could be related to the silicaNP-nduced
adivation of MAPK signaling and the down-
regulation of p53, whichin tum inhibit apopto-
sis andinduce cdll proliferation.

Fuorescence i aoscopy denonstrated that
adl uptake is quite rapid and effident for all
the NPs tested, although evident differences
have been foundin their intracellular distribu-
tion. TEM allowed nonitoring the fine struc-
tural relationships between NPs and call com+
ponents, darifying the upake mechanisns
and the intracdllular fate of internalized NPs.

MSN enter cdls in large amounts via bath
endoqytosis and phagocytosis; once intemal-
ized, they always oaaur inside vaaudes, thus
remeining segregated from the oytosd and
oytoplasimic organelles. MSN were never found
free in the oytosd and this suggests they are
unable to escape endosoes (contrary to other
NP types®35). MSN do follow the intracellular
Iytic pathway, as suggested by the presence of
residual bodies containing numerous NPs and
heterogeneous cdlular remmants (this wes
espedallydear after 24hinaubation). Suchan
intracdlular behavior must be taken into con-
sideration when using MSN for drug ddlivery
in vivo:in this case, the therapautic agents to
be targeted by MSN should be carefully select-
ed to be able to aope with the Iytic adion of
lysosoal enzyres, and to be capable of pass-
ing through the vaaudle menbrane before dif-
fusingin the cytoplasm Interestingly, MSN did
nat show any sign of morphological degrada-
tion even inside residual bodies; this denon-
strates their long intracalular persistence and
points to MSN as espadally suitable nanovec-
tors for sustained drug release. In addition,
since MSN accunulate very dose to the
nudear envelope, they could profitably be used
to release drugs diredted to nudear targets. It
is worth nating that, despite the large nuntber
of intermalized M\, the cells did nat showany
sign of organelle alteration or damege after 24 h
exposure. Consistently, no ultrastructural
ateration was foundin a nmurine myoblast call
line after 7 days from MSN exposure,® thus
confirmring the good bicconpetibility of these
nanovedtors. The same study® dermonstrated
that MSN uptake enhances differentiation into
myotubes, openingi nteresting perspedives for
their use in low renewing dfferentiated tis-
sues.

Poymeric NPs enter the cdl individually
probably via endooytosis, and diffuse in the
whole oytoplasm, accurrulating in perinudear
position after long incubation times. They
oawr in the gtoplasm dther inside endo-
somes or free in the qytosal, thus suggesting
that these NPs can escape endosomes, as pre-
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viously obsenved for ather palymeric NPs. 2435
Nevertheless, meny polymeric NPs reenter
the Iytic pathway due to the autophagic
process, thus undergoing enzynretic degrada-
tion and gving rise to the numerous residual
bodies obsenved after 24 h incubetion. TEM
obsenations therefore suggest that many of
the fluoresdng spats visible in the cytoplasm
at fluorescence miaoscopy after long inauba-
tion times might correspond to the renmants
of polymeric NPs inside residual bodies. The
short intracallular permanence of palyreric
NPs suggests that they nay be espedally suit-
able for rapid drug release. According to previ-
ous observati ons, - polymeric NPs have never
been found inside call nude.

The uncoated and hyaluronic add-coated
liposomes show a similar intracdllular distri-
bution pettermn: they enter messively the cll,
probably neinly by fusion with the plasma
merbrane®® (although a receptor-ediated
intemalization cannot be exduded), and
undergo rapid degradation in the peripherd
region of the gytoplasm (no liposomes have
ever been found in the inner part of the oyto-
plasm or in the nudeus). The presence of
granular eledron dense material in dose prox-
imity of liposomes and inside the adjacent
lipid droplets suggests that liposome conpo-
nents are released and migrate i nto the oytosal
to acaunulate, probably due to chemical &ffin-
ity, into the lipid deposits. AL present, we can-
not establish the reason for liposoe degrada-
tion, which could be due to either intracallular
lipases or intrinsic characteristics of the
nanocarmiers. In any ase, this phenomenon
should be taken i nto consideration when using
liposoes as drug @rmiers; in fad, their rapid
degradation could be exploited to allowa rapid
and nessi\e release of the therapeutic agent.
The accurmulation and extrusion of lipid
droplets, obsened in Hela cdlls only after lipo-
someintemalization, likely represent different
steps of the compartmentalization and dini-
nation proaess of exogenous material due to
excessive NP uptake. Accordingly, signs of
oydogcal alteration are evident, espedally
after intemalization of liposomes aoated with
hyaluronic add, which inaeases upake fi-
dency22 However, no heaatic or apoptatic
cls were found in the slides inaubated with
liposomes, probably due to detachment from
the substrate and/or degradation of dead cdlls.
Tt should be underlined that the obsenvation at
fluorescence riaroscopy did nat reveal any sig-
nifiant alteration in liposometreated cdls
and only the high resolution of TEM denon-
strated the adual ocaurrence of subadllular
daneges.

Interestingy, no one of the tested nanocar-
riers wes found to enter the nudeus, even
after long inaubation times, thus denonstrat-
ing that they are unable nat only to pass
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through the nudear pores but also to be
entrapped by the nudear envelope when it
reforms after each mitatic cyde®* Entering
adl nudel might be considered as an advan-
tage for drugdoaded NPs to reach intranudear
targets; however, it is worth nating that this
nray indubitably represent a risk because of
the possible interadions between NPs pa- &2
and nudeicad ds and/or nudear fadors, which
could unpreddably alter call fundion, irre-
spedive of the drug adion. In addition, it is
well known that NP-rediated ddlivery of drugs
or digonudeatides to nudear targets does not
require that the nanocarmier enters the nude-
us, %% but essentially depends on the chemical
nature of the therapeutic agents.

The biocconpatible nanocamiers designed
for drug delivery that have been tested in this
study are ultimetely intended for in vivo
administration and further investigations on
the conplex interactions with the whole
organism are mandatory to plan their thera-
peutic utilization. However, a nanocarrier-
based therapeutic strategy cannat disregard
besi c knowledge and this study provides essen-
tial informreti on on the strudural and fundion-
al interadions of NPs with the cdll compo-
nents, further proving that nicaoscopy tech-
niques (and espadally TEM) are irreplaceable
in the attenpt to desaribe the bidlogical behav-
ior of nanovedors.
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MONITORING THE UPTAKE AND
INTRACELLULAR FATE OF NANOVECTORS
BY MICROSCOPICAL TECHNIQUES

MANUELA COSTANZO, FLAVIA CARTON, MANUELA MALATESTA (*)

SuNTO. — I nanovettori rivestono grande interesse per leloro potenziditain campo tera-
peutico e diagnostico, come sistemi per veicolare farmaci e per I'imaging medicale. Le
loro particolari caratteristiche ne consentono il passaggio attraverso le barriere biologi-
cheel’accumulo nei siti bersaglio, garantendo inoltre la protezione delle molecole cari-
cate e la modulazione dd loro rilascio. Per somministrare nanovettori in maniera effi-
cace e sicura & owiamente necessario vautarne il possibile effetto citotossico, ma &
anche essenzide chiarire i meccanismi di internaizzazione, il traffico intracdlulare, le
relazioni con dli organuli e la persistenza al’interno ddla cdllula de nanoparticolati,
con particolare attenzione dle loro vie degradative. La microscopia € particolarmente
idonea per descrivere le interazioni dei nanovettori con la membrana cdllulare el loro
destino intracdlulare dopo |'internalizzazione. N anoparticelle legate a fluorocromi pos-
SONo essare osservate in microscopia a fluorescenza convenzionale e confocale, mentre
I'devata risoluzione della microscopia dettronica a trasmissione consente di rivelare le
fini relazioni dei nanovettori con le strutture subcdlulari. In questo articolo sono rias-
sunti alcuni studi condotti utilizzando tecniche microscopiche per valutare le proprieta
di nanoparticelle destinate a scopi terapeutici e diagnostici.

kK

ABSTRACT. — Nanovectors are receiving great attention for their potentia in therapeutic
and diagnostic applications as innovative systems for drug ddivery and medical imag-
ing. Their unique features alow them to pass through the biological barriers, to accu-
mulate at the target sites, to protect the loaded drugs from enzymatic degradation and
to modulate their rdease. To design effective and safe administration procedures of
nanovectors it is obvioudy mandatory to assess their possible cytotoxicity, but it is also
essential to ducidate the uptake mechanism(s), theintracdlular trafficking pathway, the
interactions with cdll organdles and the intracdlular persistence of nanovectors, paying

*) Department of Neuroscience, Biomedicine and Movement, Anatomy and
H istology Section, University of Verona, Italy. E-mail : manueda.malatesta@univr.it
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particular attention to their degradation routes. Microscopy is especidly suitable to
describe the interaction of nanocarriers with the cell surface and their intracelular fate
following internalization. Fluorochrome-labelled nanoparticles may be observed by
conventional and confoca fluorescence microscopy, while the higher resolution of
transmission electron microscopy alows to reveal the specific relationships of
nanocomposites with the subcdlular congtituents. This work summarizes some studies
performed by different microscopical techniques to evaluate the properties of nanopar-
ticles intended for therapeutic and diagnostic purposes.

INTRODUCTION

N anovectors are receiving great attention for their potential in
therapeutic and diagnostic applications as innovative drug ddivery and
medica imaging systens. T heir unique properties (eg small size, large
and functionalizable surface area) alow them to pass through the bio-
logical barriers (cal membrane, capillary wall, blood brain barrier) and
to accumulate at the target sites. Moreover, nanovectors may protect
the loaded molecules from enzymatic degradation, prolonging their
pemanence in the living organism; in addition, the rdease of the
loaded drugs may be modulated, thus improving their sustainability
and availability.

Biocompatibility and biodegradability are the basic features of
nanovectors designed for biomedical usg; it is therefore mandatory to
test the behavior of nanovectors in the biological environment.
Although nanovectors are intended for administration in vivo, the first
step of their evaluation is generally performed in in vitro systerrs.
Evaluating the safety and efficacy of a newly synthesized nanovectorsin
vitro represents, in fact, a necessary pre-requisite for in vivo experimen-
tation: cultured cdls are rdativdy simple experimenta models that
enable the analysis of the effects of nanocomposites under strictly con-
trolled conditions, avoiding the complex systemic responses occurring
in a living organism; moreover, in vitro experimentation is less expen-
sive than in vivo tests, and allows a remarkable reduction of laboratory
animals needed for the following systemic studies.

To design effective and safe administration procedures of
nanovectors for therapeutic and diagnostic applications, it is obvioudy
mandatory to assess their possible cytotoxicity after both short and long
post-treatment times; in fact, cdl necrosis or apoptosis may trigger an
inflammatory responsein tissues and organs of the patient receiving the
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nanoparticulate system (Rock and Kono, 2008; Kono & 4al., 2014).
However, it is also essential to ducidate the uptake mechanism(s), the
intracdlular trafficking pathway, the interactions with cell organelles
and the intracdlular persistence of nanovectors, paying particular
attention to ther degradation route. The intracdlular degradation
pathway of nanoparticdes (NPs) is crucia for estimating the efficacy of
a nanocarrier since its entrapment into endosomes may imply a seques-
tration and a rapid inactivation of the loaded molecules by the lysoso-
mal enzymes (Panyam et al., 2002).

Microscopy is especialy suitable to describe the interaction of
N Ps with the cdl surface and their intracdlular fate following internal -
ization. Fluorochrome-abedlled NPs may be observed by conventional
and confoca fluorescence microscopy, while the higher resolution of
transmission dectron microscopy alows to revea the specific relation-
ships of nanocomposites with the subcdlular constituents.

Recently, we have dso demondtrated that diaminobenzidine
photo-oxidation (Maranto, 1982) is especially suitable for unambigu-
oudy visualizing fluorescently-labelled NPs at transmission eectron
microscopy (Malatestaet al., 2012; 2013b; 2014), thus alowing to over-
come the limit due to the moderate dectron density of many nanovec-
tors (which makes them hardly distinguishable from the intracdlular
milieu), and to detect their remnants after Iytic degradation.

The following chapters describe the information obtained by
applying microscopica techniques to evaluate the suitability of differ-
ent N Ps for specific therapeutic and diagnostic purposes.

CHITOSAN NANOPARTICLES FOR THE DELIVERY OF HYPOMETABOLIZING
OPIOIDS

D-Ala(2)-D-Leu(5)-enkephalin (DADLE) is a synthetic hypome-
tabolizing opioid (Odtgen et al., 1988) of potential biomedical interest
(Malatesta et al., 2007). In fact, DADLE is able to significantly prolong
the preservation of explanted organs (Odtgen et al., 1996; Bollinget 4.,
1997; Su, 2000; Inuo & 4al., 2007; Tisherman & al., 2013), to improve
cardioprotection (Romano & al., 2004; Yao & 4al., 2007; Forster e 4.,
2007; 2010) and neuroprotection (Borlongan et al., 2004; 2009; Su &
al., 2007; Wang et al., 2011; Arrich e al., 2012) under ischemic condi-
tions, and to act as anti-tumour agent (Fichna and Janecka, 2004;
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Debruyneet dl., 2010; Tsai e al., 2010). Targeting DADLE to the brain
would be instrumental to assess its hypometabolising effects in vivo
with a consequent decrease in body temperature, which could improve
the surgical procedures that imply hypothermy (such as in aortic arch
surgery:Yan et al., 2013). Theusein vivo of DADLE is, however, prob-
lematic since this molecule is degraded by plasmatic enkephainasesin
afew minutes (Shibanoki et al., 1991) and cannot cross the blood brain
barrier; encapsulating DADLE into NPs could make its systemic
administration more efficient.

Chitosan is a natura cationic polysaccharide widdy investigated
for the devdopment of drug ddivery systerms due to its peculiar features
such as low immunogenicity and toxicity, easy functionalizability, avail-
ability, sustainability and biodegradability (Kumar et al., 2004; Hu et al.,
2013; El Kadib & 4., 2014; Luo and Wang, 2014). Chitosan NPs are
considered as good carriers for the sustained intracdlular ddivery of
gpecific molecules since they are able to protect the loaded drugs from
lysosomal degradation (Koping-Hoggard & 4&l., 2004; Dougdlas and
Tabrizian, 2005; Serdaet al., 2010; Zaki et al., 2011) and to crossdiverse
biologica barriers (Schipper & al., 1997; Peppas and Huang, 2004),
induding the blood brain barrier (Karatas & al., 2009; Songjiang and
Lixiang, 2009; Wang & d., 2010; Jaruszewski et al., 2012). These char-
acteristics make chitosan N Ps especialy promising for DADLE ddivery.

With this aim, we investigated the behavior of chitosan NPs
indde cultured neuronal cells, and we monitored the intracdlular drug
release by DADLE-loaded NPs (Malatesta e al., 2012; 2013a).
According to previous observations in other cdl types (eg Huang &
al., 2002; Ma and Lim, 2003; Harush-Frenkd e al., 2007; Park & al.,
2010; Zaki et al., 2011), chitosan N Ps proved to be efficiently internal -
ized by endocytosis (Fig. 1a), to distribute in the cytoplasm accumul at-
ing in the perinudear region (Fig. 1b), and to escape endosomdl degra-
dation as they occur free in the cytosol (Fig. 1c). H owever, many NPs
were aso found insde secondary lysosomes and residua bodies,
demonstrating that they findly enter the Iytic pathway (Fig. 1d). When
loaded with DADLE, chitosan N Ps efficiently release the opioid in the
intracdlular milieu inducing a fully reversible hypometabolic state
which is dgnificantly longer than that obsarved when DADLE had
directly been administered as free molecules in the culture medium.
Chitosan NPs were found to persist for weeks inside both the cyto-
plasm and nucleus (Malatesta et &l., 2015); since their size does not
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allow them to pass through the nuclear pore complex (Allen et 4.,
2000; Labokha and Fassati, 2013), it is likely that they are entrapped
into the nucleus at the end of mitosis, when the nudear envelope
reassambles (Guan e 4al., 2012). Although chitosan NPs were never
found to make preferential contact with any nudear component, they
could interfere with the overall nudear functions (eg. by establishing
dectrodtatic interactions with the nudeic acids, Lai and Lin, 2009).
Therefore, despite the absence of cdl death or damage up to two weeks
after internalization, further investigation is mandatory on the possible
long-term effects of chitosan NP.

Fig 1. a. Confoa miaogaph of a &l after inaubation with fluoresacan 5(6)-4sothio-
ovanatelabdled chitosan NPs; the adls were previoudy inaubated with the red-luoresang
dye PKH 26 to labd the plasma membrane For several NPs (arrows), green and red flu-
oresaence aw-oate as the result of the endogytotic internalization of part of the plasra
membrane Bar, 10 um. bd. Tranamisson edron miaogaphs of adls inaubated with
chitosan NPs; the fine granular, dark reaction producdt of diaminobenzidine photo-oxida-
tion makesthe NPsdearly datedable. b) A NP endosed in an endosorme (arrow) is located
very doe to the nudear envdope. N, nudeus ¢) A NP (arrow) oaars free in the g/to-
plasm d) A dual membrane (thin arrows) partially surroundsa NP (arrow). Bars, 500 nm
(ac fromMalatesta et d., 2012; d, from Malateta et d., 2015).
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LIPOSOMES, POLYMERIC NANOPARTICLES AND MESOPOROUS SILICA
NANOPARTICLES AS DRUG DELIVERY SYSTEMS FOR MUSCLE CELLS

M yotonic dystrophies (DM ) are genetically heterogeneous neu-
romuscular disorders with autosomal dominant inheritance character-
ized by a variety of pathological features, especially concerning motor
functions (Harper, 2001; Meola and Cardani, 2015). Currently, no
disease-modifying therapies are available, and treatments are admin-
istered to only manage symptonms. Promising results have been
obtained with experimental therapies based on either antisense
oligomers or drugs such as pentamidine or actinomycin D (eg. Lee et
al., 2009; Warf et al., 2009; Wong et al., 2011; Childs-Disney et 4.,
2012; Lee et al., 2012; Parkesh et al., 2012; Wheder e al., 2012;
Coonrod &t al., 2013; Nguyen et al., 2014; 2015; Pandey et al., 2015;
Siboni et al., 2016). H owever, these molecules have scarce therapeutic
applicability in humans because of their low bioavailability due to
enzymatic degradation or their high systemic toxicity. Nanocarriers
are able to protect the encapsulated agents from lysis and to alow its
sustained release inside the cdls: they may, therefore, represent a suit-
able approach to improve the administration of these therapeutic
agents. The nanocarriers must obvioudy be biocompatible and
biodegradable to safdly play their action without damaging patient’s
organism, and this is especially important when they are aimed at
ddlivering therapeutic agents to restore the normal physiological
functions in diseased cdls that are to be preserved (as the highly dif-
ferentiated non-cycling cells of skeletal muscles, heart or the central
nervous system).

In the attempt to set up an innovative therapeutic strategy based
on biocompatible nanocarriers, we tested in cultured cells different
biocompatible NPs aready known to act as efficient drug-ddivery
systems. We focused on liposomes, mesoporous silica NPs and poly-
meric NPs.

Liposomes are attractive vehicles for drug ddivery: they are
composed of natural phospholipids, consequently being biologically
inert and weakly immunogenic, and possess low intrinsic toxicity,
high biocompatibility and biodegradability. Further, drugs with dif-
ferent lipophilicities can be encapsulated into liposomes: lipophilic
drugs are entrapped in thelipid bilayer while hydrophilic drugsin the
aqueous compartment, and the amphiphilic agents are encapsulated
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both in thelipid bilayer and in the aqueous core (Arpicco et al., 2013;
Pedrini e al., 2014). In our study, we used unconjugated and
hyal uronic-acid-conjugated liposomes in order to compare their inter-
nalization capability (it is known that hyaluronic acid may increase
the uptake efficiency by cdls bearing the CD44 receptors, Yu &t 4dl.,
2013; Li et al., 2015).

M esoporous silica NPs have attracted increasing attention due
to their peculiar features: they can be easily synthesized and function-
alized, show an excdlent chemical stability, and are able to load large
amounts of molecules whose release can be modulated by varying the
size of the pores; moreover, they proved to be highly biocompatible
(Chen et al., 2014; Sapino et al., 2015). Interestingly, both small mol-
ecules and oligonucleotides may be encapsulated in mesoporous silica
NPs (Peng e al., 2006). In our study we used amino-mesoporous sil-
icaNPs.

Polymeric NPs are made of either natural or synthetic polymers
that may be structured as nanospheres (where the loaded drugs are
homogeneoudy dispersed in the matrix) and nanocapsules (where the
drug is restricted to the aqueous or oily hollow enclosed in a thin
polymeric layer) (Grottkau &t al., 2013). Polymeric NPs are able to
improve the solubility and stability of hydrophobic drugs thus reduc-
ing their toxicity; this allows a controlled and sustainable release at
relatively low doses. M oreover, they demonstrated a high stability in
plasma (Stella et al., 2000; 20073a; b; Lince & al., 2011). In our study
we used poly(methoxypolyethyleneglycol cyanoacrylate-co-hexadecyl
cyanoacrylate)-based polymeric NPs.

We first investigated the uptake and intracdlular fate of the
three nanocarrier types using a human cdl line commonly used for
basic research as a standardised in vitro system (HelLa cells)
(Costanzo et al., 2016b). All nanocarriers were rapidly internalized by
the cdls, although the uptake mechanisms and intracdlular distribu-
tion were characteristic of each nanovector type. Liposomes enter
massivaly the cell, probably by fusion with the plasma membrane
(Nazarenus et al., 2014) (although a receptor-mediated internalization
cannot be excluded), and they undergo rapid degradation at the cdll
periphery (Fig. 2a).

Liposomic constituents diffuse into the cytosol and accumulate
in lipidic droplets (Fig. 2a"), that are then extruded from the cdl sur-
face (a process likely due to excessive uptake of exogenous material).
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The rapid intracdlular disaggregation of liposomes suggests that they
may be suitable for carrying drugs to be rapidly and massivdy
released.

Polymeric NPs enter the cdl individualy via endocytosis, and
occur in the cytoplasm either inside vacuoles or free (Fig. 2b, b'),
demonstrating their ability to escape endosomes. H owever, most of
polymeric NPs re-enter the Iytic pathway due to the autophagic
process, thus undergoing enzymatic degradation in a few hours. The
short intracdlular permanence suggests the utilization of these NPs
for rapid drug release.

Mesoporous silica NPs are intarnalized as large clusters via
endocytosis and phagocytosis, and remain always enclosed in vacuoles
(first endosomes, then secondary lysosomes and finally residual bod-
ies), thus following the intracdlular Iytic route (Fig. 2¢ ¢’). H owever,
they persist for long time inside the cdl, suggesting their utilization
for sustained release of drugs able to cope with the enzymatic degra-
dation and then cross the vacuole membrane.

Based on these promising results, we investigated the effect of
these NPs in an established myoblast cell line (C2C12) (Costanzo,
2016a). In these myoblasts, liposomes and amine-mesoporous silica
NPs showed similar results as in HelLa cdls, but the cyanoacrylate-
based polymeric NPs were found to induce a dramatic increase of cdll
death and damage.

This strongly suggests that the biological effects of a nanovector
may strictly be related to the cdl type. Cyanoacrylate-based polymeric
N Ps were then replaced by poly(lactic-co-glycolic acid) (PLGA) NPs,
which proved to be safe (unpublished results). PLGA s, in fact, one
of the most successfully used biodegradable polymers because its
hydrolysis leads to metabolite monomers (lactic acid and glycolic
acid) which are endogenous and easily metabolized via the Krebs
cycle, thusleading to a minimal systemic toxicity. Consistently, PLGA
is approved by the US FDA and the European Medicine Agency
(EMA) in various drug delivery systems for humans (Danhier et al.,
2012).

We are presently investigating liposomes, amine-mesoporous sil-
ica NPs and PLGA NPs on primary human myoblasts from skeletal
muscle biopsies of healthy and dystrophic subjects, with very encour-
aging results.
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Fig. 2. a< Confoal miaographs of adls inaubated with liposormes (green fluorescence, a),
polymeric NPs (red fluoresaence, b) and mesoporous Slica NPs (green fluorescencg, ¢). All
the nanovedors are distributed in the c/toplasm but are absent from the nudeus; note the
peripheral loction of liposomes. DNA is stained with Hoedhst 33342 (blue fluoresaence).
In a and c the g/toplasm is counterstained with trypan blue (red fluoresaeence); in b the red
fluoresaent signd of polyrmeric NPs has been merged with the brighfidd imege Bars: 20 um
a-c. Transmisson dedron miaosopy anayss of the intracd/ular distribution of liposomes
(@), polymeric NPs (b’) and mesoporous slica NPs (C). a’) Liposormes oaaur freein the g/to-
plasmand show aloosefilamentous periphery. Eledron densefineganular material (arow)
oawrs in the gtosol in dose proximity to liposomes and lipid droplets (L ). Granular mete-
ria aopears distributed also at the peiphery (arowheads) of the lipid droplds (L). b’) A
polymeric NP isendosed in an endosorme (a@row). ) Large aggregates of mesoporous Slia
NPs oar at the Al surface (asteisks). Srall dustars of NPs are vigble indde the g/fto-
plasm, even indde nudear invaginations (arows). N, nudeus. Bars, 500 nm (&, b’); 5 um
(©). (from Codtanzo et d., 20163).
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MANGANESE-CONTAINING NPSASA NOVEL CONTRAST AGENT
FOR MAGNETIC RESONANCE IMAGING

M agnetic resonance imaging (MRI) is powerful diagnostic tech-
nique that exploits the properties of atom nucle inside a living body
(Cleary and Peters, 2010). It is a current non-invasive tool in daily
clinics, allowing diagnosis to be performed in real time. An intrinsic
limitation of MRI isitslow sensitivity, which often compromises diag-
nostic quality. To overcome this disadvantage, different types of con-
trast agents, which are effective in shortening relaxation times of near-
by protons, have been developed and used (Chopra et al., 2012);
among them, gadolinium (Gd) is currently used in the clinics as MRI
contrast agent. Gd-based agents must always be used in chelated form
due to the high toxicity of free Gd, although they are not completely
free of serious risk (eg, nephrogenic systemic fibrosis may be
induced; Kaewlai and Abujudeh, 2012). A promising alternative to
Gd is represented by manganese (Mn) and its derivatives.

Mn is a trace dement physiologically present in the human
organismsinceit isindispensable for several metabolic pathways (eg.,
blood coagulation and hemostasis, blood glucose regulation, bone
growth, nervous tissue function) (Wedler and Denman, 1984;
Patchett et al., 1991; Zwingmann et al., 2004; Miao and St Clair, 2009;
Horning et a., 2015). Mn?* is characterized by paramagnetic proper-
ties that cause a reduction in T 1 rdlaxation times of water resultingin
positive contrast enhancement /.e, a ‘bright’ signal in T 1-weighted
MRI images of tissues where Mn?* has accumulated. Accordingly,
many Mn complexes have been investigated as alternative contrast
agents for MRI (Mendonca-Dias &t al., 1983; Fornasiero et al., 1987;
Nordhoy et al., 2004; Ldyveld et al., 2011). Further, commercial M n-
based MRI contrast agents have been developed such as, man-
gafodipir trisodium (Mn-DPDP). H owever, M n-based complexes eas-
ily dissociate after administration with the formation of free Mn2*;
exposure to excess Mn is neurotoxic, and Mn2* accumulates most
notably in the striatum resulting in the M n poisoning referred to as
‘manganism’ (Santamaria, 2008). T his suggests the need for biocom-
patible and thermodynamically stable Mn compounds.

Thanks to the progress in nanotechnology, M n can be encapsu-
lated in different types of N Ps made of biocompatible materials which
are expected to both limit M n toxicity and become potential positive
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contrast agents for T1-weighted MRI (Na & al., 2007; Shin &t 4l.,
2009; Howdll et al., 2013; Lee e al., 2014). H owever, the research on
M n-based nano-contrast agents is still at a rdativey early stage, and
there is a paucity of investigations on in vivo and in vitro toxicity of
Mn-based NPs (Li et al., 2013; Xiao et al., 2013; Bellusci et al., 2014;
Katsnelson et al., 2015; Yu et al., 2015).

Our group focused on N Ps obtained by thermal decomposition
of Mn-oleate complex and then encapsulated in a phospholipidic
shdl containing also a small amount of polyethylene glycol, thus
improving their water solubility, stability, bioavailability and biocom-
patibility. These N Ps are especially interesting since they gave prom-
ising results as MRI contrast agents and drug carriers (Howell et al.,
2013). By combining flow cytometry, confocal microscopy and trans-
mission electron microscopy, we explored in vitro their cytotoxicity,
internalization kinetics, intracdlular distribution and degradation
(Costanzo et al., 2016c).

Our results confirmed the safety of these Mn-containing NPs
since the viability assay did not detect alterations after both short (one
hour) and long (two days) incubation times. Flow cytometry allowed
monitoring the internalization kinetics of NPs: they entered the cells
in a few minutes and reached the maximum internalization after one
hour exposure, thus demonstrating an excelent uptake efficiency.
Fluorescence microscopy and transmission electron microscopy
demonstrated that Mn-containing NPs enter the cell probably by
fusion with the plasma membrane (Fig. 3g, b), and remain freein the
cytosol, without making contact with cell organelles (Fig. 3c). It isin
fact known that the uptake of hydrophobic nanocomposite may occur
by lipid raft-mediated endocytosis, a process that allows to bypass the
endolytic pathway thus facilitating the intracdlular permanence of the
NPs(Lanzaet dl., 2011). Interestingly, lipid rafts are typical of numer-
ous tumor cdls (Mollinedo and Gajate, 2015; Nicolson, 2015), thus
opening promising perspectives for the use of M n-containing N Ps for
diagnostic and therapeutic purposes.

Despite the long intracelular permanence of free Mn-contain-
ing NPs, no structural damage of cell components was detected, sug-
gesting that the organic shel is not degraded by the cytosolic
enzymes. Finally, the Mn-containing NPs undergo autophagic
process, thus entering the lysosomal route and being degraded
through a physiological pathway. The long-asting intracellular per-
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manence of Mn-containing NPs must be taken into account as a
potential risk in the case of multiple administrations as contrast agent,
but it may represent an advantage for their use as drug ddivery system
since it may ensure a sustained release.

Taken together, our in vitro data suggest that Mn-containing
NPs may be promisingly considered for therapeutic and diagnostic
applications in vivo, as drug carriers or contrast agent for MRI.

Fig 3. a,b. Confoca fluoresaenae miaosawopy. a) Red fluoresaent MnO cntainingINPs are
distributed in the whole gftoplasm, espedally in the parinudear region, but are absent
fromnude (N). b) Cdls predinaubated with the PKH 67 green-fluoresang dye to labd the
plagma membrane and endocytotic vesides: the red fluoresang NPs never ao-ocate with
gean fluoreseent endosomes. DNA is stained with Hoaechst 33258 (blue fluorescence).
Bars, 10 um ¢ Trangmisson dedron miaogaph of a MnO containing NPs showing the
fine dedron dense ganular readtion produd of diaminobenzidine photo-oxidation. Bar,
500 nm.
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CONCLUSIONS

Microscopical techniques proved to be a powerful approach to
investigate in vitro the effects of nanovectors on cell components. By
brightfield and fluorescence microscopy, the uptake and distribution of
N Psin the whole cdll population may be described, while transmission
electron microscopy provides highly-resolved images of the N P interac-
tion with the plasma membrane and the subcdlular organdles, and of
the induced ultrastructural cell damage undetectable at light
microscopy. Microscopical analyses are not limited to morphological
observation, since the NPs can be detected in association with single
molecular components visualized by cytochemica staining or immuno-
cytochemical labdling.

It may be envisaged that this approach in situ will be increasingly
applied to precisdy ducidate the spatiad and functiona relationships of
nanovectors with specific cdl congtituentsin the attempt to fully under-
stand the interaction mechanisms and the potential risks of NP admin-
istration.
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Summmary

In recent years, the application of nanotechnology to biomedicine has been exponentially increasing. The physical and chemical
properties, quality and safety of nanomaterials designed for biomedical application need to be accurately evaluated by means
of reliable and robust techniques. Among the methods used, microscopy techniques play a primary role. This paper presents
a brief overview of the contribution of different microscopy techniques to the study of the structural and functional aspects of
nanoconstructs and their relationships with the biological milieu, demonstrating the great impact that microscopy sciences

have in nanomedical research and applications.

Key words: electron microscopy, fluorescence microscopy, nanomedicine, nanoparticles.

Introduction

In recent years, the application of nanotechnology
to biomedicine for the development of e.g. new drug
delivery systems, diagnostic tools, sorting systems,
scaffold components (Lim et al., 2010; Bobo et al.,
2016; Fernandes et al, 2016; Soica et al, 2016) has
been exponentially increasing. Understanding the
structure of nanocomposites is crucial to elucidate
their physical and chemical properties, quality and
safety, as well as their distribution and behavior in
vivo. All these features, in fact, strongly affect the
efficiency of nanoconstructs in the living organism,
from the molecular to the systemic level. It is there-
fore essential to perform accurate studies by means
of reliable and robust techniques. Among the meth-
ods used for evaluating the structural and functional
aspects of nanoconstructs and their relationships
with the biological milieu, microscopy techniques
play a primary role. This paper presents a brief
overview of the contribution of different microscopy
techniques to the development of nanomedicine.

Microscopy to characterize nanoconstructs
for biomedical application

A wide variety of analytical methods have been
used for evaluating the physico-chemical character-
istics of manufactured nanomaterials (for a review,
see Lin et al, 2014): these include chromatography,
electrophoresis, magnetic resonance, X-ray scatter

miaosoopie Marzo2017

ing and spectroscopy, mass spectrometry, circular
dichroism spectroscopy, zeta-potential measure-
ments, as well as techniques of microscopy on which
the present article will especially be focused.

In fact, transmission electron microscopy (TEM) is
one of the most efficient tools for the characteriza-
tion of nanomaterials. TEM provides high resolution
of minute structural details, which is essential, for
instance, to obtain information about the crystalline
structure and granularity of the nanoparticles
(Williams and Carter, 2009). Through TEM it is also
possible to detect alterations in nanoparticle mor
phology due to the incorporation of drugs at differ
ent concentrations, thus representing an indispensa-
ble technique for the development of drug delivery
systems (Govender et al., 2000). To be suitable for
observation at TEM, nanomaterials usually need to
be dehydrated, but it is also possible to freeze them
(cryo-TEM), thus better preserving their original
morphology (Williams and Carter, 2009). Although
TEM provide 2D images, the technique of electron
tomography can be used to create 3D images using a
sequence of micrographs taken at different tilts
(Williams and Carter, 2009).

Scanning electron microscopy (SEM) uses elec-
trons for high resolution imaging of the sample sur
face (Reimer, 2000), and represents a valid tool to
investigate some nanomaterials (Bogner et al., 2005).
The topography of the nanostructured samples can
be preserved using special techniques that avoid any
manipulation (environmental or wet SEM) or pre-
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serve their morphology by rapid freezing (cryo-
SEM). The environmental SEM, allowing analyses on
hydrated materials without fixing, drying, freezing or
coating the specimen (Bogner et al., 2005), is espe-
cially suitable to characterize microspheres and
microcapsules (Xiong et al. 2012). Cryo-SEM method
has been applied for the characterization of micros-
pheres (Allan-Wojtas et al., 2008) and nanoemulsions
(Hoesli et al., 2012).

Polarized light microscopy (PLM) may be used for
the preliminary identification of many liquid-crys-
talline structures (Gaisin et al., 2010). The anisotrop-
ic systems cause a deviation in the plane of polarized
light and show typical black and white or colored
textures. Based on this texture, liquid-crystalline
structures can be classified in: (i) lamellar liquid
crystalline phase which reveals oily streaks with
inserted “maltese crosses” in the micrograph; (ii)
hexagonal liquid-crystalline structure which is indi-
cated by a fanlike texture (MiillerGoymann, 2004;
Carvalho et al, 2010; Rissi et al., 2014). However,
PLM can be applied to particles whose size
approaches the wavelength of visible light (400 to
700 nm); for liquid crystal particles presenting small-
er dimensions, TEM is necessary to resolve them
(Miiller-Goymann, 2004).

Atomic force microscopy (AFM) is one of the most
popular scanning probe microscopy methods
(Binning et al., 1986) and the interaction of nanopar-
ticles with the AFM probe has been extensively stud-
ied from different experimental points of view (AFM
tip modification, nanoparticle manipulation, sub-
strate influence) (Theil Hansen et al. 1998; Lee et al.,
1998; Klapetek et al., 2011; Henry, 2005). AFM allows
detection and imaging of nanoparticles from 0.5 nm
in diameter and, although it has been mostly applied
to inorganic nanoconstructs, it is also suitable to
characterize hydrated nanomaterials.

Microscopy for visualizing nanoconstructs
in living organisms

To be used in nanobiology and nanomedicine,
nanoconstructs need to be tested in living organisms.
Cells cultured in vitro, which ensures simple and
controlled conditions, represent the experimental
model of choice. The preliminary utilization of in
vitro systems also allows short experimental times
and reduction of the number of laboratory animals
for the following in vivo studies, thus implying a sig-
nificant decrease of the research costs.

Light microscopy has been largely applied for the
safety assessment of nanomaterials and for design-
ing efficient administration strategies for biomedical
use. Microscopy techniques proved to be useful to

study the interaction of nanoparticles with the cells
and to visualize their intracellular fate, while allow-
ing to simultaneously evaluate signs of cell damage
or death (for a review, see Ostrowski et al., 2015).
By definition, nanoparticle are less than 100 nm in
size and cannot be resolved as single entities even at
the highest magnification in conventional light
microscopy. Thus, only nanoparticulates that form
clusters or aggregates of more than 200 nm in size
can directly be visualized in single cells or tissues.
Depending on their chemical composition, some
nanoconstructs (e.g., carbon nanotubes, iron oxide
or titanium dioxide nanoparticles) can be directly
observed as naturally colored deposits (Porter et al.,
2010; van Landeghem et al., 2009; Adachi et al., 2010).
Enhanced darkfield microscopy has also been used
to detect metal oxide nanoparticles in histological
samples (Roth et al, 2015). In addition, some histo-
chemical techniques are suitable to stain either inor
ganic or organic nanoparticles; Prussian blue may be
used to stain iron containing nanoconstructs (Bumb
et al., 2011 and Figure 1a) while nanoparticles con-

-
d “d_

Figure 1. a) Brightfield microscopy. Iron oxide
nanoparticles (Prussian blue staining) inside a
murine fibroblast (hematoxylin countestaining).
b) Fluorescence microscopy. Chitosan nanoparti-
cles (green) inside a human epithelial cell; lysoso-
mes (red) are visualized by specific immunostai-
ning; DNA (blue) is stained with Hoechst 33258.
Bars: 20 pm.
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taining polysaccharide with negatively charged sul-
fate groups have been successfully visualized by
Alcian blue staining (Holzhausen et al., 2013).

No doubt, fluorescence microscopy is the most
widely used approach to investigate the biodistribu-
tion and the intracellular localization of nanocon-
structs at light microscopy. To this purpose, nanopar
ticles are usually labelled with fluorochromes
(Figure 1b), which must be selected for their struc-
ture, molecular weight and charge not to alter the
physicochemical characteristics of nanoconstructs.

The interaction of fluorochrome-conjugated
nanoparticles with specific cells or intracellular
organelles may be visualized by the simultaneous
immunofluorescence labelling of marker proteins
(Cho et al., 2009; Malatesta et al., 2015 and Figure
1b). A more precise spatial localization of nanoparti-
cles in their interactions with cells may be obtained
by confocal laser scanning microscopy: by this tech-

nique, serial optical sectioning of the sample are
obtained, which allows 3D reconstructions of single
cells or tissues sections. However, confocal
microscopy is diffraction-limited as much as conven-
tional fluorescence microscopy, so that the X-Y reso-
lution is restricted to about 200 nm, substantially
larger than the <100 nm size of nanoparticles.
Techniques of superresolution light microscopy may
overcome this limitation, allowing to significantly
increase X-Y resolution up to about 30 nm (Willig et
al., 2006; Sonnefraud et al, 2014; Guggenheim et al.,
2016).

TEM, thanks to its higher resolution, is however
the most appropriate approach to obtain detailed
and unequivocal information on each step of
nanoconstruct interactions with the cell compo-
nents, from their uptake at the cell surface to their
intracellular degradation (Figure 2). A clear analysis
of nanoparticle internalization mechanism(s) can be

Figure 2. Transmission electron microscopy. a) Gold nanoparticles (arrow) internalized in a human
macrophage. b) Lipid nanoparticles (arrows) entering a human epithelial cell. ¢) Polymeric nanoparti-
cles (arrows) in a human myoblast. d) Quantum dots (arrow) inside a murine macrophage. Bars: a,c 200

nm; b,d 1000 nm.
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obtained, visualizing the contact with the plasma
membrane and the passage into the cell by endocyto-
sis, phagocytosis or membrane fusion (as in the case
of nanoconstructs of lipid nature) (e.g., Zhang et al.,
2011; Malatesta et al., 2012; Costanzo et al., 2016a,b;
Boyles et al., 2015; Poussard et al., 2015; Lopes et al,
2016; Messerschmidt et al, 2016; Zielinska et al,
2016). The distribution of the nanoparticulates in the
cellular compartments provides information on their
fate: the entrapment into endosomes or phagosomes
prefigures their rapid degradation in the lysosomal
compartment, while their free (organelle-unbound)
occurrence in the cytosol indicates their ability to
escape endosomes and, consequently, the enzymatic
lysis (Panyam et al, 2002; Varkouhi et al. 2011).
However, TEM observations revealed that these free
nanoparticles may re-enter the lytic pathway by
autophagosomal processes (Costanzo et al,
2016a,b). Importantly, TEM allows to distinguish the
presence of intact nanoparticles or their remnants
after enzymatic lysis, thus providing unequivocal
information on their biodegradability. TEM can also
provide clear evidence for the distribution of
nanoparticulates inside the cell nucleus: some
nanoparticles may, in fact, enter the nucleus by pass-
ing through the nuclear pores or being entrapped
therein at the end of mitosis (Nabiev et al, 2007;
Colonna et al, 2011; Guan et al, 2012; Malatesta
et al, 2013, 2015; Zhang et al., 2015). This is a crucial
information for evaluating the safety of nanocon-
structs, since the persistence of exogenous materials
in close proximity of nucleic acids may have unpre-
dictable consequences on whole cell activity.

An important contribution to nanomedical
research has been given also by correlative
microscopy. Light (especially fluorescence)
microscopy was combined with advanced TEM
methods (conventional, immuno and energy-filtered
electron microscopy, and electron tomography) to
analyze the biodistribution of different types of
nanoparticles (Miihlfeld et al, 2007). Quantum dots
were identified in in vitro and ex vivo samples by
combining fluorescence microscopy, TEM and scan-
ning transmission electron microscopy (STEM)
(Dukes et al, 2010; Killingsworth and Bobryshev,
2016), and the combination of TEM and Serial Block
Face SEM allowed to quantify their intracellular
uptake (Hondow et al., 2016). The intracellular distri-
bution of gold nanoparticles was investigated by
using interferometric photo-activated localization
microscopy and electron microscopy (Shtengel et
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al, 2014), while their identification inside tumor
masses was performed by combining optical
microscopy and SEM (Kempen et al, 2015). The
uptake and intracellular fate of ZnO-based nanopar-
ticles were analyzed combining dynamic confocal
imaging, low resolution bright field TEM and dark
field STEM (Othman et al, 2016). Cryo-soft X-ray
tomography was used to obtain three-dimensional
information on the interaction of super-paramagnetic
iron oxide nanoparticles with cancer cells (Chiappi
et al, 2016). Fluorescence microscopy and SEM
were combined to investigate macrophage uptake of
cylindrical nanoparticles (Tscheka et al, 2015).

Concluding remarks

In the last 15 years, more than 190,000 articles have
been published in qualified journals on nanoparti-
cles, (source: Scopus database, https://www.sco-
pus.com), and in about 57,000 papers of these,
microscopy techniques were used among the experi-
mental methods. This clearly indicates the great
impact that microscopy sciences have in nanomed-
ical research and applications. It is easy to foresee
that this will even increase in the years to come,
thanks to the continuous progress in microscopy
technology and instrumentation. TEM still is the
most informative approach for investigating the
interaction of nanoconstructs with cells and intracel-
lular organelles, but superresolution light
microscopy may be envisaged as the future in the
field: multicolor histochemical techniques will allow
to simultaneously detect the interactions of nanopar-
ticles with several subcellular components at the
nanodimension of superresolved fluorescence
microscopy.
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ABSTRACT

The use of NPs as drug carriers in the field of skeletal muscle diseases has been poorly addressed and the

interaction of NPs with skeletal muscle cells has been investigated almost exclusively on C2C12 murine

myoblasts. In this study we investigated the effects poly(lactide-co-glycolide) (PLGA) nanoparticles (NPs),

mesoporous silica nanoparticles (MSNs) and liposomes, on the viability of primary human myoblasts and

analyzed their cellular uptake and intracellular distribution in both primary human myoblasts and myotubes.

Our data demonstrate that PLGA NPs do not negatively affect myoblasts viability, contrarily to MSNs and

liposomes that induce a decrease in cell viability at the highest doses and longest incubation time. PLGA

NPs and MSNSs are internalized by endocytosis, PLGA NPs undergo endosomal escape whereas MSNs
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always occur within vacuoles. Liposomes were rarely observed within the cells. The uptake of all
tested NPs was less prominent in primary human myotubes as compared to myoblasts.

Our findings represent the first step toward the characterization of the interaction between NPs and
primary human muscle cells and suggest that PLGA NPs might find an application for drug delivery

to skeletal muscle.

Key words: primary human myoblast; primary human myotube; nanoparticle; fluorescence

microscopy; electron microscopy.

Abbreviations: nanoparticles (NPs); poly(lactide-co-glycolide) (PLGA); mesoporous silica
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transmission electron microscopy (TEM).
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1.  INTRODUCTION

The continuous expansion of nanotechnology has led to a great interest in the potential applications
of nanomaterials in the biomedical field. Nanomaterials are, by definition, materials with size ranging
between 1 and 100 nm, at least in one dimension (Su et al. 2017). The interest in nanotechnology is
due to the unique properties that the matter acquires at the nano-scale size that allow to overcome
some limitations displayed by the corresponding material in its larger state (Su et al. 2017). Several
nanodevices have been designed for different biomedical purposes including drug delivery, gene
therapy, disease diagnosis and for the design of advanced protheses and implants (Su et al. 2017;
Kunzmann et al. 2011). Nanomedicine is intensively exploring the use of nanoparticles (NPs) for
drug delivery because it provides many advantages compared to the administration of the free drug
including increased bioavailability, reduced toxicity and side effects as well as prolonged half-life
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and efficacy of the drug (Su et al. 2017). Moreover, NPs can be modified to target specific cells or
tissues allowing to control the delivery of therapeutics at the site of action while reducing the dosage
and unwanted side effects due to the interaction of the pharmacological agent with off-targets (Su et
al. 2017).

When NPs are to be used for medical purposes it is mandatory to characterize their physicochemical
properties, to exclude their intrinsic toxicity, and to elucidate their interactions with the biological
systems (e.qg., their ability to be internalized, persist and be degraded by the cell) (Kunzmann et al.
2011). Evaluating the effects of NPs on in vitro cell systems represents the first step to assess the
biosafety and biocompatibility of nanoconstructs (Schrand et al. 2012).

Poly(lactide-co-glycolide) (PLGA) NPs, mesoporous silica nanoparticles (MSNs) and liposomes
have been widely investigated in many in vitro and in vivo experimental systems. These studies
demonstrated that PLGA NPs, MSNs and liposomes are biodegradable and biocompatible, creating
the basis for their current use in the biomedical, pre-clinical or clinical setting (Wang et al. 2015;
Danhier et al. 2012; Sercombe et al. 2015).

PLGA NPs are particularly attractive for biomedical uses because PLGA polymer is approved for
medical application by both FDA and EMA, is biodegradable and is already widely employed in the
biomedical field for sutures, drug delivery and tissue engineering (Ulery et al. 2011; Danhier et al.
2012).

MSNs have been drawing the attention in many fields including the medical one due to their unique
honeycomb-like porous structure that allows to carry relatively high amount of molecules and to their
unique properties such as tunable size, shape and pore dimension, large surface area and high reactive
surface which makes their functionalization easy (Slowing et al. 2008; Asefa and Tao 2012).
Liposomes are vesicles constituted of a bilayer of phospholipids and an internal aqueous cavity
(Sercombe et al. 2015). They offer many advantages including high-loading capacity,
biocompatibility, low toxicity and a great versatility allowing the incorporation of both hydrophobic
and hydrophilic drugs, that are entrapped in the membrane bilayer or in the aqueous cavity,
respectively (Sercombe et al. 2015; Abu Lila and Ishida 2017). Liposomes have a long history of
successful applications in the medical field, specifically in drug delivery, that testify their ability to
prevent early degradation of the encapsulated compound, to reduce toxicity and improve
biodistribution and drug delivery (Bulbake et al. 2017; Sercombe et al. 2015).

In the present study, we report the effects on cell viability, cellular uptake and intracellular

distribution of PLGA NPs, MSNs and liposomes in primary human myoblasts and myotubes, which
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have been used as an in vitro model of skeletal muscle tissue. Skeletal muscle accounts for about 45%
of total body weight and has high blood flow: these features make this tissue highly exposed to
circulating drugs, and explain why skeletal muscle is one of the main target of drug adverse reactions
(Klopstock 2008). Therefore, understanding the interaction between NPs and skeletal muscle is
important to identify suitable nanocarriers for drug delivery and to define the impact of NPs on this
abundant tissue.

2.  MATERIALS AND METHODS
2.1 Preparation and characterization of nanoparticles

For the preparation of PLGA (50:50 - Resomer® RG 502 H - or 75:25 - Resomer® RG 752 H, Sigma-
Aldrich)) NPs, the nanoprecipitation technique was employed (Fessi et al. 1989). Practically, for each
preparation, 12 mg of PLGA 50:50 or 75:25 were dissolved in 2 ml of acetone. This organic solution
was then poured into 4 ml of MilliQ® water under magnetic stirring. Precipitation of particles
occurred spontaneously. After solvent evaporation under reduced pressure, an aqueous suspension of
NPs was obtained. Fluorescently labelled PLGA NPs were prepared by nanoprecipitation of PLGA
50:50 or 75:25 (12 mg) in the presence of 16.8 pg of Nile red (9-diethylamino-5H-
benzo[a]phenoxazine-5-one, Sigma-Aldrich) dissolved in acetone; this solution was then added to 4
ml of MilliQ® water under magnetic stirring, as previously described for non-labelled NPs.
Fluorescent NPs were purified from non-incorporated dye by gel filtration on a Sepharose CL-4B
column. MSNs were prepared by using tetraethyl orthosilicate (TEOS) as silica source and
cetyltrimethylammonium bromide (CTAB) as Structure Directing Agent (SDA), in a basic aqueous
solution (NaOH, Sigma-Aldrich) at 80 °C, as described elsewhere (Sapino et al. 2015; Musso et al.
2015). SDA was removed from the inner porosity by calcination at 550°C in nitrogen and oxygen,
followed by surface functionalization using 3-aminopropyltriethoxysilane (APTS, Sigma-Aldrich) as
grafting agent (Sapino et al. 2015). The resulting material, after drying, was suspended in MilliQ®
water (1 mg MSNs in 150 pl) before adding 250 ul of fluorescein isothiocyanate (FITC) ethanol
solution (0.3 mg/ml), adapting a previously proposed procedure (Yu et al. 2013). After 5 h under
stirring in the dark, FITC labeled MSNs were centrifuged and washed with ethanol three times to
obtain colorless supernatants. Liposomes were prepared by the thin lipid film hydration and extrusion
method. Chloroform solution of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti Polar-
Lipids),  cholesterol  (Chol,  Avanti  Polar-Lipids) and  1,2-distearoyl-sn-glycero-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG, ammonium salt, Avanti
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Polar-Lipids) in a molar ratio 65:30:5 were mixed and evaporated under reduce pressure to obtain a
thin lipid film. The resulting lipid film was hydrated with a 20 mM HEPES buffer (pH 7.4) and
vortexed for 10 min to obtain a suspension of multilamellar liposomes. The resulting suspension was
then extruded 10 times under nitrogen through 200 nm polycarbonate filter at 60°C. Fluorescently
labeled liposomes were prepared as described above by adding 10 mM solution of fluorescein-5-(and-
6)-sulfonic acid trisodium salts (Invitrogen) in HEPES buffer during the hydration of the lipid film.
The unentrapped fluorescein was removed by gel filtration using Sepharose CL-4B column eluting
with HEPES buffer.

The mean particle size and the polydispersity index (PI) of liposomes and PLGA NPs 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

dilution of the nanoparticle suspension in MilliQ® water. Each measure was performed in triplicate.
2.2 Primary human myoblasts and myotubes cultures

Primary human myoblasts were established from a portion of diagnostic vastus lateralis of two
different subjects who underwent muscle biopsy for diagnostic purpose and that, after all tests had
been performed, were deemed to be free of muscle diseases (the samples were conventionally named
ctrl and ctr2). Myoblasts were isolated and grown in a cell culture incubator with saturating humidity
in a mixture of 5% CO; and air at 37°C, as previously described (Askanas and Engel 1975). For the
differentiation into myotubes, myoblasts were grown at confluence and then shifted to a medium
without growth factors for 8 days (Guglielmi et al. 2017). The study was approved by the local ethical
board.

2.3 Cell viability assay

The effect of two different formulations of PLGA NPs (PLGA 50:50 and PLGA75:25), MSNs and
liposomes on the viability of primary human myoblasts was evaluated by the MTT assay (Mosmann
1983). Cells were seeded in flat-bottom 96 multiwell plates at the density of 3x10° cells/well. Four
wells for each condition were seeded. After 24 h, the medium was removed and replaced with medium
containing the NPs. PLGA NPs and liposomes were administered at the final concentrations of 0.1,
0.2 or 0.4 mg/ml whereas MSNs were supplied at the final doses of 0.01, 0.05 or 0.1 mg/ml. MTT
assay was performed after 2 h, 24 h and 72 h treatment, as previously reported (Denizot and Lang
1986). Briefly, after incubation with NPs, the medium was replaced with 100 pl of 0.5 mg/ml MTT

in culture medium and incubated for 4 h at 37°C in a cell culture incubator. Then, MTT solution was
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removed, formazan crystals were dissolved in 100 ul of DMSO and the absorbance was measured at
570 nm. Statistically significant differences (p<0.05) in cell viability were determined by one-way
ANOVA followed by Bonferroni’s post-hoc test. Cell viability was expressed as percentage of control

(sham-treated) cells (mean + SE).
2.4 Uptake and intracellular distribution of nanoparticles

Uptake and intracellular distribution of NPs were investigated by confocal fluorescence microscopy
and transmission electron microscopy (TEM) in both primary human myoblasts and myotubes.
Cells were seeded on glass coverslips in 24 multiwell plates. Twenty-four hours after seeding, the
medium was replaced with fresh medium containing the NPs. Myotubes were treated after 8 days of
differentiation. PLGA NPs and liposomes were administered at the final concentration of 0.2 mg/ml
whereas MSNs were used at the final dose of 0.01 mg/ml. After 2 h incubation with NPs, cells were
either fixed or moved to fresh medium without NPs and further grown for 24 h or 72 h.

For fluorescence microscopy, cells were fixed with 1% paraformaldehyde and 0.01% glutaraldehyde
in PBS, pH 7.4, for 30 min at 4°C. Myoblasts and myotubes treated with Nile red labeled-PLGA NPs
were permeabilized with 0.1% Triton X100 in PBS at room temperature (RT) for 8 min and incubated
with phalloidin conjugated with Alexa488 (1:20 in PBS) for 1 h at RT. Myoblasts exposed to either
FITC-labeled liposomes or FITC-labeled MSNs were counterstained with 0.004% Trypan Blue in
PBS for 1 min at RT. Myotubes incubated with FITC-labeled liposomes or FITC-labeled MSNs were
counterstained with phalloidin conjugated with Atto 594 (1:20 in PBS) for 1 h at RT. Cells nuclei
were stained with Hoechst 33258 (1 mg/ml in PBS for 5 min). After washes with PBS, the samples
were mounted in 50% glycerol in PBS. Imaging by confocal laser scanning microscopy was
performed with a Leica TCS SP5 AOBS system (Leica Microsystems lItalia). For fluorescence
excitation, a diode laser at 405 nm for Hoechst 33342, an Ar laser at 488 nm for FITC and PKH67
Green Fluorescent Cell Linker, and a He/Ne laser at 543 nm for Trypan blue, Nile Red, PHK26 Red
Fluorescent Cell Linker and phalloidin conjugated with Atto 594 were employed. To access whether
NPs enter the cells via endocytosis, myoblasts were incubated with either the PKH67 Green
Fluorescent Cell Linker or the PHK26 Red Fluorescent Cell Linker at the final concentration of 2 uM
for 5 min in the incubator, to stain the plasma membrane, and then treated with Nile red-labeled or
FITC-labeled NPs, respectively. This allowed to track the endocytic vesicles originated for the plasma
membrane, and to detect their possible co-localization with the fluorescent NPs internalized by the
cell. Then myoblasts were fixed, stained for DNA with Hoechst 33258, and analyzed by confocal

fluorescence microscopy as described above.
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For TEM, cells were fixed with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4, at 4°C for 1 h, post-fixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide
at RT for 1 h, dehydrated with acetone and embedded in Epon. Ultrathin sections were observed with
a Philips Morgagni transmission electron microscope (FEI Company Italia Srl, Milan, Italy) operating

at 80 kV and equipped with a Megaview Il camera for digital image acquisition.

3. RESULTS
3.1 Characterization of NPs

NPs mean particle size and zeta potential values are reported in Table 1. In particular, all the systems
showed a mean diameter under 200 nm. The zeta potential was negative for PLGA NPs and liposomes
while for MSNs a positive value was observed in relation to the functionalization with aminopropyl
groups (Musso et al. 2015) necessary for preparation of FITC labeled MSNs through a covalent link.

Fluorescent labeling did not appreciably affect both particle size and zeta potential.
3.2 Cell viability

A statistically significant increase in cell viability was observed after 24 h of treatment with 0.4 mg/ml
PLGA 50:50 NPs in ctrl myoblasts and after 24 h incubation with 0.4 mg/ml PLGA 75:25 NPs in
both ctrl and ctr2 myoblasts (Fig. 1).

A statistically significant decrease in cell viability was reported after 72 h treatment with MSNs at
the final concentration of 0.1 mg/ml in both ctrl and ctr2 myoblasts (Fig. 1).

A statistically significant decrease in cell viability was observed after 24 h and 72 h incubation with
0.4 mg/ml liposomes in ctr2 myoblasts and after 72 h treatment with 0.2 mg/ml and 0.4 mg/ml
liposomes in ctrl myoblasts (Fig. 1).

Statistically significant differences were not observed for any of the other tested conditions.
3.3 Uptake and intracellular distribution of nanoparticles

NPs uptake and intracellular distribution were investigated in primary human myoblasts and
myotubes treated with fluorescent or unlabeled NPs using confocal fluorescence microscopy and

TEM, respectively.
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3.3.1 PLGA NPs

By confocal fluorescence microscopy and TEM, the two formulations of PLGA NPs, i.e. PLGA 50:50
and PLGA 75:25, did not display any difference in term of cellular uptake, intracellular localization
and ultrastructural features in both primary human myoblasts and myotubes. By confocal
fluorescence microscopy PLGA NPs were found in the cytoplasm and close to cell nuclei in cells
treated for 2 h, 24 h and 72 h (Fig. 2a-c, g-i). A partial co-localization between PLGA NPs and
fluorescent-labeled membrane derived vesicles was observed in proximity of cell surface and in the
cytoplasm of a few treated myoblasts (Fig. 2d-f). The uptake of PLGA NPs was less prominent in
primary human myotubes as compared to myoblasts (Fig. 2a-c, g-i). At TEM, PLGA NPs showed a
regular round shape and a moderate electron density (Fig. 2j-m). In myoblasts, after 2 h incubation,
single NPs were rarely found adhering to the plasma membrane or inside endosomes, whereas they
mostly occurred free in the cytosol (Fig. 2j-1). Accordingly, some PLGA NPs were found escaping
from endosomes (Fig. 2k). Some PLGA NPs occurring free in the cytosol were partially surrounded
by a double membrane as typical of autophagy (Fig. 21). After 24 h incubation, a high number of
small vacuoles containing roundish electron dense structures accumulated in the cytoplasm (Fig. 2m);
these particular residual bodies were never found in untreated cells or in samples treated with MSNs
or liposomes. In myotubes, PLGA NPs were less frequent than in myoblasts, but their intracellular
distribution was similar (not shown). No contact between PLGA NPs and cytoplasmic organelles was
observed; moreover, NPs never occurred inside the nucleus. Neither myoblasts nor myotubes showed

alteration or damage of their structural components at any incubation time.

3.3.2 MSNs

Confocal fluorescence microscopy revealed MSNs aggregates in the cytoplasm of a few myoblasts
and myotubes that were treated for 24 h and 72 h (Fig. 3a-g). MSNs co-localizing with fluorescent-
labeled membrane derived vesicles were occasionally observed (Fig. 3e).

At TEM, MSNs appeared roundish and showed a finely granular highly electron dense content (Fig.
3h-i). In myoblasts, clusters of MSNs were found to adhere to the cell surface and to be internalized
by endocytosis (Fig. 3i). In the cytoplasm, MSNs always occurred inside heterogeneous vacuoles
ubiquitously distributed in the cytoplasm at all analyzed incubation times (Fig. 3h). In myotubes,
MSNs were less frequent than in myoblasts and were usually enclosed in vacuoles (Fig. 3i). MSNs
neither get in contact with organelles nor enter the cell nucleus. No signs of subcellular alteration or

damage were observed in both myoblasts and myotubes at short incubation time (2 h, Fig. 3h, i),
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whereas starting form 24 h incubation the cells contained large amounts of vesicular and membranous

structures while organelles were morphologically unrecognizable (not shown).

3.3.3 Liposomes

By confocal fluorescence microscopy, liposomes were rarely observed inside primary human
myoblasts and myotubes (Fig. 4a-d). A co-localization between liposomes and fluorescent-labeled
membrane derived vesicles was never observed (Fig. 4a, b). A few myotubes displayed liposomes in
their cytoplasm after 24 h and 72 h treatment (Fig. 4c, d).

At TEM, liposomes showed a roundish shape with a fine irregular profile and strong electron density
(likely due to the lipid staining by osmium tetroxide, Fig. 4e, ). A few liposomes were found inside
myoblasts and they were even scarcer in myotubes. In both cell types, liposomes were found adhering
to the cell surface and in the peripheral region of the cytoplasm but never occurred inside the cell
nuclei (Fig. 4e, f). No internalization processes such as endocytosis or phagocytosis, and no contact
with any cell organelles were observed. No evident structural alterations were observed in myoblasts
at short and long incubation time and in myotubes after 2 h incubation, whereas in myotubes
incubated with liposomes for longer times the organelles were morphologically unrecognizable (not

shown).

4. DISCUSSION

In the last decades, many efforts have been directed to develop NPs-based drug formulations for
treating cancer and other pathologies but, so far, the use of NPs has been poorly investigated in the
field of skeletal muscle diseases (Su et al. 2017). Only recently NPs have been explored as a possible
drug delivery system for antisense oligonucleotides (AONS) in the exon-skipping treatment of
Duchenne muscular dystrophy (DMD) (Falzarano et al. 2014): these studies have been performed on
the murine model of DMD (mdx mice) and aimed at improving the delivery of AONs and reducing
the effective therapeutic dose (Falzarano et al. 2014). However, the interaction between NPs and
skeletal muscle cells has been poorly investigated and the current knowledge is limited to in vitro
studies performed almost exclusively on C2C12 immortalized murine myoblasts and only a few
papers described the impact of NPs on human primary myoblasts and myotubes (Nie et al. 2012; Leite
et al. 2015; Lojk et al. 2015; Poussard et al. 2015; Ramachandran et al. 2017).

It has been demonstrated that the extent of the NPs cellular uptake depends on the intrinsic chemical
and physical properties of the NPs as well as on the target cell type (Akinc and Battaglia 2013; Sahay

etal. 2010; Frohlich et al. 2012). NPs size and shape as well as the chemical properties of their surface
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dictate the ability of the NPs to interact with the cell membrane, the extent and pathway of
internalization and, once inside the cells, their intracellular fate (Akinc and Battaglia 2013). On the
other hand, cell type, proliferation rate and cell-membrane characteristics have a major influence on
the effect that a certain type of NPs might have on a cell (Lojk et al. 2015; Kim et al. 2011; Tang et
al. 2015; Wang et al. 2016; Kettler et al. 2014; Frohlich et al. 2012). Therefore, it is of extreme
importance to study the impact of NPs on the appropriate in vitro cellular model especially when the
final goal is to translate the findings to the medical field (Kunzmann et al. 2011).

In the present study, the effects of PLGA NPs, MSNs and liposomes have been investigated on
primary human myoblasts and myotubes that have been used as an in vitro model of human skeletal
muscle. PLGA NPs, MSNs and liposomes have been chosen because they are biodegradable and
biocompatible, as previously demonstrated in several studies performed on other cell types, and
already have a biomedical, pre-clinical or clinical application (Wang et al. 2015; Danhier et al. 2012;
Sercombe et al. 2015). Two formulations of PLGA NPs with a different composition of lactic acid
and glycolic acid (50:50 vs 75:25) have been synthetized and applied to primary human muscle cells;
indeed, PLGA composition affects some properties of the copolymer such as degradation time that
increases with increasing lactide:glycolide ratio (Ulery et al. 2011). We reported that PLGA NPs do
not negatively affect myoblasts viability at any of the tested doses and duration of treatment,
contrarily to MSNs and liposomes, which both reduce cell viability when administered at the highest
tested doses for long incubation time. A slight but statistically significant increase in cell viability
was observed after 24 h incubation at the highest tested dose (i.e. 0.4 mg/ml) with both PLGA NPs
formulations. This data could be due to an increased mitochondrial dehydrogenase activity, measured
by MTT assay, due to high levels of glycolic acid and lactic acid resulting from PLGA degradation
that enter the Krebs cycle bursting oxidative metabolism in the mitochondria (Danhier et al. 2012).
Interestingly, the effect of PLGA 50:50 NPs and MSNs on cell viability was similar in myoblasts
from different donors, namely increasing (24 h with 0.4 mg/ml) vs decreasing (72 h with 0.1 mg/ml)
cell viability, respectively. Similarly, a reduction in cells viability after 72 h incubation with 0.4
mg/ml liposomes was reported in myoblasts derived from both donors. On the contrary, treatment
with 0.4 mg/ml liposomes for 24 h negatively affected the viability of cells derived from only one of
the two healthy subjects. Moreover, the increase in cell viability after 24 h of incubation with 0.4
mg/ml PLGA 75:25 was found only in myoblasts derived from ctrl donor whereas PLGA 75:25 did
not influence the viability of ctr2 myoblasts. These findings demonstrate that NPs might have a

variable effect on the viability of cells derived from different subjects, and indicate that, despite the
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difficult access to human material and requirement of appropriate expertise, primary human cultures
offer the important advantage to better reproduce the in vivo physiological conditions and variability
between donors, highlighting the importance of using primary human cells to test the biocompatibility
of NPs for biomedical applications.

Subsequently, the intracellular distribution of NPs was analyzed by confocal fluorescence microscopy
and TEM. For this purpose, PLGA NPs, MSNs and liposomes were used at concentrations that did
not show a negative effect on myoblasts viability. The two formulations of PLGA NPs did not display
any remarkable difference in term of cell uptake and intracellular localization: PLGA NPs were
observed in the cytoplasm inside membrane-derived vesicles (suggesting they enter the cell by
endocytosis) and undergoing endosomal escape, in agreement with previous observations (Panyam
et al. 2002; Danhier et al. 2012). Free PLGA NPs were observed close to the nuclei in both myoblasts
and myotubes but were never found within the nuclear compartment, making unlikely their
interaction with genetic material. Autophagic processes led PLGA NPs inside the lysosome pathway,
as demonstrated by the residual bodies likely made of PLGA NPs remnants starting from 24 h
incubation. In agreement with data from the literature demonstrating their biocompatibility and
biosafety, PLGA NPs did not affect the structural components of the cells neither in myoblasts nor in
myotubes, and in PLGA NPs-treated cells all organelles appeared to be well preserved. Previous
studies investigated the use of PLGA polymer in the production of scaffolds and matrices for
myoblasts culture and differentiation as well as for the development of microcarriers for successful
expansion of myoblasts in vitro and enhanced engraftment and survival of myoblasts after
transplantation (Gu et al. 2013; Parmar and Day 2015; Shin et al. 2015). However, for the first-time,
we focused on the interaction between PLGA NPs and primary human myoblasts and provided data
supporting the biocompatibility of nanostructured PLGA with this cell type, opening the way to future
studies on biomedical applications involving skeletal muscle tissue.

As regard MSNs, after 24 h from the treatment, both myoblasts and myotubes displayed numerous
cytoplasmic vesicular and membranous structures, pointing to the over-activation of the lysosome
pathway, and morphologically altered organelles even after exposure to NPs concentrations found to
be safe by the viability assay. This highlights the key role of morphological studies in evaluating the
biological impact of nanoconstructs, and suggests a poor biocompatibility of MSNs with primary
human myoblasts and myotubes. MSNs clusters were observed on the cell surface as well as in large
cytoplasmic vacuoles in both primary human myoblasts and myotubes, a distribution closely

resembling the one reported in C2C12 myoblasts after treatment with silica-based NPs (Poussard et
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al. 2015). To our knowledge, the present study is the first investigating the interaction between MSNs
and human myoblasts. Indeed, MSNs have been used to develop scaffolds for the delivery of y-
secretase inhibitors of Notch pathway to promote the differentiation of C2C12 myoblasts, but data on
the effects of MSNs on cell viability and intracellular distribution have not been reported in primary
human muscle cells (Bocking et al. 2014).

Even if treatment with liposomes did not affect the structural integrity of myoblasts, morphological
alterations of organelles were detected in myotubes starting at 24 h from liposome exposure,
suggesting that myotubes might be more sensitive to liposomes as compared to myoblasts. It is
possible that the degradation of the internalized liposomes may cause an overload of lipid components
that these highly differentiated non-cycling cells are unable to metabolize. Despite this difference, in
both myoblasts and myotubes, liposomes were observed in the cytoplasm of only a few cells, pointing
to their poor cellular uptake. The negative effect of PEGylation on liposome internalization by C2C12
reported in a previous study may provide another explanation of the poor uptake of our liposomes,
which also harbor PEG on their surface, by primary human myoblasts and myotubes (Teo et al. 2013).
Alternatively, liposomes might have a short half-life within the cell and be subjected to rapid cytosolic
degradation, as documented by the presence of liposomes with irregular profiles and undergoing
dissolution, as previously observed in HelLa cells (Costanzo et al. 2016).

Even though, in the past, liposomes have been tested on C2C12 myoblasts and on primary human
myoblasts and myotubes, most of these studies evaluated liposomes prepared with cationic lipids to
deliver nucleic acid to these low transfectable cells (Helbling-Leclerc et al. 1999; Vitiello et al. 1998;
Dodds et al. 1998; Neuhuber et al. 2002; Pampinella et al. 2002). Up to now, data on the interaction
of liposomes and primary human myoblasts and myotubes were missing; indeed, only a few other
studies assessed the interaction between liposomes and murine myoblasts (Jeong and Conboy 2011;
van der Westen et al. 2012; Teo et al. 2013). Our liposomes contain DSPC, a derivative of
phosphatidylcholine (PC). It has been reported that PC-liposomes decrease primary murine myoblasts
fusion and myotube elongation; however the uptake and the intracellular distribution of PC-liposomes
were not evaluated (Jeong and Conboy 2011). The internalization of liposomes has been
demonstrated also in C2C12 by flow cytometry and an increased uptake/association with the cells
was reported for polydopamine (PDA)-coated liposomes (van der Westen et al. 2012). We report a
poor internalization of PEGylated liposomes by primary human myoblasts and myotubes and their
negative effect on cell viability, suggesting that PEGylated liposomes might not be suitable for drug

delivery to this cell type.

118



5. CONCLUSIONS

The present study provides novel data about the interaction between PLGA NPs, MSNs and
liposomes and primary human muscle cells, and suggests that nanocarriers previously demonstrated
to be safe in various cell lines can pose biocompatibility issue in this cell type, as supported by the
cell viability assay and by the ultrastructural analysis of MSNs and liposome treated
myoblasts/myotubes. This further highlights the importance to use the appropriate cell type for
biocompatibility studies. Our findings suggest that, among the tested NPs, PLGA NPs are the most
promising nanocarriers for skeletal muscle cells, as they do not affect cell viability and structural
organization; future in vivo experiments will allow to better understand the interaction between PLGA
NPs and the skeletal muscle, and to develop functionalized nanocarriers for drug delivery to this
specific tissue. The investigation in vivo will be crucial, since we also observed a difference in the
uptake of all NPs investigated between myoblasts and myotubes. Even if we did not perform a
quantitative evaluation, myotubes appeared to be less prone to internalize NPs suggesting that the
interaction and uptake of NPs might differ between cycling and post-mitotic cells, probably because
of modifications of cell membrane and cytoskeleton composition and dynamics occurring during the
differentiation process (Le Bihan et al. 2015). Elucidating in vivo the actual interaction of NPs with
the myofibers will be crucial to design the most appropriate approach for the NP-mediated

administration of therapeutic agents to a diseased muscle tissue.
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TABLES

Table 1. Characteristics of NPs (n=3)

mean diameter

polydispersity

zeta potential

(nmzS.E.) index (mV+£S.E.)

Liposomes 155+12 0.09 -10£2.10
Fluorescent liposomes 160+8 0.08 -11+1.75
MSNs 94+23? - +35+0.90
Fluorescent MSNs 105242 - +22+0.60
PLGA 50:50 NPs 11748 0.07 -31+0.92
PLGA 75:25 NPs 128+4 0.06 -27+0.84
Fluorescent PLGA 50:50 121+6 0.08 -29+1.18
NPs

Fluorescent PLGA 75:25 132+4 0.06 -25+2.01

NPs

2 determined by TEM analysis
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Fig. 1 Effect of NPs on cell viability of primary human myoblasts

Primary human myoblasts were obtained from two healthy subjects (Ctrl: a-d, Ctr2: e-h). The effect
of PLGA 75:25 NPs (a, €), PLGA 50:50 NPs (b, f), MSNs (c, g) and liposomes (d, h) on cell viability
was measured by MTT assay. Box-plots show the mean value£S.E. of percentage of cell viability
after 2 h, 24 h and 72 h of incubation with NPs at different concentrations. *p<0.05; **p<0.01
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Fig. 2 Intracellular distribution of PLGA NPs in primary human myoblasts and myotubes

Confocal fluorescence microscopy analysis of myoblasts (a-f) and myotubes (g-i) that have been
incubated with PLGA NPs at the concentration of 0.2 mg/ml for 2 h, 24 h and 72 h. PLGA NPs are
loaded with Nile red (red fluorescence) and cells are counterstained with either phalloidin conjugate
with Alexa488 (green fluorescence) to highlight actin filaments (a-c, g-i) or PKH67 Green
Fluorescent Cell Linker (green fluorescence, d-f) to label cell-membrane derived vesicles. Hoechst
33258 (blue fluorescence) staining depicts cell nuclei. Confocal fluorescence microscopy analysis
revealed PLGA NPs in the cytoplasm after 2 h (a, arrows), 24 h (b, arrow) and 72 h treatment (c,
arrow). PLGA NPs partially co-localizing with fluorescent-labelled membrane derived vesicles were
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visible on the surface of myoblasts that have been treated for 2 h (D, arrow) and on the cell surface
and cytoplasm of myoblasts after 24 h (e, arrow) and 72 h (f, arrow) incubation. The insets in d, e and
f show the partial co-localization between the green fluorescent cell membrane stain PKH67 and
PLGA NPs. In myotubes, PLGA NPs were observed near the cell surface but not in the cytoplasm
after 2 h incubation (g). PLGA NPs were detected in the cytoplasm in myotubes that have been treated
for 24 h (h) and 72 h (i). PLGA NPs near cell nuclei were visible after 24 h (h, arrows and inset)
incubation. Scale bars: 50 um. TEM analysis of PLGA NPs intracellular distribution after 2 h (j-1)
and 24 h (m) incubation in myoblasts. A PLGA NP enclosed in an endosome (j, arrow) occurs just
beneath the cell surface. A PLGA NP (k, arrow) is escaping from an endosome. Two PLGA NPs (I,
arrows) occur free in the cytosol. After 24 h incubation (m), the cytoplasm contains large amounts of
peculiar vacuoles containing NPs remnants (arrowhead). The inset shows a NPs partially enclosed by
autophagic double-membranes (small arrows). Mitochondria (m), endoplasmic reticulum (er), Golgi

complex (g). Bars: 250 nm
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Fig. 3 Intracellular distribution of MSNs in primary human myoblasts and myotubes
Conventional (a, b) and confocal (c-g) fluorescence microscopy analysis of myoblasts (a-e) and
myotubes (f and g) that have been incubated with MSNs at the final dose of 0.01 mg/ml for 24 h (a,
c,eandf)and 72 h (b, d and g). MSNs are labelled with FITC (green fluorescence) whereas myoblasts
and myotubes are counterstained with Trypan blue (red fluorescence, a-d) or with PHK26 Red
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Fluorescent Cell Linker (red fluorescence, e) or phalloidin conjugate with Atto 594 (red fluorescence,
f, 9), respectively. Hoechst 33258 (blue fluorescence) staining has been used to depict cell nuclei.
MSNs aggregates occurred in the cytoplasm of a few myoblasts that have been treated with for 24 h
(a,c)and 72 h (b, d). A partial co-localization between the red fluorescent cell membrane stain PKH26
and MSNs was observed in myoblasts (e, arrows). MSNs occurred in the cytoplasm of some myotubes
that have been treated for 24 h (e) and 72 h (f). MSNs near cell nuclei have also been observed in
both myoblasts (d, arrow) and myotubes (e and f, arrows). TEM analysis of MSNs intracellular
distribution after 2 h incubation in myoblasts (h) and myotubes (i). Internalized MSNs occur inside
various vacuoles (h, arrows), sometimes located very close to the nucleus. Inset: A cluster of MSNs
at the cell surface. In myotubes (i), MSNs accumulate in vacuoles (arrows) without perturbing the
structural organization: bundles of myofibrils (asterisks), mitochondria (m), endoplasmic reticulum

(er), nucleus (n). Bars: 250 nm
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Fig. 4 Intracellular distribution of liposomes in primary human myoblasts and myotubes

Confocal fluorescence microscopy analysis of myoblasts (a, b) and myotubes (c, d) that have been
incubated with liposomes at the concentration of 0.2 mg/ml for 24 h (a, ¢) and 72 h (b, d). Liposomes
are labelled with FITC (green fluorescence) whereas myoblasts and myotubes are counterstained
PKH26 Red Fluorescent Cell Linker (red fluorescence), to label cell-membrane derived vesicles, or
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with phalloidin conjugated with Atto 594, respectively. Hoechst 33258 (blue fluorescence) staining
has been used to depict cell nuclei.

Confocal fluorescence microscopy revealed rare liposomes inside primary human myoblasts located
close but not within cell nuclei (a, b, arrows). A co-localization between liposomes and fluorescent-
labelled membrane derived vesicles was never observed (a, b). A few myotubes displayed liposomes
in their cytoplasm after 24 h (c) and 72 h (d) treatment. Scale bars 25 um. TEM analysis of liposome
intracellular distribution in myoblasts after 2 h (e) and 24 h (f) incubation, and in myotubes (g) after
2 h incubation. Some liposomes (e, arrow) occur free in the cytoplasm at the cell periphery. The
internalized liposomes (f, g, arrows) show fine irregular profiles. Mitochondria (m), endoplasmic
reticulum (er). Bars: 250 nm
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Il. Results

A. Preliminary results |

Once the biocompatibility of PLGA NPs had been verified for healthy human
myoblasts and myotubes, we tested their suitability as nanocarriers for PTM. Two
formulations of PLGA NPs (50:50 and 75:25) were synthesized and characterized
by Prof. B. Stella and S. Arpicco and loaded with PTM-B. Briefly, both PLGA NPs
formulations were synthesized by the nanoprecipitation method (Fessi et al., 1989)
starting from PLGA 50:50 (Resomer® RG 502 H, mw 7000-17000 Da) or PLGA
75:25 (Resomer® RG 752 H, mw 4000-15000 Da). For in vitro tests, PLGA NPs
containing 6 mg/ml polymer and 180 pug/ml PTM-B were used: they showed a
diameter ranging from 89.56 to 154.4 nm, a Z potential of -19.3+0.27 mV, an
encapsulation efficiency of about 80% and a good stability up to three weeks
(unpublished results). Anyways, for the in vitro test on DM1 myoblasts freshly
prepared NPs were used.

Myoblasts obtained from diagnostic muscle biopsies of a DM1 patient were
treated with either PTM-loaded PLGA NPs (75:25 or 50:50) or free PTM-B at
different concentrations, according to the literature data on the efficacy of this drug
in limiting missplicing (Warf et al, 2009). We found that administration of PTM-
loaded PLGA NPs resulted in a statistically significant higher cell viability (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT test) as compared to
cells treated with the free molecule, suggesting that the delivery of PTM through
PLGA NPs reduces the intrinsic drug toxicity (Figure 15).
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Figure 15. MeanxSD of cell viability of primary human myoblasts obtained from a patient affected
by DML1. The effect of free PTM-B, and PLGA 50:50 and 75:25 NPs loaded with PTM-B was
measured by the MTT assay 24 h after treatment at different PTM-B concentrations. Asterisks
indicate values significantly different from OuM PTM-B samples (control) (*p<0.05, one-way
Anova test).

Subsequently, we used primary human myoblasts to evaluate the ability of PTM-
loaded PLGA NPs to reduce specific cytopathological features of DM1. Based on
the results shown in Figure 1 (Guglielmi et al.), PLGA 75:25 NPs and a
concentration of 30 uM PTM-B were selected. In detail, we evaluated the number
of intranuclear foci labelled with anti-MBNL1 antibody (one of the pathological
markers of DM: Miller et al., 2000; Meola and Cardani, 2009): myoblasts were
fixed with 4% paraformaldehyde in PBS for 15 min at 4°C, washed in PBS, and
incubated overnight at 4°C with a rabbit polyclonal anti-MBNL1 antibody (kind
gift of Prof. C. A. Thornton, University of Rochester, NY) at a dilution of 1:1000
in PBS containing 0.1% bovine serum albumin and 0.05% Tween-20, then
incubated for 1h at room temperature with an Alexafluor 488-labelled goat anti-
rabbit antibody diluted 1:200 in PBS. The cells were finally stained for DNA with
Hoechst 33258, and mounted in PBS-glycerol 1:1. As negative controls, some

slides were processed as described above, but omitting the incubation with the
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Il. Results

primary antibody. The samples were observed with an Olympus BX51 microscope
equipped with a 100W mercury lamp under the following conditions: 450-480 nm
excitation (excf) filter, 500 nm dichroic mirror (dm), and 515-550 nm band-pass
filter, for Alexafluor 488; 330-385 nm excf filter, 400 nm dm, and 420 nm barrier
filter, for Hoechst 33258. For quantitative assessment, the ImageJ software (NIH)
was used: the area of the nucleus was measured, the foci were counted, and the
results were expressed as the number of foci per square micrometer of nuclear area.
As shown in Figure 16 a-b), a significant reduction in the number of MBNL1-posive
foci was found after treatment with 30 uM PTM-loaded PLGA 75:25 NPs.

3.5
2.5

1.5

=

0.5

N° of MBNL1 positive foci

DM1 untr 30 uM PTM

O

Figure 16. (a) Conventional fluorescence micrograph of a myoblast nucleus immunolabelled with
anti-MBNL1 antibody (green fluorescence) and counterstained for DNA with Hoechst 33342 (blue
fluorescence); note the green spots (foci). Bar: 10 um. (b) Quantitative evaluation of foci in myoblast
nuclei of a DM1 patient: their number is significantly decreased (asterisk) after incubation with 30
uM PTM-loaded PLGA 75:25 NPs in comparison to untreated (untr) samples (n=25, one-way

Anova test).
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complexes for hydrophilic drug encapsulation (in preparation).
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Abstract

In this work, nanoparticles of polymeric complexes made of hyaluronic acid and polyarginine were
investigated for the encapsulation of the cationic hydrophilic drug pentamidine isethionate. To study
the interaction between the anionic hyaluronic acid and the cationic pentamidine, the formation of
polyelectrolyte complexes of hyaluronic acid and pentamidine were firstly investigated by mixing
them at different mole ratio. Then, nanoparticles made of hyaluronic acid and polyarginine loaded
with pentamidine were developed as drug delivery systems of enhanced stability. Pentamidine-loaded
nanoparticles formed monodisperse population with a negative zeta potential able to encapsulate
pentamidine (80%). Such high encapsulation efficiency was confirmed by measurements of the
counterion isethionate released from pentamidine during nanoparticles formation. Besides, freeze-
dried pentamidine-loaded nanoparticles kept their integrity after their reconstitution in water. In vitro
studies on lung (A549) and human breast (MDA-MB-231) cancer cell lines showed that pentamidine-
loaded nanoparticles were more cytotoxic in comparison to the free drug, suggesting an enhanced

internalization of encapsulated drug by cancer cells.

Introduction

Over the last decades, the development of pharmaceutical nanocarriers based on natural
polysaccharides has led to a growing interest in drug delivery technologies. Natural polysaccharides
present interesting properties as biocompatibility, biodegradability and low toxicity suitable for
biomedical application.>®* Besides, they have a large number of reactive groups, a wide range of
molar masses (Mw), varying chemical composition and origin, which make them a promising
biomaterial for the preparation of nanometric carriers.®

Among the different natural polysaccharides, hyaluronic acid (HA) has been extensively used in the

pharmaceutical field because of its interesting physicochemical and biological properties.®’
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HA belongs to the class of anionic glycosaminoglycans (GAGs) formed by several identical subunits
(p-glucuronic acid and N-acetyl-D-glucosamine disaccharide) bound together by glycosidic bonds.8°
HA is an important component of the extracellular matrix (ECM) highly distributed throughout
connective, epithelial, and neural tissues in which plays essential physiological roles.® HA backbone
itself is endowed with targeting moieties that specifically recognize and interact with different cell
surface proteins like stabilin-2, CD44 and other membrane-integrated glycoproteins overexpressed
on various cancer cells.’ Therefore, specific targeting of these receptors has been exploited as an
effective strategy for increasing the accumulation of associated drug in the target site.*12 In addition,
HA bears carboxylic group in each glucuronic unit (pKa 3-4) which behaves as an acidic
polyelectrolyte enabling interactions with cationic polymers or molecules holding an appropriate
basic group which results in the formation of complexes.

So far, in attempts to exploit HA properties, polymeric conjugates, liposomes, microparticles, and
nanoparticles (NP) have been developed. They are generally obtained through the formation of self-
assembling micelles, chemical conjugation via cross-linking approaches or by polyelectrolyte
complexation.'31® Among these techniques, polyelectrolyte complexation represents the most widely
used method to tailor HA-based drug delivery systems, because of the mild process conditions,
absence of organic solvents and wide range of cationic polymers proper for HA interaction.!’ Several
previous works provided instances showing the ability of HA-based polyelectrolyte nanostructures to
associate active compounds such as genetic materials or positive charged drugs.” Contreras-Ruiz et
al. described NP made of HA complexed with chitosan (CS) oligomers for pDNA delivery. HA-CS
complexes entered cells and yielded significant transfection of pDNA into the corneal and
conjunctival cells.'® Recently, a novel ionic metal complex based on HA and an oxaliplatin derivative,
dichloro(1,2-diaminocyclohexane) platinum(ll) (DACHPt), has been patented. Compared to the

DACHPt aqueous solution, once injected intravenously, DACHPt-loaded nano-complexes were able
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to protect the associated drug from enzymatic degradation enhancing plasmatic concentration while
lowering drug elimination rate.!® Also, Battistini et al. reported a doxorubicin-HA ionic complex as
a tumor targeting drug delivery system. In vitro studies on tumor cells overexpressing CD44 receptors
demonstrated the improved internalization of the complexes in comparison to the free drug.!

Based on this background information, the present work deals with an extensive physicochemical
characterization of polyelectrolyte complexes (PEC) made of HA and a cationic molecule,
pentamidine isethionate (PTM) as model drug. PTM is well known for its antiprotozoal, antifungal
and anticancer activity.?%?* It is a water-soluble molecule with two terminal amidine groups,
protonated in a wide pH range (pKa = 12-13) including physiological/neutral conditions. To stabilize
PTM-HA PEC and to maximize the amount of PTM associated to the system, polyarginine (PArg)
was used to crosslink HA and form NP. PArg is a biocompatible cationic polyaminoacid belonging
to the cell penetrating peptide polymers able to improve the intracellular delivery of the therapeutic
agent.?? At neutral pH, the amine groups of PArg are protonated and are able to interact with
carboxylic moieties of HA leading to the formation of NP. The formation of PEC and NP was
investigated studying size, zeta potential evolution and quantifying the amount of isethionate, the
PTM counterion, released during the formation process. Lyophilization studies were also carried out
in order to preserve PTM-loaded NP. The morphology of the formed systems was analyzed by
transmission electron microscopy (TEM) and cryogenic-transmission electron microscopy (Cryo-
TEM). Finally, in vitro studies were performed on lung and breast human cell lines (A549 and MDA

MB 231) to assess the anticancer activity of encapsulated PTM.
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Experimental section

Materials

Sodium hyaluronate (HA) (Molar mass, My = 20 kDa) was purchased from LifeCore® Biomedical
(Chaska, Minnesota, USA). Poly(L-arginine hydrochloride) (PArg) (Molar mass, Mw = 5.8 kDa) was
purchased from Alamanda® Polymers (Huntsville, Alabama, USA) and pentamidine isethionate
(PTM) (Molar mass, Mw = 592.679 Da) from Sigma-Aldrich® (St Quentin-Fallavier, France). Milli-
Q water was obtained using a milli-Q Academic System (Merck Millipore®, St Quentin-Fallavier,
France). For transmission electron microscopy (TEM) silicotungstate was supplied from Agar
Scientific® (Parsonage Lane, Stansted, UK). Dulbecco’s Modified Eagle Medium (DMEM) without
glucose, glutamine, phenol red and sodium pyruvate was bought from Gibco® (Thermo Fisher
Scientific®, Waltham, Massachusetts, USA) and used to evaluate the stability in physiological
medium. Human lung carcinoma cells (A549) and human breast adenocarcinoma cells (MDA-MB-
231) were from ATCC and grown in complete Dulbecco’s Modified Eagle Medium (DMEM), Gibco,
Thermo Fisher Scientific, Inc) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100
mg/mL streptomycin, 1% L-glutamine, all were purchased from Life Technologies® (Carlsbad,
California, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) purchased

from Sigma-Aldrich (St Quentin-Fallavier, France).

Solubility study of pentamidine

Saturated solutions of PTM at different pH solution (pH 7.4, 9, 10, 12) and in phosphate buffer saline
(PBS, pH 7.4) were prepared. The solutions were stirred for 2 h at room temperature and left overnight
to reach equilibrium. Then, all samples were centrifuged (62,000 g, 30 min, 20 °C) and the
supernatant was analyzed for PTM by measuring its UV absorbance at A =270 nm (UV-1280,

Shimadzu, Marne-la-Vallée, France).
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Preparation of pentamidine-hyaluronic acid polyelectrolyte complexes

Pentamidine-hyaluronic acid polyelectrolyte complexes (PTM-HA PEC) were prepared by mixing
aqueous solutions of PTM and HA at different mole ratio PTM/HA ranging between 0.2 and 2.4.
Seven different PTM-HA PEC were obtained by adding 500 pL of HA aqueous solution (2.5 mg-mL"
1y over 500 L of PTM solution in water (concentration from 0.6 to 9 mg-mL™). Size, polydispersity

index, zeta potential and pH of PEC were studied.

Preparation of blank and pentamidine-loaded nanoparticles

Blank nanoparticles (HA-PArg NP) were prepared by polyelectrolyte complexation using a similar
methodology of ionic gelation technique.?® Briefly, 0.5 mL of an anionic solution containing HA at
different concentration (ranging from 0.5 to 5 mg-mL™) were added to an equal volume of cationic
solution containing polyarginine (PArg) (0.27 mg-mL™). Nine different formulations with mole ratio
HA/PArg between 0.82 to 8.25 were prepared.

Pentamidine-loaded nanoparticles (PTM-loaded NP) were prepared by mixing 0.5 mL of different
amounts of PTM dissolved in water (ranging from 0.50 to 0.17 mg-mL™) and 0.5 mL of cationic
PArg solution at 0.18 mg-mL™. This premix was left under agitation during 10 min, and 0.5 mL of
HA solution (ranging from 0.83 to 3.3 mg-mL™) were added. The mole ratio between HA (negatively
charged) and PArg, PTM (positively charged) was ranging between 1.13 and 4.51. HA-PArg NP and
PTM-loaded NP were characterized in terms of pH, size, polydispersity index, zeta potential and
encapsulation efficiency. The main characteristics of all the compounds used to obtain PEC and NP

are listed in Table 1.
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Table 1. Chemical characteristics of the compounds used to obtain polyelectrolyte complexes and nanoparticles.

Compound Molecular Molecular structure pKa Mw
formula (g-mol?)
Pentamidine C23H35N4010S2 N . 12.13 592.679
isethionate 7(©/ hainding Qr
37?73
Sodium (C14H20NO11Na), . 2.87 401.3
Hyaluronate o O Na OH
e 0 0
OH N
PN
0
|| 12.42 174.201
Poly(L-arginine (CsH14N4O2)n | C CH NH ]
hydrochloride) | | Ix
(THz)s
NH
l_s,
[ e
Cl
NH2

Physicochemical characterization of polyelectrolyte complexes, blank and pentamidine-loaded

nanoparticles

Size distribution and surface potential of the prepared particles (PEC and NP) were analyzed using a
Malvern Zetasizer® (model Nano ZS, Malvern Panalytical, Malvern, UK). Particle size distributions
were determined by Dynamic Light Scattering (DLS) of samples diluted with milli-Q water. Analyses

were carried out at 25 °C with an angle of detection of 173°. Particle size distribution was determined
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using the cumulants method that provides the z-average diameter and the polydispersity index (Pdl).
The zeta potential () was determined from the electrophoretic mobility (ug). For all measurements,
samples were diluted in milli-Q water and placed in a U-tube shaped electrophoresis cell DTS1070
from Malvern. ¢ was calculated according to the Henry equation under the Smoluchowski
approximation of the Henry factor f(xa):

_ 2&¢€(
=37,

f(ka)

Ug

where 7 is the viscosity of water (77 = 0.887 mPa-s at 25 °C), x is the inverse Debye length, a is the
radius of particles, and f(xa) = 3/2.

Turbidity of PEC was monitored by absorbance measurements at 600 nm using an UV spectrometer
(UV-1280 from Shimadzu, Marne-la-Vallée, France) equipped with a cuvette with an optical path of
10 mm. The turbidity (7) was calculated from the absorbance (Abs) reading as z = In (10) Abs =

2.3 Abs.

lon-exchange chromatography

Isethionate ions released due to association of positively charged PTM to negatively charged HA
were quantified using ion exchange chromatography (IC) (930 Compact IC Flex, Metrohm,
Switzerland) equipped with a chemical suppressor and conductivity detection. PTM-loaded NP were
centrifuged (7,000 g, 30 min, 25 °C) using Amicon® filter (Amicon Ultra-0.5, 30,000 NMWL,
Millipore, Spain), supernatants were recovered and injected at the IC. The analyses were conducted
using Metrosep a Supp 5 250/4.0 column with an adequate pre-column at the temperature of 30 °C.
For the detection of anions, the mobile phase used was 8 mmol-L* solution of Na,COs (Fischer

Scientific, France) prepared in ultrapure water (resistivity > 18 MQ-cm), filtered at 0.45 pm and
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degassed in an ultrasonic bath prior to use with a flow rate of 0.7 mL-mint. Such conditions ensured

linearity of calibration curve ranging from 0.005 to 5 mmol-L? of isethionate.

Morphological analysis of blank and loaded nanoparticles using transmission and cryogenic
electron microscopy

Transmission electron microscopy (TEM) was performed with a Philips CM120 microscope at
“Centre Technologique des Microstructures” (CTp) at the University of Lyon 1 (Villeurbanne,
France). A small drop of suspension (5 puL) was deposited on a carbon/formvar microscope grid
(Delta Microscopies, Saint-Ybars, France), negatively stained with a 1% w/w sodium silicotungstate
aqueous solution, and slowly dried in open air. The dry samples were observed by TEM under 120 kV
acceleration voltage.

Regarding cryogenic-transmission electron microscopy (Cryo-TEM), diluted samples of HA-PArg
NP and PTM-loaded NP were dropped onto 300 mesh holey carbon films (Quantifoil R2/1) and
guench-frozen in liquid ethane using a cryo-plunge workstation (made at Laboratoire de Physique
des Solides-LPS Orsay, France). The specimens were then mounted on a precooled Gatan 626
specimen holder, transferred in the microscope (Phillips CM120) and observed at an accelerating
voltage of 120 kV at the “Centre Technologique des Microstructures” (CTp) at the University of

Lyon 1 (Villeurbanne, France).

Encapsulation efficiency of pentamidine into complexes and nanoparticles

The association efficiency (AE) of PTM into PEC and the encapsulation efficiency (EE) of PTM into
loaded NP was determined by measurements of the concentration of free PTM in the aqueous phase.
PTM-HA PEC and PTM-loaded NP were centrifuged (7,000 g, 30 min, 25 °C) using Amicon® filter

(Amicon Ultra-0.5, 30.000 NMWL, Merck Millipore®, Burlington, Massachusetts, USA),
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supernatants were recovered and analyzed for free PTM using UV absorbance at 270 nm wavelength.
Calibration was performed using PTM solutions at different concentrations from 2.5 pg-mL™? to
30 pg-mL. AE and EE were calculated using the following equation:

Total drug — Free drug in supernatant
AE /EE(%) = Total drug x 100

All measurements were performed at least in triplicate using PTM aqueous solution as control.

Stability studies of blank and pentamidine-loaded nanoparticles

Colloidal stability of HA-PArg NP and PTM-loaded NP was evaluated over 4 weeks under storage
condition at 4 °C. Size, polydispersity index and ¢ were analyzed every week. Leakage of the drug
was also evaluated at the end of the storage period.

The stability in DMEM without glucose, glutamine, phenol red and sodium pyruvate was also tested

in order to study the effect of protein factors on NP aggregation.

In vitro release study of pentamidine-loaded nanoparticles

In vitro release behavior of PTM-loaded NP in simulated physiological conditions (PBS at 37 °C)
was performed using a bicompartmental diffusion device (Franz-type static glass diffusion cells)
mounted with a semi-synthetic cellulose membrane (6-8 kDa MWDO from Spectra/Por, Spectrum
Laboratories, The Netherlands). To assure sink condition 2 mL of PTM-loaded NP prepared using
2.3 and 3.3 mg-mL™" of HA and 0.50 mg-mL™ of PTM were placed in the upper part of the cell (donor
chamber). The lower part of the cell (receptor chamber) was filled with 10 mL of release media (PBS,
pH 7.4 at 37 °C) with a horizontal shaking. At different time points (15 min, 30 min, 1 h, 2 h, 3 h,
4h,6h,8h,24h,48 h, 72 h), 1 mL of each sample was collected and analyzed using UV spectra (4 =

270 nm). The amount of drug released over the time was calculated indirectly by the difference
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between the initial total amount of the drug present in PTM-loaded NP and the amount of PTM

present in the receptor chamber. The experiment was performed for both NP in triplicate.

Freeze-drying studies of blank and loaded pentamidine nanoparticles

Once the development of NP has been completed, HA-PArg NP and PTM-loaded NP were freeze-
dried using CRYONEXT pilot freeze dryer. During the formulation step, the bulking agent mannitol
was added to the formulations at different concentration (5%, 10% w/v). The freeze-drying program
consisted of an initial freezing at -20 °C in a freezer for 12 h. After that, the freeze dryer was pre-
cooled to -20 °C and the samples were introduced therein. Then, the temperature was decreased to -
50 °C at a rate of 1 °C-min’! and this temperature was kept for 12 h. The sublimation step was carried
out at a temperature between -35 °C and 5 °C and a pressure between 0.100 and 0.3000 mbar
according to the recipe. Finally, the secondary drying step is carried out at 35 °C and 0.010 mbar.
After freeze-drying, HA-PArg NP and PTM-loaded NP were resuspended by adding 1 mL of milli-
Q water and left under magnetic stirring for 30 min. Size, polydispersity, AE of PEC and EE of NP
were measured before and after resuspension. Also, morphological observations using TEM form

were performed.

In vitro cell viability studies

Human lung carcinoma cells (A549) and human breast adenocarcinoma cells (MDA-MB-231) were
used to evaluate the cell viability. Cells (3000 cells/well) were seeded in 96 well plates in 100 pL
media and left to adhere for 24 hours. Then, the medium was replaced with a fresh one containing
different concentrations (0.01- 100 uM) of free PTM, HA-PArg NP and PTM-loaded NP. After 72 h
of exposure, metabolically active cells were quantified by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay according to the supplier’s instructions. Briefly, 20 uL of
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MTT reagent (5 mg-mL™) was added in each well and the plate was incubated at 37 °C for 2 h. After
that the supernatant was replaced by 100 pL of isopropanol/HCI/H2O (90/1/9 v/viv) and the optical
density was measured using Ascent Software for Multiskan at 570-690 nm. Cell viability from the

absorbance values was calculated using the following equation:

bstreated

A
Cell viability (%) = X 100

Absuntreated

IC50 values were determined using the CompuSyn software. Results are expressed as mean values

of IC50 = SD (uM) of three independent experiments.

Results and discussion

Solubility of pentamidine at different pH

PTM is a synthetic amidine derivative, highly soluble in water (> 30 mg-mL™) having a pKa of 12.5.
20.21 |n the range of pH from 3 to 10, is it free soluble (values above 50 mg-mL™) due to the ionization
of amidine groups, while at pH values higher than 12 the solubility was drastically reduced
(6.5 mg-mL™?) (Figure 1). Solubility also depends on ionic strength, in fact at pH 7.4 in PBS, PTM

highly precipitated being the solubility of around 6.9 mg-mL™.

60 _
50
40
30
20
10 4
0

PTM mg-mL-1

pH

Figure 1. Solubility of PTM at different pH values.
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Preparation and physicochemical characterization of pentamidine-hyaluronic acid
polyelectrolyte complexes

Polyelectrolyte complexes (PEC) are defined as complexes formed through electrostatic interactions
between oppositely charged structures. The formation of PTM-HA PEC was based on the electrostatic
interaction between the positively charged drug (PTM), containing two amino groups and the
negatively charged polysaccharide (HA) which contains one carboxylic unit for each repeat unit. The
stoichiometry of the complex was defined as the PTM/HA mole ratio of the HA repeated unit to the
PTM molecules. The repeated unit of HA contains two sugar residues, neutral N-acetyl-D-
glucosamine and negatively charged sodium salt of D-glucuronic acid acid (Table 1). The PTM/HA
charge ratio is half the mole ratio since PTM is a divalent cationic compound. Different PTM-HA
PEC having a mole ratio PTM/HA between 0.2 and 2.4 (from PEC A to PEC G) (Table 2). Briefly,
HA solution was added to an equal volume of PTM at different concentration under magnetic stirring.
Since the concentration of the low molecular electrolyte strongly affects the formation of the
complexes, only the amount of PTM was varied.?* All the formulations were prepared at pH values
around 6-7 in order to obtain an optimal charge density that generates attractive interactions between

the cationic amine groups of PTM and the carboxylate groups of HA.

Table 2. Formulation code for PTM-HA PEC developed. Mole ratio HA/PTM and PTM/HA, mass ratio, and pH values

are represented.

Complexes Mole ratio Mass ratio pH
PTM/HA PTM/HA
PEC A 0.2 2.5:0.6 6.75
PECB 0.3 2.5:1.25 6.79
PEC C 0.7 2.5:2.5 6.71
PECD 0.9 2.5:3.7 6.86
PECE 1.5 2.5:55 6.74
PECF 2.0 2.5:7.5 6.76
PEC G 2.4 2.5:9.0 6.74
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Size measurements of PTM-HA PEC were carried out using DLS. Two different size populations
were identified for all the PTM-HA PEC: one having a hydrodynamic diameter of around 10 nm, and
another one of around 150 nm (Figure 2). As shown in Figure 2, the increase of PTM concentration,
from PEC A (purple line) to PEC G (black line), is correlated to an increase of the peak at 10 nm and
a simultaneous decrease of the peak at 150 nm. Thus, the two different populations were attributed to
the formation of soluble complexes of size around 10 nm, and insoluble complexes of size around
150 nm. The increase of PTM concentration caused the larger binding of PTM to HA, increasing its
hydrophobic character and decreasing its charge, so that precipitation took place above a given PTM
concentration. To confirm this hypothesis, the presence of soluble complexes in the supernatant after
ultracentrifugation using Amicon® filter was detected for PEC A and PEC B by means of size
measurements. Both complexes (PEC A and PEC B) presented only the peak at 10 nm, relative to the
presence of the soluble complex while the population having a size around 150 nm has been retained

by the filter (Figure 3).
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Figure 2. Size distribution of PTM-HA PEC. PEC A: mole ratio PTM/HA 0.2 (purple), PEC B: mole ratio 0.3 (brown),
PEC C: mole ratio 0.7 (pink), PEC D: mole ratio 0.9 (red), PEC E: mole ratio 1.5 (green), PEC F: mole ratio 2.0 (blue),

PEC G: mole ratio 2.4 (black). Distributions are given as mean £ SD (n = 3)
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Figure 3. Size distribution (nm) of soluble complexes (PEC A and PEC B) detected in the supernatant.

Turbidity measurements of PTM-HA PEC provide a confirmation of the conclusions drawn from
DLS. The interaction between HA and PTM was accompanied by an increase in turbidity (Figure 4).
A slight increase of turbidity was first observed as PTM was added to HA. Then a sharp increase of
turbidity took place between PTM/HA ratios of 1.5 and 2.4, indicating precipitation of insoluble
species. This data confirmed the formation of insoluble particles upon increasing PTM concentration.
Moreover, turbidity data disclosed precipitation occurring in a narrow concentration domain. As an
outcome, combination of DLS and turbidity revealed that the solubility of the complex progressively

decreased as more PTM bound to HA.
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Figure 4. Turbidity (Abs = 600 nm) of PTM-HA PEC as a function of PTM/HA mole ratio. PEC A mole ratio 6.61,
PEC B mole ratio 2.98, PEC C mole ratio 1.49, PEC D mole ratio 1.06, PEC E mole ratio 0.68, PEC F mole ratio 0.50,

PEC G mole ratio 0.41. Values are given as mean = Sem (n = 3).

The assignment of the low- and large-sized species to soluble complexes and insoluble particles
respectively is in accordance with similar cases of mixed polyelectrolytes of opposite charges
reported in the framework of complex coacervation.>?” The presence of soluble complexes as
function of mixing ratio and supramolecular order of polymeric chains has already been disclosed in
such previous works.?>"? Electrostatic interaction between the negatively charged carboxylate groups
of HA and positively charged groups of PTM shifts the complexation equilibria towards formation
of both complexes. The complexes formed in this way are soluble when the charge is low. Higher
concentration of PTM makes the complex species more hydrophobic and decreases the negative
charge of HA. Both effects act together to decrease the solubility of the complex. Precipitation occurs
when the solubility becomes lower than the HA concentration. A coacervate phase separates as

nanoparticles.
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DLS disclosed the presence of nanoparticles of 150 nm and there was a slight turbidity for PTM/HA
< 1.5 where the complexes were claimed soluble. Both results showed that there were few
nanoparticles formed below this ratio. Indeed, such nanoparticles were few as their contribution to
the "intensity" size distribution inferred from DLS should be viewed considering that large particles
scatter light stronger than the small soluble species, so that their contribution to the "volume" size
distribution was weaker than that the “intensity" size distribution shown in Figure 2. Such few
precipitated nanoparticles might come from the smaller solubility of complexes formed with the
sodium hyaluronate macromolecules of the largest molar masses in the broad molar mass distribution
of HA.

¢ measurements gave more insight into the mechanism of precipitation above PTM/HA = 1.5.
(Table 3). {'was negative over the whole concentration range studied, showing that binding of PTM
to HA did not allow for compensation of the negative charge of HA. Binding of PTM was sub-
stoichiometric with respect to electrical charges. {assumed less negative values as the concentration
of PTM was increased, indicating a neutralization of the charge at high PTM/HA mole ratio. The
same behavior occurred with electrophoretic mobility measurement (Figure 5). Therefore, the highly
charged complex species at low PTM content were soluble; precipitation occurred when the negative
charge has been reduced such that weakened electrostatic repulsions between charged complex
species allowed for aggregation and precipitation as colloidal particles. Precipitation occurred when
repulsive electrostatic forces between complex species become weaker than attractive forces of
hydrophobic and dispersion (van der Waals) origins.?®2° It is worth noticing that the complex is more
hydrophobic than free HA because PTM is a more hydrophobic molecule than HA; indeed, PTM has
the structure of a bolaform surfactant.®® Such behavior as the same features as the adsorption of

polyelectrolytes to colloidal particles of opposite charge where weakening the charge by adsorption
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cause the interparticle interactions to turn from repulsive to attractive upon increasing the PE/NP
ratio. 3

The association efficiency (AE) of PTM was measured by centrifugation and titration of the
supernatant. AE was quite low in all instances (Table 3). The PTM/HA mole ratio is twice the
PTM/HA mole ratio since PTM is a divalent cationic species whereas the repeat unit of HA is singly
charged. The mole ratio increased with respect to PTM concentration and approached the value of
one corresponding to charge compensation when extensive precipitation of nanoparticles occurred
(samples PEC F and PEC G). It is presumed that PEC had a neutral central core containing the main
part of PTM and a negatively charged shell richer in HA that generate electrostatic repulsions

allowing the formation of nanoparticles.

Table 3: Physicochemical characteristics of PTM-HA PEC (PEC A - PEC G). EE (%): encapsulation efficiency.

Values are given as mean + Sem (n > 3).

Mole ratio Zeta potential o
Complexes PTM/HA pH (mv) AE (%)
PEC A 0.2 7.17 -21.7+16 42 +9
PECB 0.3 7.07 -15.7+2.8 32+6
PEC C 0.7 6.78 -123+28 33+4
PEC D 0.9 6.76 -104+17 19+8
PEC E 15 6.79 -94+23 22+5
PECF 2.0 6.65 -48+1.6 22+ 2
PEC G 2.4 6.22 -31+£13 15+1
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Figure 5. Electrophoretic mobility of PTM-HA PEC in function of mole ratio PTM/HA (from 0.2 to 2.4). Values are

given as mean = SD (n > 3).

As an overall outcome, complexation of PTM by HA takes place and it causes the formation of NP.
But soluble complex species form at low PTM/HA ratio; formation of NP requires PTM/HA mole
ratio above 1.5. Under such conditions, the low association efficiency (less than 40%) is an issue.
Electrostatic binding of PTM to HA is weak because the PTM cation is only divalent. Since the
association of polyelectrolytes of opposite charges is usually quite strong, a cationic polyelectrolyte
(polyarginine, PArg) will be added in order to help precipitation and improve the encapsulation of

PTM.
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Preparation and physicochemical characterization of the blank hyaluronic acid-polyarginine
nanoparticles

To stabilize the insoluble form of PEC and to obtain a delivery system able to associate a high amount
of PTM, NP made of HA and the cationic polyaminoacid PArg were prepared. PArg was selected as
a cationic polymer able to crosslink HA and allowing the formation of nanoparticles. HA-PArg NP
were prepared by polyelectrolyte complexation in a similar manner described by Yadav et al.?®
Briefly, 0.5 mL of a solution containing HA at different concentration (from 0.5 to 5 mg-mL™) were
added to an aqueous solution of PArg (0.27 mg-mL™) under magnetic stirring at room temperature
for 30 min. The formation of NP was ensured by the electrostatic interaction between the positively
charged groups of PArg and the negatively charged carboxylate groups of HA.

HA-PArg NP (Blank A - Blank I) containing different amounts of HA (from 0.5 to 5 mg-mL™) with
a mole ratio HA/PArg between 0.82 and 8.25 were studied for their size, polydispersity index (Pdl)
and £ (Table 4).

The average size of the resulting blank NP ranged between 112 and 244 nm with a low polydispersity
index (< 0.2). {'values ranged from +33 to -22 mV. When the charge ratio HA/PArg was lower than
1.24, NP had a size around 120 nm with a positive ¢ values (+33 mV) indicating that the charge
brought about by PArg was larger than that of HA. At mole ratio higher than 1.24, NP size increased
from 166 to 244 nm, and an inversion of the £'to -31 mV occurred. The increase in the hydrodynamic
size was correlated to the amount of HA used to obtain the NP. Besides, inversion of surface potential
indicated a conformational change which exposes carboxylic groups of HA in excess with respect to
cationic groups of PArg towards the external surface of NP. The HA/PArg system is interesting as it
allows the preparation of NP of 100-250 nm size with a narrow size distribution and reversal of the
electrical charge according to the HA/PArg ratio. It is worth to notice that NP sizes did not vary much

although the chemical composition and the overall charge of them varied in a wide range.
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It is presumed that the precipitation mechanism of NP was the same whatever the HA/PArg ratio. So,

neutral nanoparticles precipitated as a first step and an outer shell rich in the majority polymer further

adsorbed on the surface and set the final electrical charge.

Table 4. Physicochemical characteristics of HA-PArg NP. Pdl: Polydispersity index. Values are given as mean = Sem (n

>3).
Mass ratio Mole ratio Size Pdl Zeta potential
[HA/PArg] [HA/PArg] (nm) (mV)
Blank A 0.50: 0.27 0.82 112+ 6 <0.2 +33+5
Blank B 0.75: 0.27 1.24 1291 <0.2 +32+3
Blank C 1.25:0.27 2.06 166+ 7 <02 -31+0
Blank D 1.5:0.27 2.47 158 £4 <0.2 -38+2
Blank E 2.0: 0.27 3.30 167+ 3 <0.1 -33+2
Blank F 2.5:0.27 4,12 180 + 14 <0.1 -29+3
Blank G 3:0.27 4.95 201 +14 <0.1 -31+3
Blank H 3.5:0.27 577 222 £11 <0.2 -30+4
Blank I 5:0.27 8.25 244 £ 5 <0.1 -22+3

Development and physicochemical characterization of pentamidine-loaded hyaluronic acid-

polyarginine nanoparticles

PTM-loaded NP were prepared following the protocol described for blank NP. Different

concentrations of HA (0.83 mg-mL™* to 3.3 mg-mL™) were added to an aqueous solution containing

PArg (0.18 mg-mL*) and PTM (concentration ranging from 0.5 to 0.17 mg-mL™?) (Figure 6).
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Figure 6. Preparation of PTM loaded NP by polyelectrolyte association.

In Table 5 the physicochemical characterization of NP obtained using a PTM solution at 0.5 mg-mL"
! was presented. All the NP showed an average size between 155 and 203 nm with a low PdI (< 0.1)
and a negative ¢ ranging from -24 to -18 mV. Interestingly, the incorporation of the drug in the NP
involved a reduction of the NP size compared to the blank ones (Table 4). The balance between
negative (HA) and positive charge (PTM and PArg) was reduced in the case of PTM-loaded NP as
compared to the HA-PArg NP. Therefore, the attractive force that modulates electrostatic interactions
within the complexes determined a “condensation phenomenon” responsible of the reduction of the
complex particle size.®2% The ¢ decreased from -24 to -76 mV for Loaded A to Loaded F, and then
increased to -18 mV for Loaded G. The effect of NP size reduction has been observed also for other
particles suggesting the strong interaction between the drug and the polymeric chains.'* Table 5 also
shows the results of the encapsulation efficiency of PTM. The amounts of encapsulated PTM varied
from 26% (Loaded A) to 82% (Loaded G). The increase in the mole ratio, due to an increasing amount
of HA, was correlated to the EE and to the strong interaction between HA and PTM. Also, the loading

capacity varied from 33 to 12%. Taking together all these results, we can suggest that PTM was
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efficiently encapsulated in a HA-PArg NP at a mole ratio above 2.25 and with a loading capacity

ranging from 20 to 10%.

Table 5. Physicochemical properties of PTM-loaded NP. Pdl: polydispersity index; EE (%): encapsulation efficiency.

Values are given as mean + Sem (n > 3).

Mass ratio Zeta

Mole ratio Size - Load EE
[PArgJ’F]’TM/ HA pargtPTMHA]  (m) P! pcztrir\‘/t)'a' (%) (%)
Loaded 1.25:0.27:0.75 1.13 155+3 <0.1 -24 +3 33 26 +3
A
Loaded 1.5:0.27:0.75 1.35 159 +4 <01 -25 +2 30 31+4
B
Loaded 2:0.27:0.75 1.80 191+20 <0.1 -27 +2 25 46 +5
C
Loaded 2.5:0.27:0.75 2.25 157 +6 <01 -25+5 21 61 +5
D
Loaded 3:0.27:0.75 2.70 172 +14 <0.1 -29 +4 19 65 £1
E
Loaded 3.5:0.27: 0.75 3.15 179 +4 <01 -26 1 17 76 +1
F
Loaded 5:0.27:0.75 451 203+9 <0.1 -18 +1 12 82 +1
G

Then, to study the influence of HA and PTM concentration on the association efficiency of the NP,
nanosystems prepared with different amounts of HA and PTM (ranging from 0.17 to 0.5 mg-mL™)
were obtained. In Figure 7, the mass of PTM associated to the nanosystems in function of the mass
of HA for the systems developed (from Loaded A to Loaded G) was represented. The highest PTM
binding efficiency was obtained for the Loaded F (containing 2.3 mg-mL™* of HA) and Loaded G
(containing 3.3 mg-mL™* of HA) being the amount of PTM associated of 0.55 mg and 0.59 mg,
respectively. These results confirmed the excellent ability of PTM-loaded NP to associate a high
quantity of PTM by electrostatic interaction in comparison to another HA based systems. The

formulations having the ability to associate the highest amount of the drug, Loaded F and Loaded G,
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were hence retained for the in vitro studies. PTM has been encapsulated into liposomes, however due
to its hydrophilic character the encapsulation efficiency remained below 50%.** PLGA NP
synthesized by double emulsion/solvent evaporation methodology were used to encapsulate PTM. As
described for the liposomal formulation, the amount of PTM loaded into PLGA NP was very low
(2.9% loading efficiency).?! Micale et al. also developed a synthetic method to obtain PTM-HA
bioconjugates as drug and targeting delivery platform. The drug loading in this case ranged from 20
to 30%, however the use of chemical reactions and organic solvents make this system less exploitable

for drug delivery applications.
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Figure 7. Amount of PTM (mg) associated to PTM-loaded NP in function of the amount of HA present in the

formulation (from 0.83 mg-mL™* to 3.33 mg-mL™). Values are given as mean + Sem (n > 3).

Quantification of isethionate ions using ion-exchange chromatography
As previous reported, at low ionic strength, the ion concentration in the counterion cloud that
surrounded the charged molecules is significantly higher than that in the solution. When two opposite

charged macro-ions form a complex, as in the case of HA with PTM and PArg, this double layer is
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perturbed and counterions are released in the solutions.? To assess the influence of HA concentration
on the formation of PTM-loaded NP, the release of isethionate, the counterion of PTM, was quantified
using ion exchange chromatography. As shown in Figure 8, no significant difference in term of
isethionate ions release was observed for the formulations prepared using different amounts of HA
and PTM (dotted lines). While, in the case of the formulations obtained using 0.26 mg pf PTM
(0.5 mg-mL™1), there was an increased release of isethionate (full line). Above 3.5 mg of HA (2.3
mg-mL™), the amount of isethionate released did not change. These results are consistent with the
encapsulation efficiency (Table 5) values. In fact, encapsulation efficiency for Loaded F and Loaded

G was around 76 and 82%, respectively.
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Figure 8. Isethionate ions (mmol-L) released after the formation of PTM-loaded NP in function of HA concentration

in the NP. Values are given as mean + Sem (n > 3).

Morphological analysis of blank and pentamidine-loaded nanoparticles
The morphological analysis of HA-PArg NP and PTM-loaded NP was carried out using TEM and
CryoTEM. As showed in Figure 9, HA-PArg NP and PTM-loaded NP presented a regular round

shape and formed monodispersed population as observed by DLS measurement. In addition, to
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observe PTM-loaded NP in their native state and to confirm the spherical structure of the system,

Cryo-TEM observations were also presented (Figure 10).

Figure 9. TEM images of blank H with 3.5 mg-mL™* of HA (A); blank | with 5 mg-mL™* of HA (B); loaded F with 2.3

mg-mL* of HA (C) and loaded G with 3.3 mg-mL™* of HA (D).

Figure 10. Cryo-TEM images of loaded F with 2.3 mg-mL™* of HA (A) and loaded G with 3.3 mg-mLof HA (B).
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In vitro release study of pentamidine-loaded nanoparticles

The in vitro release study of PTM from HA-PArg NP (Loaded F and Loaded G) was studied upon
incubation with PBS at 37 °C using vertical diffusion Franz cells. Sink conditions were ensured by
the high-water solubility of PTM (> 30 mg-mL, https://cameochemicals.noaa.gov/chemical/20859).
For both formulations tested a biphasic profile characterized by an initial burst PTM release (60%) in
the first 10 h, followed by a constant release was observed (Figure 11). This behavior has been
described also for PLGA NP and liposomes?® and a model mechanism has been proposed.®
According to the authors the release towards water as receptor medium occurs through diffusion of
the neutral species, since diffusion of charged ones is prevented by the electrostatic gradient produced
by the polyanion (HA in our case).® Moreover, as we used PBS from to study the release behavior,
we can suggest that the saline composition of the biological simulated fluid promotes PTM release

from the carrier.

120

100 +

(0]
o
1

% PTM release

O T T T T T T T 1
0 10 20 30 40 50 60 70 80

Time (hours)
—e—Loaded F (0.75mg PTM) - #— Loaded G (0.75 mg PTM)
Figure 11. Release profile of PTM from Loaded F (2.3 mg-mL™ of HA, 0.5 mg-mL PTM) and Loaded G (3.3 mg-mL™*

of HA, 0.5 mg-mL* PTM) in PBS medium. The diffusion cells were thermoregulated with a water jacket a 37 °C.

(Mean = Sem n = 3).
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Stability studies of blank and pentamidine-loaded nanoparticles

The stability studies of colloidal suspension of Blank H and | (Figure 12-A) and Loaded F and G
(Figure 12-B) NP at 4 °C was evaluated over 1 month of storage. Size, polydispersity index and
leakage of the drug were evaluated every week. As reported in Figure 12-A size and Pdl of Blank H
and | increased over time. While, the corresponding loaded formulations Loaded F and G were more
stable, their size and Pdl vary less in comparison to the empty formulations (Figure 12-B). Moreover,
no leakage of the drug was observed, for both formulations demonstrating the ability of NP to
encapsulate PTM in an efficient manner. In addition, Blank H and PTM-Loaded F did not aggregate

in DMEM (data not show).
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Figure 12. Stability studies, size and Pdl, upon storage condition for 4 weeks at 4 °C in agueous solution of Blank H
with 3.5 mg-mL™? of HA, Blank | with 5 mg-mL™ of HA (A) and Loaded F with 2.3 mg-mL™ of HA, Loaded G with
3.3 mg-mL* of HA (B). Pdl: polydispersity index. (Mean + Sem.; n = 3).
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Freeze-drying studies of blank and pentamidine-loaded nanoparticles

To provide long-term stability to the formulations developed, the optimal freeze-dry conditions to
convert the aqueous suspension into powder were set up. Blank H, Blank |, Loaded F and Loaded G
were freeze-dried using different amount of mannitol (5%, 10% w/v). Mannitol was chosen as bulking
and isotonic agent. The aim was to obtain isotonic values close to the physiological condition (280-
300 mOsm-L1). Tables 6 and 7 show the physiochemical characteristics (size, Pdl and osmolarity)
of HA-PArg NP and PTM-loaded NP formulations prepared with different mannitol concentration,
before and after resuspension in water. Also, stability after resuspension was evaluated over 16 days
at 4 °C. All the formulations, HA-PArg NP and PTM-loaded NP, were successfully resuspended in
water irrespective of the amount of mannitol used. However, to obtain isotonic formulation mannitol
at 5% was needed. Following reconstitution in water, the size of HA-PArg NP increased from ~150
nm to ~210 nm. Moreover, the size continued to increase during the storage period (Table 6). The
size of PTM-loaded NP, following reconstitution in water, increased from ~150 to ~220 nm and a
slightly increased at day 16 following reconstitution in water was observed (Table 6). However, the
population remained monodispersed (Pdl > 0.1) and no leakage of the drug during the time was
observed. Figure 13 confirms that both Blank H and Loaded F recovered the initial morphology
characteristics upon freeze-drying and reconstitution in water. Both formulations formed

monodispersed population showing a regular round shape and no aggregation was detected.
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Table 6. Physicochemical characterization of Blank H before and after freeze-drying. Pdl: polydispersity index. (Mean +

Sem.; n = 3).

5% mannitol

10% mannitol

Days Size (nm)

0 151+5
0 218+5
8 233+7
16 315+45

Pdl Osmol.
(mOsm-L?)
<0.1 -
<0.1 665
<0.1 665
<0.1 665

Size (nm)

148 + 6

210+ 8
254 +11

383 £ 42

Pdl Osmol.
(mOsm-L1)
<0.1 305
<0.2 305
<0.2 305

Table 7. Physicochemical characterization of Loaded F after freeze-drying. Pdl: polydispersity index. EE (%)

encapsulation efficiency. (Mean + Sem.; n = 3).

5% mannitol

10% mannitol

Days Size (nm) Pdl

0 149+1 <01

0 234+£12 <0.2
8 287+13 <0.1
16 3536 <01

EE
(%0)

79+05
76 £0.05

78+0.4

Osmol.
(mOsm-L1)

669
669

669

Size (nm)

157 +£6

204 £ 12
265+3
321 10

Pdl EE Osmol.
(%) (mOsm-L1)
- 64 +2 -
<0.1 64+ 4 297
<01 - 297
<02 75%0.15 297
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Figure 13. TEM pictures of Blank H (A-B) and Loaded F nanoparticles after freeze-drying and reconstitution in 1 mL

of water.

In vitro cell viability studies of pentamidine-loaded nanoparticles

The antiproliferative activity of free and encapsulated PTM into loaded F was assessed using the
MTT assay. Lung (A549) and human breast cancer (MDA-MB-231) cell lines were selected based
on their sensitivity to PTM.2%% The viability of A549 and MDA-MB-231 was monitored after
incubation with different concertation of free PTM and PTM-loaded NP for 72 h. HA-PArg NP were
used as a control to evaluate the biocompatibility of the nanocarrier. As shown in Table 8, the use of
PTM-loaded NP was associated with a better activity than free PTM both on lung (IC50 =0.21 £ 0.08
UM vs 1.2 £ 0.8 uM) and breast cancer cells (IC50 =2.2 £ 1.8 uM vs 4.6 + 3.7 uM). Blank | showed
very low toxicity (IC50 >40 uM) highlighting the biocompatibility of the nanocarrier. These data
confirmed that the PTM activity in vitro was significantly optimized when the drug was incorporated

inside nanoparticles formulation (Figure 14). Battistini et al. observed that in A549 cells, cytotoxicity
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of HA-doxorubicin complexes was 3-fold higher than that of the reference free drug. These results
indicated an increased cellular uptake of doxorubicin when it was complexed with HA due to the
presence of overexpressed CD44 membrane receptors.!! Targeting CD44 using HA moieties has also
been demonstrated in vivo in CD44-positive human breast tumor xenografts. HA based micelles
loaded with paclitaxel exhibit a remarkably high accumulation and retention in the CD44 receptor-
overexpressing tumor following i.v. injection in comparison to the free drug.'?> We can hence expect
a similar behavior for PTM-loaded NP. Further studies will demonstrate the in vivo activity of the

developed nanosystem.

Table 8. IC50 values of studied compounds on A549 and MDA-MB-231 cells. Results are expressed as mean

values of IC50 + SD (uM) of three independent experiments.

Cell line Formulations IC50 (UM)
PTM 1.2+08
A549 PTM-loaded NP 0.21+£0.08
Blank HA NP 42 + 16
PTM 46+£37
MDA-MB-231 PTM-loaded NP 22+18
Blank HA NP 66 £ 47
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Figure 14. Drug sensitivity curves for A549 cells (A) and MDA-MB-231 cells (B) exposed to PTM (black lines),
Loaded F 1 (dashed lines) and Blank H (dotted lines) for 72 h. Graphs are of mean values from three independent

experiments and error bars are standard deviations.
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Conclusions

The present study provides insight over a new HA based nanocomplex, namely nanoparticles, for
positive hydrophilic drug encapsulation. In a first set of experiments, HA-PTM complexes were
studied. The complexes obtained were not stable, highly polydispersed, showing a low PTM
association efficiency. To stabilize the complex and to maximize the amount of the drug associated
to the system, HA-PArg NPs were developed using ionotropic gelation technique. NPs were
kinetically stabilized by the excess charge, which prevents their aggregation and ensure high
encapsulation efficiency of PTM. Also, high encapsulation efficiency was associated to the release
of the isethionate counterion in the solution quantified by IC. In vitro release behavior shows that the
system was able to retain by ensuring a slow release of the drug during the time. Following in vitro
studies, PTM-loaded NP were more effective in reducing cell viability as compared with free drug
suggesting enhanced efficacy and cell internalization via CD44 receptor. Moreover, their optimum
pharmaceutical properties, namely easy production using mild conditions, stability and possibility to
obtain a ready-to-use dry powders, highlight the potential of HA-PArg nanoparticles as novel drug

delivery system for nanomedicine applications.
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B. Preliminary results 11

C2C12 myoblasts, a spontaneously immortalised cell line (ECACC) were grown
in 25 cm? plastic flasks (1-2x10° cells/cm?) in Dulbecco’s modified Eagle medium
with 10% (v/v) foetal bovine serum (FBS), 1% (w/v) glutamine, 0.5% (v/v)
amphotericin B, 100 units/ml of penicillin and 100ug/mL of streptomycin (Gibco),
at 37°C in a 5% CO2 humidified atmosphere. Under these culture conditions,
myoblasts adhered to the substrate and, in 24h, took the form of a spindle.

Cells were trypsinized (0.25% trypsin in Phosphate-buffered saline (PBS)
containing 0.05% Ethylenediamine Tetraacetic Acid; buffered solution (EDTA))
when subconfluent (about 70%) and seeded on 96 multi-well plastic microplates
(2x10° cells/well) for cell viability evaluation. The experiments were performed
using cells at passage 7-10.

Myoblasts were treated with blank NPs (HA-Parg NPs) or NPs loaded with
PTM-S as well as with free PTM-S one day post-seeding: the medium was replaced
with a fresh one containing the nanocarriers or the drug, and the cells were
incubated for 2h (as a short exposure time), 24h (a time sufficient for C2C12 to
complete one cell cycle (https://www.dsmz.de/catalogues/details/culture/ACC-
565.html?tx_dsmzresources_pi5%5BreturnPid%5D=192), and 72h (as a long-term
incubation time); untreated cells at the same culture times were used as controls.

To estimate the effect on cell viability, different concentrations of HA-Parg NPs,
PTM-loaded NPs, and free PTM-S were tested, based on our preliminary results
with PLGA NPs on DM1 myoblasts. At the end of each incubation time, the cells
were stained for 2 min with 0.01% Trypan blue in the culture medium: the cells
found to be permeable to Trypan blue were considered as non-viable. Cell samples
not exposed to NPs were considered as controls. Briefly, four randomly selected
fields/well were imaged using a 10x objective in a LEICA DM IL inverted
microscope; in each field, the total cell number and the number of non-viable cells
were counted, and the percentage of dead cells was calculated. Results were
expressed as the mean + standard deviation (SD) of three independent experiments,

and statistical significance was evaluated by Kruskal Wallis test.
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Figure 17 shows that no cell death was found at each time point in samples
treated with blank NPs, thus demonstrating the high biocompatibility of these NPs
for murine myoblasts. As for cells treated with PTM-loaded NPs or free PTM-S, no
cell death was found after 2h; after 24h all samples treated with PTM-loaded NPs
showed a significant increase in their death rate in comparison to control, while
only samples treated with 30 UM free PTM-S had significantly higher values; after
72h, only cells treated with NPs loaded with 10 uM PTM-S showed a death rate
similar to control, while all the other samples underwent a significant increase in

death rate.
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Figure 17. MeanxSD percentage of dead C2C12 cells. The effect of HA-Parg NPs, NPs loaded
with PTM-S and free PTM-S was assessed by the Trypan blue test 2h, 24h and 72h after treatment
at different PTM-S concentrations. Asterisks indicate values significantly different from OuM
PTM samples (control) (*p<0.05, Kruskal Wallis test).
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These preliminary results seem to indicate that NPs loaded with PTM-S are more
toxic that the free drug at 24h, whereas a similarly higher toxicity for PTM-loaded
NPs and the free drug occurs after prolonged incubation. Since we have so far, no
data on the uptake mechanisms and the intracellular fate of these NPs in C2C12
cells, we may only hypothesize that NPs easily entered the cells thus facilitating
PTM internalisation. We are presently synthesising fluorescently-labelled NPs that

will allow to elucidate their interactions with the cells.
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Incubation under fluid dynamic
conditions markedly improves
the structural preservation

in vitro of explanted skeletal
musdes

Flavia Carton, Laura Calderan,
Manuela Malatesta

Department of Neurosciences,
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University of Verona, Italy

Abstract

Explanted organs and tissues represent
suitable experimental systems mimicking
the functional and structural complexity of
the living organism, with positive ethical
and economic impact on research activities.
However, their preservation in culture is
generally limited, thus hindering their appli-
cation as experimental models for biomed-
ical research. In the present study, we inves-
tigated the potential of an innovative fluid
dynamic culture system to improve the
structural preservation in vitro of explanted
mouse skeletal muscles (soleus). We used
light and transmission electron microscopy
to compare the morphological features of
muscles maintained either in multiwell
plates under conventional conditions or in a
bioreactor mimicking the flow of physio-
logical fluids. Our results demonstrate that
fluid dynamic conditions markedly slowed
the progressive structural deterioration of
the muscle tissue occurring during the per-
manence in the culture medium, prolonging
the preservation of some organelles such as
mitochondria up to 48 h.

European Jourd of Histodhamidry 2017; valure 61:2862

of new drugs or materials requires experi-
mental models able to mimic efficiently the
complex structural and functional features
of living organisms or organs.
Unfortunately, the currently available in
vitro systems, from the conventional 2D
cell cultures to the 3D co-cultures, can be
suitably used only in basic or early-phase
applied research because they are not able
to reproduce the systemic milieu. On the
other hand, the promising technology of
microfluidic organs-on-chips, intended to
simulate levels of tissue and organ function-
ality not possible with 2D or 3D culture sys-
tems,? is still far from reliably mimicking
tissue and organ physiology.

It is therefore necessary to develop
alternative experimental models character-
ized by a functional and structural complex-
ity similar to the living organism. In this
view, explanted organs and tissues could
represent a suitable and relatively easy solu-
tion: surgical and bioptic explants from
human or animal subjects could be used for
scientific purposes thus drastically reducing
tests on laboratory animals. However, the
preservation in culture of explanted organs
and tissues is generally limited, thus hinder-
ing their application as experimental mod-
els for biomedical research, especially for
long-term studies.

Skeletal muscle is a highly differentiat-
ed organ with a complex cytoarchitecture
whose maintenance in vitro has been
scarcely explored. In the present study, we
investigated the potential of an innovative
fluid dynamic in vitro system to improve
the structural preservation of explanted
mouse skeletal muscles. We used light and
transmission electron microscopy to com-
pare the morphological features of muscles
maintained either in multiwell plates under
conventional conditions or in a bioreactor
mimicking the flow of physiological fluids.

Introduction

During the last decades, the adoption by
scientists of the “3 Rs” principles
(Replacement, Reduction and Refinement)!
has led to progressive reduction of animals
used for scientific experimentation. In fact,
this set of ethical principles proposes that
every effort should be made to Replace ani-
mals with non-sentient alternatives, to
Reduce to a minimum the number of ani-
mals used in experiments, and to Refine the
experiments so as to cause the least pain and
distress. However, research aimed at setting
up novel therapeutic and/or diagnostic
strategies in human or veterinary medicine,
or at performing efficacy/safety evaluations

OPEN aACCESS

Materials and Methods

Muscle isolation and incubation

Soleus muscles were explanted from
healthy 3-month-old male Balb/c mice sac-
rificed in the frame of a research project
approved by the Italian Ministry of Health
(protocol code: ZA/14/18). The mice were
previously anaesthetized with an overdose
of isoflurane using a pre-anesthesia cham-
ber and then we proceeded with the cervical
dislocation. The soleus muscle was isolated
and excised from each paw, and four mus-
cles per experimental group were used (see
Figure 1 for the experimental plan).

Freshly excised muscles were rapidly
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washed in pre-warmed culture medium (see
below) at 37°C and then maintained in an
incubator at 37°C in a 5% CO, humidified
atmosphere for 6 h, 24 h and 48 h, under
either conventional or fluid dynamic condi-
tion (the bioreactor can be maintained into
the incubator). The culture medium was
composed of medium 199 (Gibco,
Waltham, MA, USA) supplemented with
5.5 mM glucose, 2.54 mM CaCl, (Merk,
Kenilworth, NJ, USA), 25 mM NaHCO3,
0.6 nM insulin (Sigma-Aldrich, St. Louis,
MO, USA), 0.1% BSA (Gibco), 200 uU/mL
penicillin-streptomycin (Gibco) and 0.5%
Amphotericin B (Gibco), according to.?

For conventional culture condition,
muscles were incubated in 12-multiwell
plastic plates containing 2 mL of medium
each: during the first incubation day, the
medium was replaced every 6 h while in the
following days it was changed every 4 h; in
addition, the plates were gently shaken
manually every 30 min, with the exclusion
of the overnight incubation.

For fluid dynamic culture condition, a
LiveFlow bioreactor compatible with the
incubator environment (I'V-Tech,
Massarosa, LU, Italy) was used. In detail,
muscles were placed in cell culture cham-
bers (LiveBox1) containing 1.5 mL of the
same medium used for conventional condi-
tion; four chambers were joined in series in
a fluidic circuit connected to a 15 mL-mix-
ing chamber; a flow rate of 300 pL/min was
applied. Similar to conventional condition,

[page 1]
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the first day of incubation the medium was

replaced every 6 h, while for the following mUSCIe expla nt

days it was changed every 4 h.
As controls for time 0, some muscle / \

samples were processed for light and trans-

mission electron microscopy (see below)

immediately after excision. dynamic culture conventional culture

Tissue processing for microscopy
analysis

To evaluate the integrity of the explant- 6h B — 6h
ed muscles at each incubation times, the (four muscles) (four muscles)
samples were processed for light and trans-
mission electron microscopy. For light
microscopy, the muscles were immersed in 24 h - > 24 h
isopentane precooled in liquid nitrogen for (four muscles) (four muscles)
30 s to allow the complete freezing, then
they were kept at -80°C. For sectioning, the
samples were embedded in OCT, and 10 48 h < | > 48 h
um-thick sections were cut in a cryostat and (four muscles) (four muscles)
collected on glass slides. For morphological -
observations, cryosections were hydrated N N :
for 5 min in PBS, dipped in Mayer’s hema- Figure 1. Grephical represantation of the eperimentd plan
toxylin (Sigma-Aldrich) for 90 s, rinsed
with tap H,O for 5 min, stained with eosin
(Sigma-Aldrich) for 30 s, dehydrated in
graded ethanols, cleared in xylene, and
mounted with Entellan (Sigma-Aldrich).
The sections were observed with an
Olympus BX51 microscope equipped with
a 40x objective lens; micrographs were
taken with an Olympus Camedia 5050 digi-
tal camera.

For transmission electron microscopy,
muscles were fixed with 2% (v/v)
paraformaldehyde and 2,5% (v/v) glu-
taraldehyde in 0.1 M phosphate buffer, pH
7.4, at 4°C for 2 h, post-fixed with 1% OsO,
and 1.5% potassium ferrocyanide at room
temperature for 1h, dehydrated with acetone
and embedded in Epon. Ultrathin sections
were placed on copper grids, stained with
lead citrate and observed in a Philips
Morgagni transmission electron microscope
operating at 80 KV and equipped with a
Megaview Il camera for digital image
acquisition.

—_, control

(four muscles)

Results and Discussion

In this study, soleus muscles explanted
from mice were maintained in culture under
either conventional (multiwell plates) or
fluid dynamic (bioreactor) conditions, and
their structural preservation at increasing
incubation times was compared by using

i - . Figure 2. Solas musde, control sanples a) The myofibre shows the typicd trasvase
ight and transmission electron microscopy, banding and numerus absarclemd nudd (inset). In the sarcoplasm), the myofilaments
in order to analyze both the histological gre arangad to form sarcomares, and mitochondria (arrows) and gyoogen granudes (thin
organization and the fine morphology of aTows)oaar between myofibrils note the ssrcoplaaric rdlialum dements (@rowheads).
myofibre components. Cryofixation was Scdebars 1000 nny insst scle bar: 10 pm b). The myonudeus shows condensad do-

applied due to the potential of these samples metin dumps neinly located 2t its periphery; and one condensad nudeolus
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NS

to be used not only for morphological
analyses (as in the present study), but also
for histochemistry and immunohistochem-
istry at bright field and fluorescence
microscopy; this represents an obvious
advantage in experiments intended for e.g.
localizing specific components in situ or
tracking labelled molecules or nanoparti-
cles. Conventional processing with alde-
hyde-osmium fixation and Epon embedding
was applied since these samples allow a

dyna

Tty
)
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refined high-resolution visualization of all
tissue/cell components, thus providing
unequivocal information on their structural
preservation.

Soleus muscle was selected due to its
small size, allowing rapid diffusion of fluids
and solutes from and to the culture medium;
moreover, soleus can easily be isolated and
dissected out without damaging the muscle
belly since it originates from the head of the
fibula by a slender tendon, and inserts onto

ic culture |

the tuber calcanei (together with the gas-
trocnemius muscle) by the Achilles’ tendon.

Control muscles where characterized by
myofibres with their distinctive banding
pattern and multiple myonuclei located in
subsarcolemmal position (Figure 2). In
detail, the sarcoplasm was mostly occupied
by the longitudinally arrayed myofibrils,
with myofilaments arranged in sarcomeres;
ovoid mitochondria, membrane structures
belonging to the sarcoplasmic reticulum

Figure 3. Solaus nusde, samples neintained in auture under fluid dynamic (3G e) or comventiond (b,d,f) conditions After 6 h inar-
bation in thebioreadtor (a), sarcomere organization is presarvead, aswdl asmitochondria (@arows), sarcoplaaic retiaulum (arowheads)
and glyoogen (thin arows); undar conventional aulture condition (b), cytoskdeton isloosaned, mitodhondria (@rows) aresnollen and
?ycngm is quite scarca After 24 h inaubation in the bioreadtor (c), oytoskeletal organization is still recognizable, and mitodhondria
arons), sarcoplaaric reiaulum (arowheads) and glycogen (thin arows) are wal under conventiona condition (d) the
oytoskdetal architedureis loosaned, mitodhondria (amows) and sarcoplaamic retiadum (arrowheads) are sinollen and glyoogen islost.
After 48 h in the bioreadtor (€), saracomare organization is hardly recognizable, sarcoplasic retialum (arowheads) is saollen, but
mitochondria (mgnﬂ aredlill presarvad; under conventiona condition (f), the cytoskded organization is definitdy lost, and mito-
chondria (@Tows) saraoplaaric reiadum (arowheads) are strongly Scdebars 1000 nm Inssts scde bars 10 pm
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and glycogen granules occurred between
the myofibrils (Figure 2a); the myonuclei
showed small condensed chromatin clumps
at both the nuclear and nucleolar periphery,
and one or two roundish nucleoli (Figure
2b).

Explanted muscles maintained under in
vitro conditions underwent a progressive
structural deterioration during their perma-
nence in the culture medium; however, both
light and electron microscopy observations
demonstrated that fluid dynamic conditions
markedly slowed this process (Figure 3).

After 6 h in the bioreactor, the general
appearance of the muscle tissue was almost
comparable to the one of samples immedi-
ately fixed after dissection (Figure 3a): in
the sarcoplasm, the spatial arrangement of

myofilaments and the sarcomere architec-
ture were clearly recognizable, ovoid
shaped mitochondria with well-preserved
cristae were lined between the myofibrils,
the sarcoplasmic reticulum did not show
any enlargement, and glycogen clusters
were present; myonuclei did not show mor-
phological alterations (not shown). On the
contrary, after 6 h under conventional con-
dition, the cytoskeletal organization showed
some loosening and mitochondria were
often swollen; moreover, glycogen deposits
were very scarce (Figure 3b). It is known
that glycogen is markedly affected by post
mortem processes, undergoing significant
decrease, de-location and even disappear-
ance.** In myonuclei no structural alteration
was observed (not shown).

Figure4. Soleus musde saples neintainad in adturefor 48 h under fluid dynanc (a)

or conventiond (b) conditions Bath

d showdunpsof

their peripheary and one condensad nudeolus. In conventiond conciuons(b), 1henuda'
emeopeis winkled and the painudear spaceis enlargad

[page 4]
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After 24 h of permanence in culture, the
difference in structural preservation became
even more marked: under fluid dynamic
conditions, the histological and ultrastruc-
tural features of the muscle were still pre-
served and detectable, despite some loosen-
ing (Figure 3c), whereas muscles cultured
under conventional conditions underwent
dramatic cytological damage, with sarcom-
ere disorganization, swelling of the mito-
chondria and sarcoplasmic structures, and
massive glycogen loss (Figure 3d), although
cell nuclei still preserved a good morpholo-
gy (not shown).

After 48 h, the muscles maintained
under fluid dynamic conditions underwent
important cytoskeletal disorganization,
although some sarcomere remnants were
still appreciable even at light microscopy
(Figure 3e); the sarcoplasmic reticulum
underwent swelling and glycogen was lost,
while most of the mitochondria maintained
their typical morphology. Myonuclei
seemed to undergo some condensation of
the peripheral chromatin, but both nucleoli
and nucleoplasmic structural constituents
maintained their usual morphological fea-
tures, and no evidence of necrosis or apop-
tosis was observed (Figure 4a). The muscles
cultured under conventional condition defi-
nitely lost the ordered myofibril arrange-
ment, while the cytoplasmic organelles
underwent morphological alterations typi-
cal of necrosis (Figure 3f). In myonuclei,
chromatin condensation was more evident
than in samples maintained under fluid
dynamic conditions, the nuclear envelope
appeared as wrinkled and the perinuclear
space as enlarged (Figure 4b); in some
cases, massive autolytic artefacts were
observed (not shown).

These results, obtained by both light
and transmission electron microscopy,
demonstrate that fluid dynamic culture is
suitable to prolong the structural preserva-
tion of explanted skeletal muscle in compar-
ison to conventional conditions. The biore-
actor used in the present study was found to
stimulate metabolism in hepatocytes,
epithelial cells and adipocytes,®® and to
ameliorate permeability in cultured entero-
cytes,”!® in both 2D and 3D cultures. The
metabolism of skeletal muscles is known to
be especially sensitive to variations in flow
rate,!" and the fluid dynamic environment
probably stimulates cell activity by facilitat-
ing molecular turnover through an
increased oxygen/nutrient supply and faster
catabolite removal.

Interestingly, myofibrillar organization
seems to be more affected by the culture
condition than the mitochondria, although
these organelles are known to be highly sen-
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sitive to environmental alterations. It is like-
ly that the structural preservation of the sar-
comeric arrangement is related also to
mechanoreceptor stimulation'>!* which was
obviously lost in the bioreactor too.

Previously reported culture methods of
isolated skeletal muscles were based on the
incubation in a shaking water bath at 35°C
with O,/CO, insufflation: the muscles were
maintained under such conditions until 18 h
and then submitted to biochemical analy-
sis.>!*17 The bioreactor used for the present
study seems to be more efficient as it may be
directly placed inside the incubator, thus
allowing to maintain steady levels of temper-
ature, humidity, O, and CO,, which are
essential factors to improve cell survival
under in vitro conditions. In addition, this
fluid dynamic system may ensure a culture
environment more similar to the physiologi-
cal one than other previously proposed incu-
bation methods: in our experiment, the flow
rate in the bioreactor was set at 300 pL/min,
to reproduce the blood flow values in skeletal
muscle,'® but the fluid flow may be finely
modulated, to mimic metabolic changes for
functional studies. We cannot exclude that an
increase in the flow rate could further ame-
liorate muscle preservation by improving
metabolite/ catabolite turnover. A concomi-
tant temperature decrease of a few degrees
would possibly prolong the in vitro preserva-
tion, but this would obviously make the tis-
sue differently responsive to the experimen-
tal stimuli.

It is worth noting that the availability of
reliable systems for organ preservation and
culture will have a positive ethical and eco-
nomic impact on research activities allow-
ing to effectively reduce the experimenta-
tion on animals. Prolonging the preserva-
tion of explanted organs under in vitro con-
ditions expands their potential as experi-
mental systems suitable for basic research
as well as for efficacy/safety tests on chem-
icals, pharmaceuticals, nanocomposites and
food/feed components.
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The distribution of PLGA NPs successfully tested on cultured muscle cells was
evaluated in the target organ i.e., the skeletal muscle, using the in vitro fluid
dynamic system set up by our group (Carton et al., 2017).

Soleus muscles were explanted from the mouse hind limbs, maintained under
fluid dynamic conditions, and treated with fluorescent Nile-red-labelled PLGA NPs
either administered by post-explant intramuscular (i.m.) injection or directly
suspended in the culture medium. For i.m. administration, 0.4 mg/mL of fluorescent
PLGA NPs were injected into freshly excised mouse soleus muscles using a
Hamilton syringe, and then incubated into Livebox chambers joined in series for 1
to 24h. For NP administration in suspension, 0.4 mg/mL of PLGA NPs were put
into the LiveFlow fluidic circuit and explanted muscles were placed in chambers
joined in parallel for 6 to 24h. At each time point, muscles were immersed in
isopentane precooled in liquid nitrogen, embedded in OCT compound, and cut in a
cryostat. Sections were stained for proteins with Fluorescein isothiocyanate (FITC)
and for DNA with 33342 and observed in fluorescence with an Olympus BX51
microscope under the appropriate filter conditions.

Our preliminary data demonstrated that, whatever the administration way, the
PLGA NPs hardly enter the myofibers in the whole muscle since most of them
remained confined into the connective tissue (Figure 18 et Figure 19).
Modifications of PLGA NPs surface are in progress to improve targeting to the
muscle fibers.

This result demonstrates that in vitro tissue/organ testing under dynamic

condition provides essential information to set up efficient drug nanocarriers.
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Figure 18. Cross-section of soleus muscle, conventional fluorescence microscopy. After 3h
incubation post-i.m. injection, Nile red-labeled PLGA NPs (red fluorescence) mostly accumulate
in the endomysium and perimysium. Arrows indicate the few NPs inside the muscle fibers. Green

fluorescence, sarcoplasm; blue fluorescence, cell nuclei. Bar: 30 pm.

Figure 19. Cross-section of soleus muscle, conventional fluorescence microscopy. After 6h
incubation post-administration in the medium, most of the PLGA NPs (red fluorescence)
accumulate in the epimysium. Green fluorescence, sarcoplasm; blue fluorescence, cell nuclei. Bar:

30 pm.
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Nanocarriers have great potential in therapeutic applications as innovative drug
delivery systems. They take advantage from their unique properties, such as small
size and large and functionalizable surface area, to go through the biological
barriers and accumulate at the target sites; in addition, they may protect the loaded
molecules from the enzymatic degradation, thus improving their sustainability and
availability.

Browsing the scientific literature, most of the nanocarriers so far designed for
drug delivery have been intended to treat tumours, whereas less attention has been
paid to cure and preserve differentiated diseased cells, such as muscle or neuronal
cells. At present, many neuromuscular diseases, chiefly those of genetic origin, still
lack effective therapy; even when promising therapeutic molecules have been
identified, their clinical application is often prevented by their low bioavailability
or high systemic toxicity. In this view, nanocarriers can be envisaged as a suitable
tool that can couple therapeutic efficacy and reduction of adverse side effects.

The research activity of my Doctoral program was aimed at identifying
appropriate nanocarriers for skeletal muscle cells, as potential vectors of therapeutic
agents for treating missplicing in DM, a neuromuscular disease of genetic origin
still lacking specific treatment.

There are two main differences between selecting nanocarriers suitable for
treating cancer cells or for delivering active molecules to skeletal muscle: 1) treating
cancer means to Kill the diseased cells while muscle treatment implies to cure the
cells in order to restore the physiological conditions or, at least, limit the
pathological features; 2) cancer cells are highly proliferating cells while muscle is
composed of terminally differentiated cells unable to proliferate (myofibres), and
quiescent cells (satellite cells) that can be activated (myoblasts) thus undergoing
proliferation and differentiation. These special needs oriented my efforts towards
nanocarriers that had already been demonstrated to be biocompatible and
biodegradable in different biological systems.

The aim of the first study was to monitor by fluorescence and transmission
electron microscopy techniques the uptake and intracellular fate of different
biocompatible nanocarriers which already proved to be efficient drug delivery

systems for cancer cell lines. NPs were synthesised and characterised at the
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University of Torino by Prof. Arpicco’s, Prof. Berlier’s, and Prof. Stella’s groups;
my task was to investigate their relationships with cultured cells. Microscopical
techniques were a powerful approach to elucidate the precise spatial and functional
relationships of nanocarriers with cell constituents, especially in relation to the
internalization and degradation pathways, thus clarifying the interaction
mechanisms and the potential risks of NPs administration: fluorescence microscopy
provided information on the uptake and distribution of NPs in the whole cell
population, while transmission electron microscopy allowed to visualize at high
resolution the intracellular location of NPs, and to detect ultrastructural cell
damages undetectable at light microscopy or by cytotoxicity assays (Costanzo et
al., 2016, 2017a,b).

Based on the results obtained in this first study, selected nanocarriers (LPs,
MSNs and PLGA NPs) were tested on primary human myoblasts and myotubes
obtained from skeletal muscle biopsies and their derived myotubes (Guglielmi et
al., submitted). It should be underlined that these cells are quite difficult to obtain
and grow in vitro, hence the results of our work may contribute to the progress of
knowledge in this field. Table 5 summarizes the results obtained in these primary

cell cultures.
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Table 5. Mechanisms of internalization and cell viability of different types of NPs into primary
human myoblasts

Type of NPs Mechanism of internalization on primary human Myoblast viability
myoblasts
Polymeric NPs e Enter the cell
(PLGA) individually

e Endocytosis
internalization

e Endosomal escape
process

o Degradation by

o Not negatively
affect myoblasts
viability at any of
tested doses and

lysosome pathway S:égﬁ:; to i
starting from 24 h
incubation
Liposomes e Poor cellular uptake
(LPs) e Entering probably by
fusion with plasma
o Rapid uptake membrane
(within 2 h) e Rapid degradation into
e Cytoplasmatic the cytoplasm — short
distribution half life
o No subcellular e Accumulation into lipid o
alteration droplets extruded from ~ ® Statistically
o Never inside cell cells after 24h (EelEe el
- nucleai o viability at high
Silica NPs ¢ Internalization as large concentration and
(MSNSs) clusters long incubation
e Endocytosis times

internalization

e Numerous cytoplasmatic
vesicular and membrane
structures

We confirmed that the chosen NPs are biocompatible for muscle cells, although
at lower concentrations than those reported as safe for some cancer cell lines (e.g.
Slowing et al., 2006; Arpicco et al., 2013; Jonderian and Maalouf, 2016;
Quagliariello et al., 2017). In particular, we found that LPs and MSNs induced a
significant increase in cell death at the highest NPs concentrations tested (0.1 mg/ml
and 0.4 mg/ml, respectively) and at the longest incubation times (72h). It may be
hypothesized that LPs, which rapidly disassemble in the cytoplasm (as
demonstrated in Costanzo et al., 2016), may cause a lipid overloading thus
interfering with cell metabolism. MSNs were found to accumulate inside the cell
for long time (up to 4 days) without undergoing evident degradation or inducing
cell damage (Costanzo et al., 2016), even in an immortalized murine myoblast cell

line (Poussard et al., 2015). However, primary myoblasts were found to be more
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sensitive than established cell lines to the accumulation of MSNs, which maybe
hinder cell functions in the long term (Guglielmi et al., submitted). On the other
hand, PLGA NPs did not affect myoblast death at any concentration and time
investigated and proved to undergo degradation via the lysosomal pathway thus
avoiding long-term intracellular accumulation. In addition, in Guglielmi et al.
(submitted) we evidenced that muscle-derived cells have lower internalization
capability than cancer cells.

It is known that different cell types may differently react to nanocarrier
administration; in particular, it has been demonstrated that myoblasts are much
more sensitive (Nie et al., 2012) and internalize nanocarriers less efficiently than
other cell types (Freichels et al., 2011; Pan et al., 2012). It may be hypothesized that
these discrepancies are related to different metabolic rates or peculiar cell features,
such as different membrane composition or endocytic capability. We also observed
that the uptake of all NPs tested was less prominent in primary human myotubes
than in myoblasts, according to a previous study reporting that some nanocarriers
able to easily enter myoblasts are not internalized by myotubes (Salova et al., 2011).
Several factors may be involved in this phenomenon: 1) cycling cells have higher
metabolic rate than terminally differentiated resting cells (Chang et al., 2007); 2)
myoblast differentiation into myotubes entails a differential expression of several
membrane proteins and lipids (Kislinger et al., 2005; Briolay et al., 2013; Forterre
et al., 2014); 3) the different composition of the culture media for myoblasts and
myotubes may affect the adsorption of environmental proteins on NPs thus altering
in turn their interactions with the cells (Mahmoudi, 2018).

The identification of PLGA 75:25 and 50:50 NPs as nanocarriers suitable for
human muscle cells (Guglielmi et al., submitted) opened the way to preliminary
tests in vitro on the therapeutic efficacy of PLGA NPs loaded with PTM-B on
myoblasts from a DM1 patient. PTM was, in fact, identified as a promising agent
to recover missplicing in DM1 (Warf et al.,, 2009) The synthesis and
characterization of PTM -loaded PLGA NPs was performed at the University of
Torino and | tested their effects on DML1 cultured primary myoblasts. Despite the
considerable difficulties in treating these diseased cells, the results of this pilot

experiment were promising because the NPs-mediated PTM administration proved
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to limit the formation of nuclear foci (i.e., one of the typical pathological features
of DM: Miller et al., 2000; Meola and Cardani, 2009) while reducing the cell death
rate due to drug toxicity. Moreover, the viability of cells treated with PLGA 75:25
NPs is higher than that of cells treated with PLGA 50:50 NPs, likely due to the
higher hydrophilicity of the latter ones that speeds up polymer hydrolysis and drug
release. These results are obviously very preliminary, and studies are currently
ongoing at the University of Torino in order to better characterize and optimize
PTM loading and release in PLGA NPs.

The preliminary results obtained with PLGA NPs loaded with PTM-B
encouraged us to focus our research on the synthesis of a highly biocompatible
nanocarrier for an even more efficient and safer delivery of this drug. During my
stage at the University of Lyon, | succeeded to synthesize novel PNPs made of HA
and polyarginine (HA-PArg NPs) (Carton et al., submitted). We selected HA as a
natural polysaccharide with high biocompatibility and biodegradability.
Chemically, HA is a linear polysaccharidic glycosaminoglycan (GAG) formed of
identical subunits (D-glucuronic acid and N-acetyl-D-glucosamine disaccharides)
bound together by glyosidic bonds. Biologically, it is an important component of
the extracellular matrix (ECM) highly distributed throughout connective, epithelial,
and neural tissues. The natural origin of HA ensures it to be non-toxic, non-
immunogenic and highly biocompatible for human body. A number of authors have
reported the potential of HA to form complexes, micelles, NPs, microparticles and
hydrogels for gene- and drug-delivery application: their potential for anticancer
treatments has been widely explored, especially as multifunctional carriers for a
variety of drugs and nucleic acids in combination therapies, immunomodulation
and theranostics (Cadete and Alonso, 2016; Dosio et al., 2016; Swierczewska et al.,
2016; Eroglu et al., 2017). They have also been envisaged as efficient nanocarriers
for intra-articular injection to treat knee osteoarthritis (He et al., 2017), or for oral
drug administration to cure inflammatory bowel disease (Si et al., 2016; Sithole et
al., 2017), or for successfully delivering antiphlogistic agents for the treatment of
diverse ocular inflammations (Sharma et al., 2016). HA-based NPs have also been
considered for delivering active molecules across the blood-brain barrier (Lalatsa

and Barbu, 2016). Finally, decoration of nanocarriers of different chemical nature
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with HA significantly improved their active cell targeting (e.g., Pradhan et al., 2015;
Wang et al., 2015; Cao et al., 2018; Ricci et al., 2018; Sang et al., 2018). Although
to our knowledge no data on effects of HA-based NPs in muscle cells are available,
Wang et al. (2009) demonstrated that scaffolds made of HA at appropriate
concentration are well biocompatible for skeletal muscle cells and can promote their
cell proliferation and growth. All these data make HA a favorable material for drug
delivery systems to the skeletal muscle.

The delivery of PTM-S using NPs made of HA was investigated by Carton et al.
(submitted) in human lung carcinoma cells and human breast adenocarcinoma cells
(A549 and MDA-MB-231): we demonstrated that NPs-carried PTM-S was more
toxic than PTM-S administered as a free molecule, probably due to an enhanced
internalization of the encapsulated drug by cancer cells. The administration of
PTM-loaded NPs is currently under investigation on cultured muscle cells. Our
preliminary results indicate that, similarly to PLGA NPs, LPs and MSNs, HA-PArg
NPs are well tolerated by cultured muscle cells, but lower concentrations must be
used compared to cancer cells; moreover, as much as it occurs in cancer cells, PTM-
loaded NPs induced a higher cell death rate than the free drug. Tests using
fluorescently-labelled HA are ongoing to monitor the uptake, biodistribution and
degradation NPs in skeletal muscle cells.

All the encouraging experimental work described above was performed using
cells in culture; however, it should be kept in mind that nanocarriers are intended
to be used in living organisms that are much more highly complex systems, and that
the biological environment (the body fluids and intercellular milieu) submits
nanoconstructs to multiple physicochemical interactions which can radically
change their behaviour. Therefore, in vivo experiments are mandatory to determine
the suitability of a nanoconstructs for biomedical use; however, this experimental
phase implies several ethic and economic problems. In this view, the fluid dynamic
in vitro system set up in the frame of my Doctoral project represents a suitable
intermediate step between in vitro and in vivo experimentation (Carton et al., 2017).
In fact, this system allowed us to utilize organs and tissues explanted from untreated
laboratory animals from various experimental protocols and destined to be

discarded. Moreover, it represents a relative simple solution to the problem of
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mimicking under in vitro conditions the complexity of biological systems, which
are composed of different tissues with peculiar cells and extracellular matrix and
exist in dynamic environments where physiological fluids are constantly moving.
These conditions are obviously hard to replicate in conventional 2D or 3D cell
culture or co-cultures, and even the recent microfluidic organs-in-chip technology
is far from reliably mimicking tissue and organ physiology (Sosa-Hernandez et al.,
2018; Weinhart et al., 2018).

The fluid dynamic conditions set up in our laboratory allowed a prolonged
preservation of muscle tissue in comparison to previous methods (see references in
Carton et al., 2017), as proved by the high-resolution analysis at transmission
electron microscopy. Interestingly, although mitochondria are highly sensitive to
environmental alterations, they maintained a good morphology up to 48 h whereas,
at this time point, the myofibrils lost their typical organization in sarcomeres. These
observations suggest a degradation of the cytoskeletal components rather than a
generalized necrotic process. Accordingly, skeletal muscle is known to respond to
mechanical stimuli and, in particular, disuse induces a loss of contractile proteins
mainly due to the unbalanced regulation of protein catabolism and anabolism
(Baldwin and Haddad, 2001; Kandarian and Stevenson, 2002). In this view, as a
future development of our fluid dynamic in vitro system, an electric pulse
stimulation in vitro (e.g. Evers-van Gogh et al., 2015) could be envisaged to further
prolong skeletal muscle tissue preservation.

The maintenance of explanted murine soleus muscles in our fluid dynamic
system allowed us to obtain essential information on the interaction between PLGA
NPs and muscle tissue. In fact, the PLGA NPs, which proved to be easily
internalized and well tolerated by cultured muscle cells, were found to be entrapped
in the connective tissue and be unable to enter myofibers. The nanocarriers have to
pass through the connective tissue before reaching and entering the myofibers,
irrespective of the selected administration route for the DM therapeutic agent (by
intramuscular injection, as in Lee et al., 2012; subcutaneously, as in Weeler et al.,
2012 or in Pandey et al., 2015; intraperitoneally, as in Parkesh et al., 2012;
intravenously as in Leger et al., 2013). Our fluid dynamic in vitro model will allow

to rapidly and reliably explore the effect of surface modifications on the

199



I11. Discussion

intramuscular distribution of NPs; in particular, targeting strategies (such as
carnitine conjugation) are under investigation (Ebner et al.,, 2015). This
experimental phase will provide the scientific know-how to proceed in assessing
the biodistribution in vivo of highly selected nanocarriers.

The application of the fluid dynamic conditions may be extended to organs and
tissues other than the skeletal muscle, and also to biological material obtained by
bioptic and surgery procedures in humans and animals. This opens interesting
perspectives for the development of this fluid dynamic in vitro system for testing
the effects of NPs and, more generally, active molecules, significantly reducing the
number of animals and, consequently, the costs and the time required for the
experimentation. At present, experimentation in vivo cannot be completely replaced
by our fluid dynamic in vitro system, but the potential of our application of fluid
dynamic culture for the preservation of explanted organs attracted the attention of
the association I-CARE Europe Onlus, committed to the respect of the 3R
principles, that offered us a financial support. Moreover, the interesting results
obtained with the in vitro preservation of skeletal muscle provided a suitable
experimental basis to plan the adaptation of the fluid dynamic in vitro system to
laminar organs (e.g., skin, gut, blood vessels) in order to investigate the interactions
of NPs with various biological barriers. Recently our project obtained a financial
support by the University of Verona in the frame of a call promoting the cooperation
between Academia and Companies.

In conclusion, the application of nanotechnology to cure skeletal muscle is an
intriguing challenge and the work performed during my Doctoral program may be
considered as a step only in a long way to go.

In recent years, the evidence that most of the tested nanoconstructs could not
actually find application in the clinical practice led to a moment of reflection in the
scientific community (Mahmoudi, 2018), as to how nanotechnology may more
affectively impact on therapy. In my opinion, based on the experience gained during
my Doctoral program, chemists, pharmacologists, biologists and physicians should
strictly cooperate to manufacture biocompatible nanoconstructs able to interact with
tissues and cells in their natural environment, while being suitable for carrying

therapeutic agents at their target sites; then the structural and physiological effects
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of drug-loaded NPs on cells should carefully be monitored at high resolution by
refined microscopical and imaging techniques. The future of nanomedical research

may be probably found in such a wider multidisciplinary approach.
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During my Doctoral program, besides my research on biocompatible
nanocarriers for skeletal muscle, 1 gave my contribution to two collaborative

studies:

- In the frame of a collaboration with Prof. Goria Berlier (Department of
Chemistry and NIS Research Centre, University of Torino, Italy), MSNs were
functionalized with HA to improve their active targeting to different tumor cell
lines in vitro (Ricci et al., 2018). My task was to culture cells and apply

fluorescence microscopy techniques.

- In the frame of a collaboration with Dr. Gabriele Tabaracci (San Rocco Clinic,
Montichiari, BS, Italy), we explored the effects of the exposure to low ozone
concentrations on adult stem cells derived from adipose tissue at various steps
of the cell differentiation process (Costanzo et al., 2018). My task was to apply
cytochemical and morphometrical techniques at light microscopy.

As a result of these collaborative researches, two scientific articles were

published (the articles have been reproduced with the permission of the journals’
Publishers).
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V. Ricci, D. Zonari, S. Cannito, A. Marengo, Mt. Scupoli, M. Malatesta, F. Carton,
F. Boschi, G. Belier, S. Arpicco (2018). Hyaluronated mesoporous silica
nanoparticles for active targeting: influence of conjugation method and hyaluronic
acid molecular weight on the nanovector properties. J. Colloid Interface Sci.
516:484-497, DOI: 10.1016/j.jcis.2018.01.072.
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1. Introduction

Nanoparticles-based targeted therapy has emerged in recent
years as an innovative strategy to maintain a drug therapeutic dose
at the target site, while reducing systemic drug toxicity and
adverse side effects to healthy tissues [1-3]. This approach is par-
ticularly important in relation to cancer therapy, where the differ-
ences in biochemistry between cancerous and normal tissues can
be exploited for the selective targeting of over-expressed tumor
specif ¢ receptors [4-7]. To this aim, nanomaterials are an ideal
playground, thanks to their intrinsic properties such as high sur-
face area, tuneable size and shape coupled to ease of synthesis
and functionalization. Nanoparticles may be loaded with a
plethora of bioactive molecules (e.g., small molecules, peptides,
nucleic acids, etc.) to protect them from cleavage by external
agents, thus the encapsulated drugs do not participate in the con-
trol over pharmacokinetic and biodistribution. Moreover, nanosize
permits passive transport in biological fuids and to establish
molecular interactions at the cellular and subcellular level [1].

Liposomes [8-10] and biodegradable polymeric nanoparticles
[11-13] are among the most versatile biocompatible systems to
encapsulate active ingredients. Mesoporous silica nanoparticles
(MSNs) can be considered as their inorganic counterparts, with
intrinsic features such as a huge available inner volume, inertness
and chemical stability [14-17]. The ease of surface functionaliza-
tion makes them ideal materials to develop “pharmaceutically
adapted platforms” [18,19], with great potentiality in relation to
stimuli responsive applications [20-26]. One of the major draw-
backs for the systemic application of these nanosystems is their
poor dispersity in biological fuids, which can be however
improved by appropriate surface functionalization [19]. Function-
alization (often carried out to optimize the interaction with the
guest drug molecules) can be obtained with a variety of organosi-
lanes [27]. This has important consequences on the surface proper-
ties, such as charge and hydrophilicity [28], which can profoundly
inf uence cytotoxicity [29], cellular uptake, transport and/or fate in
biological f uids of the nanoparticles [30,31].

Surface modif cation of nanocarriers through macromoleculesis
particularly relevant in the f eld of cancer treatment [32], where
the conjugation of cytotoxic drugs with macromolecules is
designed to improve their pharmacokinetic prof le, prolonging
the distribution and elimination phases [33]. The most employed
are N-(2-hydroxypropyl) methacrylamide (HPMA), polyglutamate,
human serum albumin, dextrans, heparin, chitosan, dendrimers,
multi-arm polyethylene glycol (PEG), and hyaluronic acid (HA)
[32,33]. HA is a naturally-occurring glycosaminoglycan and a
major component of the extracellular matrix. The HA receptor
CD44 is overexpressed in many cancer cells, and in particular in
tumor-initiating cells. HA has thus attracted considerable interest
for the development of nanoplatforms for actively targeting drugs,
genes, and diagnostic agents [34,35].

In recent years, HA-conjugated MSN systems have been pro-
posed in the literature, with the double aim to improve dispersity
and obtain a targeted delivery to CD44 overexpressing cancer cells
[36-38]. Zhang et al. recently proposed biotin-modif ed HA cou-
pled to MSN to enable controlled drug release at cancer cells
expressing CD44 HA receptor [39]. Moreover, Chen et al. used HA

as both capping and targeting agent. In their work, the entrapped
guest molecules were released from the inner pores of MSNs upon
HA degradation in response to hyaluronidase-1, after receptor-
mediated endocytosis into targeted cancer cells [40]. The poten-
tiality of HA-conjugated MSN systems was further investigated
by developing dual-stimuli responsive systems. To this aim, the
polysaccharide was conjugated to M SNs through a disulf de bond,
which was cleaved in the presence of the high glutathione concen-
tration characterizing cancer cells [23,24]. Additionally, multifunc-
tional “theranostic” materials where developed, coupling the
above-mentioned properties to those of a gadolinium based bovine
serum albumin complex for simultaneous redox-responsive tar-
geted drug delivery and magnetic resonance imaging [41].

In this work, hyaluronated MSNs (MSN/HA) have been devel-
oped with the double aim to improve their dispersion in physiolog-
ical media and their targeting ability. For the f rst time we compare
different synthetic approaches, and the use of HA of different
molecular weights (6.4 kDa and 200 kDa), to identify the optimal
strategy to obtain the better performances, both in terms of biolog-
ical response and potential pharmaceutical application. A full
physico-chemical description of the produced hybrid materials is
given, including routine characterization, hydrophilicity assess-
ment, molecular and quantitative analysis of the HA external shell.
Finally, the biological effectsin cultured cells were studied and the
results correlated to the materials properties.

2. Experimental section
2.1. Materials

Cetyltrimethylammonium bromide (CTAB), tetraethyl orthosili-
cate (TEOS), sodium hydroxide (NaOH), (3-aminopropyl)-
triethoxysilane (APTS) and all the other reagents and solvents were
purchased from Sigma-Aldrich (Milan, Italy) and employed as
received. Sodium hyaluronate (HA, of molecular weights MW 6.4
and 200 kDa) was purchased from Lifecore Biomedical (Chaska,
MN). Fluorescein-5-isothiocyanate (FITC) was provided by Invitro-
gen (Life Technologies, Monza, Italy). MilliQ® water was used in all
synthetic steps.

2.2. NHx-MSN synthesis

MSN samples were prepared following a slightly modif ed
literature procedure [42,43]. CTAB (1 g, 2.74 mmol) employed as
Structure Directing Agent (SDA), was dissolved in 480 ml of water
under stirring and heating. At the stable temperature of 80 °C,
NaOH (2.0M, 3.5ml) was slowly added to the mixture. TEOS
(5ml, 224 mmol) was then added dropwise under vigorous
stirring. After 2 h the milky reaction mixture was cooled to room
temperature (RT) and the white precipitate was f Itered off and
washed with abundant water and methanol. The SDA was removed
from the as-synthesized material by calcination at 550 °C, heating
to the desired temperature under N f ow and switching to O, for a
6 h isotherm.

Aminopropyl-functionalized MSN (NH,-MSN) sample was
prepared with APTS by post-synthesis grafting with a procedure
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modif ed from the literature [44,45]. Namely, 1 g of MSN (over-
night dried at 100 °C) were suspended in 30 ml of anhydrous
toluene. The particles suspension was heated at 130 °C under stir-
ring. Next, 0.6 ml of APTS were added dropwise and the mixture
was allowed to ref ux for 17 h. The modif ed NH,-MSN\s were f |-
tered off and washed with toluene, ethanol, water and f nally
methanol. Subsequently, the sample was dried at 110°C for 3 h
for curing, and at 80 °C overnight [46].

2.3. Hyaluronic acid conjugation: MSN/HA samples

Conjugation with HA was carried out starting from NH,-M SN, to
exploit the aminopropyl functionality for covalent linking of the
targeting agent. We followed three different procedures proposed
in the literature [36,37,40]. The protocol described in Ref. [40]
was discarded since the prepared samples resulted in the lowest
derivatization yield. This is probably ascribable to the low concen-
tration of the coupling agent 1-ethyl-3-(3%dimethylaminopropyl)
carbodiimide (EDAC), notwithstanding the excess of HA with
respect to MSN. The methodologies proposed by Yu et al. and by
Ma et al. [36,37] brief y described below, are hereafter mentioned
as method A and B, respectively. HA of MW of 6.4 and 200 kDa
were used for both preparations.

2.3.1. Samples HA200A and HA6.4A

This approach requires activation of HA through N-hydroxysuc-
cinimide (NHS) and EDAC as coupling agent, before nanoparticles
conjugation [37]. To this aim, 56 mg of NHS and 30 mg of EDAC
were separately dissolved in 1.5 ml water, each. 17 mg of HA were
suspended in 9 ml water, before adding the NHS and EDAC solu-
tions previously prepared. The mixture was left under magnetic
stirring at RT for 1 h. 150 mg of NH,-M SN were suspended by son-
ication in 15 ml of water, before adding the activated HA solution.
pH was then adjusted to 9 with trimethylamine (TEA). The mixture
was heated to 38 °C and left under stirring overnight. After cooling
down to RT, the supernatant was separated by centrifugation
(60 rpm, 20 min). The solid powdered product was washed thrice
with water and suspended in few ml of water before freeze-
drying. This procedure was carried out with HA 200 kDa and 6.4
kDa, resulting in samples HA200A and HA6.4A, respectively.

2.3.2. Samples HA200B and HA6.4B

Following method B, activation of HA was carried out directly in
the presence of the nanoparticles. 150 mg of NH,-M SN were soni-
cated in 30 ml of 2-(N-morpholino)ethanesulfonic acid (MES) buf-
fer 0.01 M, at pH 6. 150 mg of HA were dissolved in 15 ml of MES
and added to the nanoparticles suspension. 15 mg of EDAC and 15
mg of NHS, each dissolved in 7.5 ml of MES, were added to the MSN
suspension. The reaction was kept under magnetic stirring at RT for
4 h and successively centrifuged (60 rpm, 20 min). After removal of
the supernatant, the solid powdered product was washed thrice
with water and re-suspended in few ml of water for freeze-
drying [36]. The procedure was carried out with HA 200 kDa and
6.4 kDa, resulting in samples HA200B and HA6.4B, respectively.

2.3.3. Fluorescent labelling

FITC labelled NH>-M SN and MSN/HA samples were prepared as
reported in Ref. [37] with minor modif cations. Brief y, 250 nh of
FITC ethanol solution (0.3 mg/ml) were added to a suspension of
1 mg of MSN in 150 nh of water. The mixture was maintained at
RT for 6 h under stirring in the dark and then the nanoparticles
were centrifuged (60 rpm, 10 min) and washed with ethanol thrice
until the supernatants were colorless.

2.4. Physico-chemical characterization

Transmission Electron Microscopy (TEM) measurements were
carried out with a JEM 3010-UHR microscope (JEOL Ltd.) operating
at 300 kV. Powders were dispersed on a copper grid coated with a
perforated carbon f Im. The size distribution of the samples was
obtained by measuring a statistically representative nhumber of
particles (ca. 250 particles). The results are indicated as mean par-
ticle diameter (dm) £standard deviation (STD) (dm £STD).

Specif ¢ surface area (SSA), cumulative pore volume and pore
size distribution of samples were calculated by gas-volumetric
analysis measuring N, adsorption-desorption isotherms at liquid
nitrogen temperature (LNT) using an ASAP 2020 physisorption
analyser (Micromeritics). The SSA was calculated by the
Brunauer-Emmett-Teller (BET) method and the average pore size
was determined by means of the Barrett-Joyner-Helenda (BJH)
method, employing Kruk-Jaroniec-Sayari (KJS) equations on the
adsorption branch of nitrogen isotherms. Before the measurement,
the samples were outgassed at RT overnight.

Powder X Ray Diffraction (XRD) patterns were collected with a
PW3050/60 X'Pert PRO MPD diffractometer (Panalytical) working
in Bragg-Brentano geometry, using Cu Ka radiation (40 mA and
45 kV), with a scan speed of 0.0167°min ! and a measurement
time of 200 s/step. The measurement was carried out at low angles,
in the range of 1.5-12°,

Thermogravimetric analysis (TGA) was carried out on a
Q600 analyzer (TA Instruments) heating the samples at a rate of
10 °C/min from RT to 1000 °Cin air f ow. Before starting measure-
ments, samples were equilibrated at 30 °C.

Fourier Transform Infrared (FTIR) spectra were recorded using
an IFS28 spectrometer (Bruker Optics) equipped with a MCT detec-
tor, working with a resolution of 4 cm ! over 64 scans. The spectra
were obtained in transmission mode, with samples pressed in the
form of self-supporting pellets, mechanically protected with a pure
gold frame. Samples were placed in quartz cells equipped with KBr
windows, allowing in situ activation and measurement. Before
spectra measurement the samples were outgassed at RT for 4 h
to remove adsorbed water and impurities. Spectra were normal-
ized with respect to pellet thickness for direct comparison, by
using the silica overtone modes in the 2100-1500 cm ! interval.

Colorimetric carbazole test was carried following the procedure
described in [47]. Briefy, a suspension of 4 mg/ml in water
was prepared for each sample. Two aliquots (60 and 180 nh)
were diluted to a fnal volume of 1ml in water. 3ml of a
0.025 M NayB405 in H>S0, 96%solution were added to each tube.
The suspensions were then shaken and heated at 100 °C for
10 min. After cooling down, 100 nh of a carbazole solution 0.1%p/v
in absolute ethanol was added, before mixing and heating again at
100 °C for 10 min. After cooling down, absorbance was measured
at 530 nm using a DU-70 Beckman spectrophotometer.

Microgravimetric H,O adsorption/desorption isotherms were
measured with an intelligent gravimetric analyzer (IGA-002, Hiden
Analytical), based on an ultrahigh-vacuum (UHV) microbalance
(weighing resolution of 0.2 ng) with integrated temperature and
pressure control. Temperature control was based on a ther-
mostated water bath/circulator, while pressure control was
achieved with a Baratron capacitance manometer (accuracy %+
0.05 mbar). Buoyancy corrections were carried out using the
weights and densities of all the components of the sample (includ-
ing adsorbed phase) and counterweight sides of the balance, and
the measured temperature. The mass uptake was measured as a
function of time, and the approach to equilibrium of the mass
relaxation curve was monitored in real time using a computer
algorithm (real time processor, RTP). For each isotherm point the
time origin of real-time analysis was set at 75%o0f the pressure
change, while the minimum and maximum data collection time
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were set to 5 and 60 min, respectively. RTP uses last-squares
regression of a linear driving force (LDF) model in order to extrap-
olate a value of the mass relaxation asymptote and assess the time-
scale of interaction. The samples were loaded in a sealed stainless
steel reactor, where they were outgassed at 50 °C overnight prior
to H,0 dosage, in order to measure the sample dry weight. Two
consecutive adsorption/desorption isotherms were measured vary-
ing the water equilibrium pressure in the 0-20 mbar interval (step
of 3 mbar) at 28 °C. This corresponds to a maximum p/p° value
around 0.55 (p° ffi38 mbar at the measurement temperature).

The experimental isotherms were analyzed with a Langmuir
model, which assumes a monolayer adsorption onto the surface
and is expressed by the equation:

., GnK P
9% b Kp

where q is the equilibrium water uptake, g, is the adsorption
capacity (corresponding to the monolayer saturation) and K the
Langmuir constant, which corresponds to the adsorption equilib-
rium constant [48]. g, and K were calculated via the linearization
of the Langmuir equation, as follows:

p 1/4i b P &b
9 Ky Gnm

Calculations were carried out expressing the equilibrium pressure
as p/p°, so that the K values reported in Table 4 are dimensionless.

The mean hydrodynamic size was determined at 25°C by
Dynamic Light Scattering (DLS) using a nanosizer (Nanosizer Nano
Z,Malvern Inst., Malvern, UK). The selected angle was 173° and the
measurement was carried out after dilution of the nanoparticle
suspensions in water and in phosphate buffered saline (PBS
0.1 M, pH =7.4). The particle surface charge was investigated by
f potential measurements at 25 °Cin water and PBS solution apply-
ing the Smoluchowski equation and using the Zetasizer Nanoseries
ZS 90 (Malvern Instruments). In both cases, measurements were
carried out in triplicate by diluting 80 | | of a 1 mg/ml particles sus-
pension in water with the selected medium, to reach af nal volume
of 1 ml.

For the dispersity test 2 mg of NH>-MSN and MSN/HA samples
were added to 1 ml of different medium [PBS 0.1 M or Dulbecco’s
Modif ed Eagle Medium (DMEM) supplemented with 10%of fetal
bovine serum (FBS)] and bath sonicated for 30 min. The stability
of the dispersions was evaluated after 0, 4, 8, 24 and 30 h.

alp

2.5. Tumour cell lines culture

MDA-MB-231 (human breast adenocarcinoma) and A2780
(human ovarian carcinoma) cells were used. MDA-MB-231 cells
were grown in DMEM supplemented with 10%of FBS, 0.03%of
L-glutamine and 2%penicillin and streptomycin. A2780 cells were
cultured in RPMI 1640 medium containing 10% FBS, 0.03% of
L-glutamine, 2%penicillin and streptomycin, and 50g/ml of gen-
tamicin sulfate. Cells were maintained in a humidif ed incubator
at 37 °Cin 5%C0,.

2.6. Receptor expression analysis

Flow cytometry was used to determine the presence of CD44 on
the cell surface by indirect immunof uorescence. Cells were
washed twice with PBS and incubated 30 min in the dark at 4 °C
with CD44 primary antibody, washed twice with PBS and then
incubated 30 min in the dark at 4 °C with a phycoerythrin (PE)
conjugated goat antibody (Dako Italia, Milan, Italy). Samples were
analyzed on a fow cytometer instrument (FACSCanto, Becton
Dickinson, San Jose, CA). Dead cells and debris were excluded on

the basis of forward-scatter and side-scatter. Flow cytometry data
were analyzed using the FlowJo software (TreeStar, Ashland, OR).
CD44 expression was measured by calculating the ratio between
median f uorescence intensity of cells labelled with antibodies ver-
sus unlabelled cells (Relative Median Fluorescence Intensity,
RMFI).

2.7. Incubation with MS\ and cytotoxicity evaluation

MDA-MB-231 and A2780 cells were seeded at 1 x 10* cells/well
in 96 wells microtiter plates and incubated overnight to allow
cellular adhesion. Various dilutions of NH,-M SN and M SN/HA sam-
ples (1.5-25 ng/ml) were added in triplicate, and incubated for 24,
48 and 72 h.

Cell growth inhibition was evaluated by sulforhodamine B (SRB)
colorimetric proliferation assay, modif ed by Vichai and Kirtikara
[49].

2.8. Confocal analysis of f uorescent MSN

After 24 h incubation with either FITC labelled NH,-MSN or
MSN/HA, MDA-MB-231 and A2780 cells were f xed for f uores-
cence microscopy with 4%(v/v) paraformaldehyde in PBS, pH 7.4,
for 30 min at room temperature. The samples were stained for
DNA with Hoechst 33342 (11 g/ml in PBS for 5min; Sigma),
counterstained with 0.1%Trypan blue in PBS for 30 s to visualize
the cytoplasm, rinsed in PBS, and mounted in a 1:1 mixture of
glycerol :PBS (Calbiochem, Inalco, Milan, Italy). For confocal laser
scanning microscopy (CLSM), a Leica TCS SP5 AOBS system (Leica
Microsystems Italia, Milan, Italy) was used with a 40 oil
immersion objective. For f uorescence excitation, a diode laser at
405 nm for Hochest, an Ar laser at 488 nm for FITC and a He/Ne
laser at 543 for Trypan blue were employed. Z-stack of 1.5 nm step
sized images (each image in the 1024 1024 pixel format) were
collected and processed by the Leica confocal software. The RGB
channels of the images presented here are the gray intensity
images obtained with 405 nm (B), 488 nm (G) and 533 nm (R)
excitation wavelengths respectively.

2.9. Cellular uptake

A quantitative determination of the cellular uptake was
performed on a f uorescence-activated cell sorter (FACS). MDA-
MB-231 and A2780 cells seeded in 6-well culture plates
(5 10°cells/well), were exposed for different length of time
(15 min, 30 min or 1 h) to FITC labelled NH>-MSN and MSN/HA
with equivalent fuorescence. After removal of the free
FITC-NH>-MSN and FITC-MSN/HA, cells were washed twice with
PBS, collected by tripsynization and f nally re-suspended in 1 ml
of PBS. Then the intracellular uptake of MSNs was analyzed using
a FACScan. Detection of FITC-M SNs green f uorescence (FL-1) was
performed on at least 5000 events per samples, using the CellQuest
software (Becton-Dickinson, Milano, Italy). Cells incubated in the
absence of MSN were used as control.

3. Results and discussion

The general properties of all samples, including textural and
morphological features, were analyzed. Sample HA6.4A was
discarded due to low derivatization yield and scarce dispersity
(see later), and will thus not be described in detail in the following.
The NH,-MSN sample used for HA conjugation was measured for
comparison. Corresponding results are hereafter discussed only
when relevant.
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3.1. Effect of conjugation on porous structure

MSN/HA samples are composed by spherical nanoparticles (par-
ticle size 94 £20 nm, see corresponding histogram as Fig. S1),
which are characterized by an ordered pore structure with the typ-
ical hexagonal array of MCM-41-like materials. This can be appre-
ciated in the high resolution TEM picture of sample NH,-MSN,
reported in Fig. 1a, showing two superimposed particles with pores
parallel and perpendicular to the image plane (circle and hexagon
shapes, respectively). The same particle size, morphology and
ordered porosity are preserved after HA conjugation, as shown in
Fig. 1b-d. However, in this case an amorphous-like external layer
is clearly observed, which can be attributed to the formation of a
shell of HA, covering the particles. The formation of a HA shell is
supported by both qualitative and quantitative characterization
results, described in the following.

The ordered pore structure of the materials is also ref ected in
the typical XRD pattern, characterized by low angle peaks at 2.3,
4.0 and 4.7° (Fig. S2). These can be labelled as (100), (11 0) and
(2 00)in the P6Gmm symmetry group, corresponding to a hexagonal
array of pores. After HA conjugation, the peaks decrease in intensity
and move to slightly higher 2h values in all samples. The changeis
in the order HA200A <HA6.4B ffiHA200B. Both phenomena are
usually observed in MCM-41-like materials after functionalization
and/or drug encapsulation, and are interpreted in terms of mole-
cules f Iling/lining the pores [50,51]. Particularly, the digo parame-
ter, which is the distance between planes passing through the pores
centre (see Fig. S3), can be calculated from the Bragg equation, as

resumed in Table 1. These data are further discussed hereafter in
combination with results from gas-volumetric analysis.

The nitrogen adsorption/desorption isotherms of the three M SN/
HA and parent NH,-M SN materials are reported in Fig. 2 (top panel),
with the corresponding pore size distribution calculated with the
BJH method (bottom). Curves a) and b) corresponding to NH,-M SN
and HA200A, can be classif ed as type IV typical of mesoporous
materials. Namely, a steep increase of the adsorbed amount is
observed below p/p® =0.3, which corresponds to the capillary con-
densation of the adsorbate inside the pores. The narrow hysteresis
loop present in all samples at p/p° reaching 1 is instead related to
condensation of nitrogen in theinterparticle porosity. After conjuga-
tion, the adsorbed amount decreasesin the order HA200A >HA6.4B
ffiHA200B, and in the last two the capillary condensation related to
mesopores f Iling is no more present. This is ref ected in the corre-
sponding pore size distribution curves (Fig. 2, bottom panel). Parent
NH,-M SN material shows an intense and relatively narrow peak
centred around 30 &, corresponding to the pores lined with amino-
propyl groups. This peak is weaker and shifted to lower values for
HA200A, very weak and not present in HA6.4B and HA200B.

The textural parameters obtained from these data are
summarized in Table 1. On the whole, we observe a major effect
of conjugation on samples prepared by method B, where Specif ¢
Surface Area (SSA), pore volume and diameter are sensibly
decreased. This suggests that during this procedure (where HA
activation is carried out directly in the presence of the nanoparti-
cles) the polymer is not only forming an external layer but is also
diffusing inside the pores. This is less likely in the case of high

Fig. 1. TEM images of (a) NH>-MSN; (b) HA200A; (c) HA200B and (d) HA6.4B.
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Table 1
Textural and structural properties of the studied materials.

489

Samples SSA (m3/g) Mesopores volume (cm?/g) Mean diameter (R) di00 (R) aR) Wall thickness (R)
NH>-MSN 789 1.18 30 38.21 44.12 14
HA200A 494 091 26 37.88 43.74 18
HA200B 204 0.33 <0 36.32 41.94 >22
HA6.4B 222 0.60 22 36.78 4247 20
600 TGA was carried out from 30 to 1000 °C in air f ow, in order to

Quantity adsorbed (cm3/g STP)

N, | }
.'.—._. \..
~H- .
o T e o
30 35 40

Pore Width (A)

Fig. 2. Nitrogen gas-volumetric adsorption (crosses) and desorption (squares)
isotherms (top) and pore size distributions (bottom) of (a) NH,-MSN; (b) HA200A;
(c) HA200B and (d) HA6.4B.

molecular weight HA, where the polymer could mainly block pores
entrance not allowing nitrogen molecules to diffuse within during
BET measurements. On the other hand; method A, where HA acti-
vation is carried out before reaction with NH,-MSN, results in a
minor diffusion inside the pores, which are less obstructed to the
diffusion of the nitrogen adsorbate used for gas-volumetric analy-
sis. These considerations are in very good agreement with XRD and
TEM observations, showing an apparently thicker HA layer on sam-
ple HA200B with respect to the other two (compare Fig. 1b with ¢
and d). Finally, the mean pore diameter calculated by BJH method
was combined with the a parameter calculated from XRD (distance
between centres of the pores, see Fig. S3), to calculate the apparent
wall thickness. The values summarized in last column of Table 1,
clearly show an increase in the order HA200A <HA6 4B ffi
HAZ200B, in agreement with the above considerations.

3.2. Quantitative HA analysis

Quantif cation of HA covalently linked to the NH,-M SN particles
was carried out by two independent techniques, namely TGA and
the carbazole colorimetric test.

quantify the amount of organic groups anchored to the silica sur-
face. This was calculated on the basis of the observed weight loss,
normalized to the dry mass of the sample, i.e. after removal of phy-
sisorbed water around 100 °C (Fig. $4). All MSN/HA samples show a
consistent weight loss between ca 180 and 650 °C, which is higher
with respect to parent NH,-M SN, in the order HA200A <HA200B
ffiHA6.4B. The calculated amounts are summarized in Table 2.
M ore details about the criteria used for quantif cation can be found
in the Supplementary Material. In this context, it is suff cient to
mention that samples HA200B and HA6.4B show very similar
weight losses and curves slope, while HA200A has an intermediate
prof le, both in terms of quantity and curve shape, in very good
agreement with the trends observed with textural and structural
techniques, as described above.

Carbazole colorimetric test was also employed for HA quantif -
cation. As mentioned above, HA is a high molecular weight gly-
cosaminoglycan, formed by a repeating disaccharide unit
composed by p-glucuronic acid and N-acetyl-p-glucosamine. In this
test HA is hydrolyzed in acid environment, so that monosaccharide
units can form coloured adducts with carbazole through their glu-
curonic acid residues. This allows the quantif cation of HA through
a simple optical measurement.

The values obtained with both techniques are resumed in
Table 2, expressed as HA weight percentage. First of all, we under-
line the very good agreement between the two techniques. Sec-
ondly, the results show that a def nitely higher mass of HA has
been linked to MSN with method B, irrespective of its molecular
weight. Method A def nitely yields a materials with lower (around
one third) HA loading. This could be explained by the fact that in
the latter case HA activation was carried out before reaction with
NH,-M SN. On the basis of gas-volumetric and TEM results, we infer
that this could result in a more diff cult diffusion inside the pores,
so that mainly external aminopropyl groups were involved in the
reaction. Finally, these results contribute to the interpretation of
the structural and textural parameters of the MSN/HA samples,
which appear to be mainly affected by the HA loading, irrespective
of its molecular weight.

3.3. Qualitative HA analysis: infrared spectroscopy

Infrared spectroscopy is a powerful tool to investigate interface
interactions in hybrid organic-inorganic materials. It can be used to
assess the molecular structure of surface grafted functionalizing
groups, and the weak interactions taking place between silica sur-
face and adsorbed/encapsulated drug molecules [28,50-58]. The
spectra of parent NH,-MSN and HA conjugated samples are
reported in Fig. 3, in the high and low frequency ranges (top and
bottom panel, respectively). All samples were measured in trans-
mission mode on self-supporting pellets, after RT evacuation nec-
essary to remove adsorbed impurities and water, which would
inf uence the spectral analysis (see for instance Refs. [28]; [57]).
The spectrum of HA 200 kDa (measured in KBr) is reported for
comparison in the Supplementary Material (Fig. S5). The bands
assignment discussed in the following is resumed in Table 3.

The spectrum of parent NH,-MSN sample, reported for
comparison, is similar to what already reported and discussed in
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Table 2
Quantitative analysis, f potential and mean hydrodynamic diameter.
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Samples HA loading (wt%)

f potential (mV)

Mean hydrodynamic diameter (nm)

TGA Carbazole Water

PBS” W ater PBS

+35.0 £0.9

+14.3 +1.3
198 +£19

+34.5 £0.1
8.8 £0.7

NH>-MSN - -
HA200A 6.6 8.1
HA200B 174 199
HAB6.4A n.d. 3.1
HA6.4B 19.0 189

360.7 £11.2
292.7 £10.6
253.1 £10.5
313884

3019 +12.1

409.3 £23.0
309.0 £18.2
265.9 +£20

389.2 £13.0
354.7 £16.1

+12.4 £0.7
16.5+0.8
157 £09
1.3£0.5
16.8 +0.8

n. d.: not determined.
2 0.1M,pH=74.

Jo1

Absorbance (a.u.)

3733

3000 2500

Wavenumbers (cm'1)

3500
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Fig. 3. Infrared spectra in the high and low frequency regions (top and bottom
panels, respectively) of NH,-MSN (black); HA200A (blue); HA200B (red) and
HA6.4B (green). Spectra were measured on dehydrated samples and are normalized
with respect to pellet thickness. (For interpretation of the references to colour in
this f gure legend, the reader is referred to the web version of this article.)

Table 3
Main infrared assignments.

High frequency Low frequency

Position Assignment  Position Assignment

3370cm ' mesym NH, 1650cm *! na@o (Amide I)

3300cm ' meym NH,  1595cm ! d NH,, (@aminoproyl)
2930cm ' rmesym CH, 1550cm ! dNH/NGAN comb. (Amide II)
2870cm ' msym CH, 1430-1350cm '  dCH and dOH

the literature [28,57]. Namely, it is characterized by a broad signal
in the high frequency region (top panel), which is characteristic of
hydrogen bonding interactions among surface SA OH groups (sila-
nols) and between these and the grafted aminopropyl! functionali-
ties. The presence of the aminopropyl groups is testif ed by the
bands (superimposed to the broad band described above) at 3370
and 3300cm ! (antisymmetric and symmetric NH, stretching
modes, MIH,, respectively) and at 2930/2870 cm * (antisymmetric
and symmetric NGH,). The very weak peak at 3734 cm ! is related
to hydrogen bonding acceptors and/or geminal AS(OH), silanols,
which were not consumed by the grafting reaction [57]. The corre-
sponding f ngerprints of aminopropyl functional groups in the low
frequency region (bottom panel of Fig. 3) are the band at
1595cm ! due to the NH, bending mode (dNH,) and the weak
dCH,, features between 1500 and 1320cm 1.

The spectra of MSN/HA samples show interesting differences
with respect to parent materials. Namely, in the high frequency
region an increase in the intensity and spectral breadth of the
absorption between 3700 and 2200 cm 1 is observed, in the order
HA200A <HA200B ffiHA6.4B. This can be clearly related to the
presence of an extended hydrogen bonding network, both among
HA residues and between them and the silica surface. Indeed, the
weak band at 3734 cm ! related to SAOH groups is consumed,
conf rming the involvement of surface silanols in hydrogen
bonding interactions with HA.

Moreover, weak bands can be also observed between
3200 and 3000cm 1!, recalling the typical spectral shape of
hydrogen-bonding carboxylic acids. This indicates that not all the
p-glucuronic acid residues were involved in the formation of an
amidic bond with the amino groups present on silica. In agreement
with the structural, textural and quantitative data discussed above,
the two samples prepared by method B are very similar and more
affected by conjugation, at variance with sample HA200A, showing
an intermediate behavior.

The same trend is observed in the low frequency range (Fig. 3,
bottom panel). More in detail, broad absorptions develop in the
1700-1500cm ! and 1450-1350cm ! ranges, with the same
order of intensity described above, i.e. HA200A <HA200B ffi
HA6.4B. The dNH, signal at 1595 cm ! isclearly evident on sample
HA200A, while it is only a shoulder in the other samples. This indi-
cates that not all aminoproyl functionalities reacted with HA, as
expected for functional groups lining the inner surface of the pores.
Interestingly, the intensity of this band is higher on sample
HA200A, where a lower diffusion of HA residues inside the pores
was inferred from textural and structural analysis (see above).

Concerning the new features developing in this spectral region
after HA conjugation, they can be safely ascribed to the formation
of an amidic bond between the NH,-MSN amino groups and the
carboxylic acid functionalities of HA. Namely, the amide I band
(N30) is observed at 1650cm !, the amide II (dNH and NaN
combination mode) at 1550 cm !, while the absorption between
1430 and 1350cm ! is related to the numerous dCH and dOH
vibrations of HA.
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Table 4
Langmuir parameters for water vapour sorption process.
Samples 1st cycle 2nd cycle
Gm (WE%) K R? Om (Wt%) K R
NH>-M SN* 6.83 847 0.9267 9.23 8.47 0.9267
HA200A 1.37 17.10 0.9932 1.47 18.29 0.9940
HA200B 1.28 20.14 0.9964 1.43 1947 0.9964
HA6.4B 1.56 20.87 0.9950 1.66 22.82 0.9968

@ Parameters calculated from data measured at 25 °C (from Ref. [28]).

34. Interaction with water molecules

HA is a hydrophilic macromolecule, with interesting applica-
tions as wetting agent [59-61] or as polymer for surfaces modif ca-
tion. Indeed, recent studies reported about the use of HA to
improve hydrophilicity and biocompatibility of chitosan f Ims or
scaffolds [62,63]. Moreover, HA has been used to increase surfaces
hydrophilicity to provide antifouling properties, as a result of
reduced nonspecif c protein adsorption [64-68]. In this work, the
effect of HA conjugation on the hydrophilic character of MSN has
been studied by carrying out water vapour sorption microgravi-
metric experiments. This technique has been recently employed
by some of us to investigate the effect of different functional
groups on the hydrophilic character of MSN [28].

W ater adsorption/desorption isotherms at 28 °C were measured
on the three MSN/HA, by gradually increasing the equilibrium
vapour pressure in the 0-20 mbar range (p/p° from 0 to ca 0.55).
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Fig. 4. Water microgravimetric isotherms measured at 28 °C on MSN/HA samples.
Top: primary and secondary adsorption/desorption measurements on sample
HA6.4B; bottom: comparison of secondary desorption measurements on HA200A
(<), HA200B (j ) and HA6.4B (d ).

The results obtained on sample HA6.4B are reported in Fig. 4
(top panel). Similar trends were observed on samples HA200A
and HA200B (see Fig. S6) and can be summarized as follows. Both
primary and secondary adsorption/desorption cycles are character-
ized by a hysteresis loop, with higher water uptake measured dur-
ing the desorption step, for each p/p° value. This can be explained
by the slow diffusion of water interacting with the external HA
layer surrounding the MSN. This implies that the equilibrium is
probably not reached in the adsorption step within the time frame
of the experiment (timeout of 60 min for each p/p° dosage). A small
water amount is not desorbed after the f rst desorption step,and in
all samples the second cycle results in a slightly higher water
uptake. When comparing the secondary desorption curves on the
three MSN/HA samples, the following order of water uptake is
observed: HA6.4B >HA200A ffiHA200B (Fig. 4, bottom panel).

The obtained results are at f rst sight surprising, when com-
pared to what measured on the parent NH,-M SN material, where
a maximum uptake of 6.7 wt% (3.7 mmol/g) was measured at
p/p° ffi0.3 and 25 °C [28]. This is sensibly higher with respect to
what obtained on the MSN/HA samples (1.3-1.7 wt%see Table 4),
indicating a decrease in the water uptake of MSN after HA conjuga-
tion, in contrast to what expected for the high hydrophilicity of the
polysaccharide. However, the explanation of this apparently puz-
zling results can be found through a more detailed analysis of
the measured isotherms. To this aim, the primary and secondary
desorption curves of the samples have been f tted with a Langmuir
model, assuming that they are closer to the thermodynamic
equilibrium with respect to adsorption ones. The results from this
analysis are summarized in Table 4, together with the results for
NH>-M SN parent sample (data from Ref. [28]). First, we acknowl-
edge the fact that for all HA conjugated samples the agreement
with the Langmuir model is satisfactory (R® >0.99), which is not
the case for NH,-M SN (R2 =0.9267 for both cycles). Secondly, the
set of calculated K values (corresponding to the equilibrium
constant of the adsorption process) are consistent for the set of
samples, ranging from 17 to ca 23, while for NH,-MSN a value
around 8.5 was found for both sorption cycles. These data clearly
indicates that on the conjugated samples water is mainly interact-
ing with the external HA layer, where it is strongly adsorbed and
cannot freely diffuse inside the MSN pores, at least in the time
frame and experimental conditions of the experiment. This picture
f ts well with the higher K values and smaller uptake with respect
to parent NH,-MSN.

Coming back to the comparison among the three samples
(Fig. 4, bottom panel) the calculated K values are in the order
HA200A <HA200B <HA6.4B. The last sample being the one with
the highest uptake, we can infer that the polysaccharide molecular
weight inf uences its hydrophilicity. On the contrary, water uptake
on HA200A is almost identical to HA200B, irrespective of the differ-
ent loading. This supports the idea that, when dosed from vapour
phase, water is strongly adsorbed on the external HA layer with
limited diffusion within the pores. This effect could limit the
diffusion of drugs to and from the material pores, as indicated
by preliminary studies on drug loading carried out in our group
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(not reported). Noticeably, samples HA200B and HA6.4B show a
similar water/HA weight ratio (ranging from 0.07 to 0.09) with
respect to the sample prepared by method A (0.21-0.22). These
data further support the picture obtained by characterization tech-
niques, indicating that sample HA200A is characterized by a differ-
ent distribution of HA at the pores entrance, with a consistent
amount of unreacted amino groups. This could indicate an easier
diffusion of adsorbates (such as water molecules) and host drug
molecules within the sample.

3.5. Effect of HA on surface charge, aggregation and dispersity

The electrophoretic mobility of the materials was measured to
evaluate the effect of conjugation on the particles f potential,
which gives an indirect information about the surface charge in
the Stern layer. This parameter is affected by both the hydrody-
namic diameter and the electric double layer thickness, the latter
being strongly inf uenced by the f uid ionic strength and pH. An
estimation of the double layer thickness as a function of the ionic
strength can be used in the Henry equation, to convert elec-
trophoretic mobility into f potential values [69]. However, in this
work f potential values (summarized in Table 2) were calculated
with the Smoluchowski equation (representing an approximation
valid for thick double layers), for direct comparison with the liter-
ature works in the f eld [28,70-73].

In aqueous solution, the amine group is positively charged
while the carboxylic ones of HA show a negative charge in relation
to their pKa. Assessing the pKa of both covalently linked HA exter-
nal layer and aminopropyl groups is not straightforward, since
both systems are intrinsically complex. Indeed the pKa of amino-
functionalized hybrid materials has been the subject of extensive
research work, since the covalent bond and interactions with the
inorganic surface can affect the amino basicity [28,57,74-78]. In
our work, f potential values in water change depending on the
amount and on the molecular weight of the conjugated HA. At
equal HA molecular weight (compare HA200A and HA200B, 2nd
and 3rd lines in Table 2), the f potential decreases as the amount
of HA increases. Namely, HA200A (HA loading 6.6 wt%) shows a
small but positive value (+14.3 £1.3 mV), while HA200B, with a
HA loading almost triple is characterized by a negative f potential
( 19.8 £1.9 mV). Samples obtained by method B showed a more
negative surface charge; in fact, according to TGA and carbazole
test, this method allows a more eff cient conjugation.

Considering the different HA molecular weights of samples
obtained by the same conjugation method, HA200B showed a more
negative surface charge with respect to HA6.4B, without clear cor-
relation with the HA loading. Measurements were also carried out
on sample HA6.4A, which was discarded for a more detailed char-
acterization because of low HA loading (3.1 wt%as measured by
carbazole test, see Table 2) and scarce dispersity (see below).
Indeed, this sample shows a f potential value in water almost iden-
tical to NH,-M SN, in agreement with the low derivatization yield.

When the same measurements are carried out in PBS, a differ-
ent trend is observed, in that almost all samples show more nega-
tive f potential values. As recently reported, buffer ions can
strongly affect adsorption phenomena at the solid-liquid inter-
phase of charged nanoparticles [73,79,80]. Marucco et al. pointed
out how adsorption of phosphate ions from the buffer solution
can inf uence the particles surface properties and charge [79]. On
the other hand, we cannot exclude the competition of chloride
(and Na™ and K™ cations, although at a lesser extent) in modifying
the effective surface charge of MSNs, in agreement with the work
by Cugia et al. [73]. Indeed, in our work all the three considered
HA conjugated samples show a similar negative f potential value
(around 16 mV), irrespective of the values measured in water.
On the contrary, parent NH,-MSN still shows a positive (though
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Fig. 5. Dynamic light scattering data of HA200A (blue); HA200B (red) and HA6.4B
(green) in PBS measured at 0, 4, 8, 24 and 30 h. The error bars represent the
standard deviation of three measurements. (For interpretation of the references to
colour in this f gure legend, the reader is referred to the web version of this article.)
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Fig. 6. Images of NH,-M SN, HA6.4A, HA200A, HA6.4B and HA200B dispersed in PBS
with a concentration of 2 mg/ml measured at 0, 4, 8, 24 and 30 h.
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minor) charge and sample HA6.4A is almost neutral ( 1.3 £0.5
mV). These results cannot easily be rationalized due to the complex
interactions of buffer ions with nanoparticles [73].

DLS measurements were carried out to estimate the hydrody-
namic sizes of all samples in both water and PBS (Table 2). The
average values are always higher than the size of the single parti-
cles measured by TEM, indicating agglomeration. A slight decrease
in the size is observed after HA conjugation, particularly for high
molecular weight and loading, indicating a positive effect of the
polymer against the MSNs tendency to agglomeration. Since our
attention is focused on the possibility to use these systems for
pharmaceutical application, we have followed the evolution of
the hydrodynamic size with time. Fig. 5 shows the results obtained
on the more stable samples in PBS, i.e. HA6.4B, HA200A and
HA200B. The samples show a slight increase of dimensions in the
frst hours, and then reach a stable value, apart from sample
HA6.4B which is characterized by larger size and lower stability.
These observations are ref ected in the dispersity tests described
below.
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The pictures acquired during dispersity tests in PBS are shown
in Fig. 6. In this case a higher concentration was used (2 mg/ml
vs 0.08 mg/ml used for both f potential and DLS measurements),
for easier visual observation. The samples with HA of higher
molecular weight were better dispersed with respect to parent
NH,-MSN and HA6.4B, which started to precipitate after 4 h. On
the contrary, dispersity was dramatically improved after conjuga-
tion with high molecular weight HA: HA200A and HA200B formed
a stable suspension in PBS for more than 24 h. The enhanced stabil-
ity of these samples can be explained on the basis of their steric
hindrance and of the electrostatic repulsion among the stretched
hydrophilic HA chains, reducing the possibility of agglomeration
and precipitation. Finally, as concern sample HA6.4A, its precipita-
tion is already complete after 4 h, in agreement with a f potential
value close to zero. The dispersity tests carried out in DMEM +10%
FBS showed a similar trend (data not reported).

These data conf rm the working hypothesis that HA conjugation
is a simple and effective method for improving the dispersity and
stability of the nanoparticles, which is in turn benef cial for blood
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Fig. 7. Flow cytometric histograms of CD44 expression in A2780 cells and MDA-MB-231 cells. Red lines: anti-CD44 antibody; blue lines: isotype control. (For interpretation of
the references to colour in this f gure legend, the reader is referred to the web version of this article.)
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Fig. 8. Confocal micrographs of A2780 cells (a-c) and MDA-M B-231 cells (d—-f) after 24 h incubation with different M SN (green f uorescence): NH,-MSN (a and d), HA6.4B (b
and e) and HA200B (c and f). All MSN are distributed in the cytoplasm but are absent from the nucleus (blue f uorescence). The cytoplasm is counterstained with trypan blue
(red f uorescence). Note the higher amount of MSN in e and f. Bars: 10 nm. (For interpretation of the references to colour in this f gure legend, the reader is referred to the web

version of this article.)
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circulation making intravenous injection possible. Moreover, our
study points out how, irrespective of the similar measured f poten-
tial, which is inf uenced by the chemical nature of the buffer med-
ium, the molecular weight of the conjugating macromolecule has a
strong inf uence on dispersity.

3.6. Biological characterization

3.6.1. Analysis of cell surface CD44 expression

The HA receptor CD44, an ubiquitous transmembrane molecule,
is expressed at low levels on the surface of several normal cells and
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overexpressed in many cancer cells [81]. The levels of receptor cell
surface expression were preliminary evaluated on a panel of cancer
cell lines (MDA-MB-231, JR8, A459, MCF7 and A2780) using anti-
CD44 antibody and f ow cytometry, with the aim to identify the
cell models to be used for further in vitro studies. The results show
that A2780 cells did not express detectable amount of CD44
whereas MDA-MB-231 cells display a very high expression
(Fig. 7). Thus, to evaluate the cytotoxic activity and the cellular
uptake of the nanoparticles, MDA-MB-231 and A2780 cells were
chosen as CD44*and CD44 cancer cells, respectively.

3.6.2. In vitro cytotoxicity

The in vitro cytotoxicity of NH>-MSN and MSN/HA was evalu-
ated after treatment of 24, 48 and 72 h in the concentration range
of 1.5-25 ng/ml. The results showed that the nanoparticles were
non-toxic for both cell lines demonstrating the good safety and
biocompatibility of the carriers (data not shown). These data are
in agreement with the results obtained with other HA decorated
MSN [24,36,37 A0].

3.6.3. In vitro targeting analysis

Eff cient cellular uptake is a major requirement for the thera-
peutic eff cacy of nanoparticles targeting. To test the targeting abil-
ity of our MSN we evaluated the cellular uptake of both FITC-
labelled NH>-MSN and MSN/HA on MDA-MB-231 (CD44%) and
A2780 (CD44 ) cell lines by both CLSM and FACS.

CLSM allowed us to visualize the cellular uptake and biodistri-
bution of the nanoparticles in these two cell lines. As shown in
Fig. 8, in both cell lines MSN occurred in the cytoplasm as clusters
of different size; accordingly, previous TEM studies demonstrated
that these nanoparticles are internalized by the cell via both endo-
cytosis and phagocytosis, and then accumulate into cytoplasmic
vacuoles [82]. Moreover, MSNs were never found inside the
nucleus of MDA-MB-231 and A2780 cells, consistently with previ-
ous observations [23,24,40,82-85]. Although CLSM does not allow
precise quantitation of cellular uptake, the amount of internalized
NH>-MSN was apparently similar in the two cell lines, whereas
HA6.4B and HA200B were more abundant in MDA-MB-231 than
in A2780 cells. This suggests that MSN/HA possess signif cant
selectivity for cells overexpressing CD44 receptors, in agreement
with our results obtained with f ow cytometry (see below).

In addition, microscopic observation of the samples revealed
the absence of evident morphological alterations in both cyto-
plasm (e.g. vacuolization) and nucleus (e.g. pyknosis, apoptosis),
thus conf rming the high biocompatibility of NH,-MSN and M SN/
HA at the concentrations tested in this study.

The morphological images obtained by CLSM are consistent
with the f ow cytometry analysis performed in order to obtain a
quantitative comparison between FITC labelled NH,-MSN and
MSN/HA (Fig. 9). After treating A2780 and MDA-MB-231 cells with
the different MSN/HA, their uptake in A2780 cells is moderately
increased in a time dependent manner, but almost irrelevant in
comparison with MDA-MB-231 (Fig. 9A). In particular, the FITC
mean intensity of MSN/HA200 (both A and B) was dramatically
increased in MDA-MB-231 in comparison to A2780 (Fig. 9A, B).
Concerning MDA-MB-231, we observed that the cellular uptake
eff ciency is increased over incubation time (up to 1 h, when the
uptake is near plateau, approximately 80% Fig. 9C). Moreover,
the cellular uptake eff ciency is also dependent on the amount of
HA on nanoparticles surface and on its molecular weight. In partic-
ular, we obtained a higher uptake of HA200B versus HA200A,
demonstrating that method B in which the activation of HA was
carried out directly in the presence of the nanoparticles improves
cells uptake (Fig. 9B). In contrast, the mean intensity of FITC from
the cellsincubated with FITC labelled NH,-M SNs without HA mod-
if cation is lower and similar for both cell lines. These in vitro

experiments confrm that MSN/HA can target CD44 over-
expressing MDA-MB-231 cancer cells via the HA receptor-
mediated endocytosis [84,86] and phagocytosis [87] pathways,
strongly highlighting the potential use of MSN/HA as an eff cient
approach for tumor-targeting treatments.

4. Conclusions

M SN/HA samples were prepared following two different conju-
gation procedures previously reported [36,37] and using HA of two
different molecular weight (6.4 and 200 kDa). The size of HA
strongly affects its biological functions and its physico-chemical
characteristics [35]. However, to our knowledge this is the f rst
time that such a comparative study is reported, helping the scien-
tif c community working in the f eld to select the best strategy to
obtain hybrid nanomaterials with good biological response and
potential pharmaceutical applicability. More in detail, our system-
atic physico-chemical analysis points to the concerted effect of
both HA molecular weight and loading in improving dispersity of
MSN. With this respect, we have demonstrated that the ‘one pot’
method - in which HA is directly activated in the presence of the
nanoparticles - is the most eff cient, also in terms of possible
scale-up.

Our results are also in agreement with recent reports about the
importance of considering the interaction of buffer ions with
nanoparticles when assessing surface charge and related inter-
phase phenomena, which are of fundamental importance to
rationalize results in physiological media [73].

Finally, in vitro tests on cancer cell lines demonstrated that
MSN/HA are biocompatible and preferentially target cells overex-
pressing the HA receptor CD44. Also in this context, the best per-
formances are obtained with the ‘one pot’ sample prepared using
HA with high molecular weight (HA200B). All these data suggest
the potential use of MSN/HA as eff cient approach for tumor-
targeting treatments.
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Abstract

Ozone is a strong oxidant, highly unsta-
ble atmospheric gas. Its medical use at low
concentrations has been progressively
increasing as an alternative/adjuvant treat-
ment for several diseases. In this study, we
investigated the effects of mild ozonisation
on human adipose-derived adult stem
(hADAS) cells i.e., mesenchymal stem cells
occurring in the stromal-vascular fraction of
the fat tissue and involved in the tissue
regeneration processes. hADAS cells were
induced to differentiate into the adipoblastic
lineage, and the effect of low ozone concen-
trations on the adipogenic process was stud-
ied by combining histochemical, morphome-
tric and ultrastructural analyses. Our results
demonstrate that ozone treatment promotes
lipid accumulation in hADAS cells without
inducing deleterious effects, thus paving the
way to future studies aimed at elucidating the
effect of mild ozonisation on adipose tissue
for tissue regeneration and engineering.

Introduction

Ozone (O;) is a naturally occurring
atmospheric gas composed of three oxygen
atoms; it is highly unstable (rapidly decom-
posing to normal oxygen, O,) and is a
strong oxidant.

The therapeutic potential of O, is
known since the end of the 18" century but
its medical application has been limited for
a long time due to the doubts about its pos-
sible toxicity. However, in the last two
decades the medical use of O; has been pro-
gressively increasing all over the world as
an alternative/adjuvant treatment for several
diseases.'”* Some mechanistic evidence has
recently been provided for the dose-depen-

OPEN 8ACCESS
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dent effects of O, treatment.*¢ In particular,
it has been demonstrated that low O; con-
centrations, by inducing the so-called
eustress,” do activate cell anti-oxidative
response pathways® which are likely
responsible for the therapeutic effects
observed in the clinical practice.

However, the potential of mild ozonisa-
tion in tissue regeneration and differentia-
tion has been scarcely explored so far. In
this view, we investigated the effects of low
O, concentrations on human adipose-
derived adult stem (hADAS) cells i.e., the
mesenchymal stem cells which are present
in the stromal-vascular fraction of the fat
tissue. hADAS cells are able to differentiate
in vitro into meso-, ecto- and endodermal
cell lineages and can also be reprogrammed
as pluripotent stem cells more efficiently
than other cell types.” hADAS cells are
therefore considered as a powerful tool in
regenerative medicine and tissue engineer-
ing.”"? In this study, we induced hADAS
cells to differentiate into the adipoblastic
lineage, and investigated the effect of mild
ozonisation on the adipogenic process; his-
tochemical and morphometric analyses at
light microscopy were combined with ultra-
structural morphology at transmission elec-
tron microscopy (TEM).
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Materials and Methods

Technical details of cell culture, gas
treatment, cell processing for light
microscopy and TEM, and morphometric
analysis are reported in the Supplementary
Material.

Briefly, hADAS cells were isolated
from subcutaneous adipose tissue harvested
by liposuction and grown in either adi-
pogenic or non adipogenic medium. These
cells were exposed to 5, 10 or 20 pug Oy/mL
0, at early (6 days), intermediate (16 days)
and late (20 days) differentiation steps, and
the effects were evaluated 2 h and 24 h after
gas exposure.

After 6 days in differentiation medium,
cell viability was estimated by the Trypan-
blue exclusion test 2 h and 24 h after gas
treatment. Since 20 ug O;/mL was found to
significantly increase cell death (Figure 1),
this concentration was excluded from fur-
ther analyses.

Oil Red O staining was used to visual-
ize lipid droplets (LDs) at light microscopy.
Two h and 24 h after gas treatment, random-
ly selected cells grown in either adipogenic
or non-adipogenic medium were measured
to evaluate the percentage of cytoplasmic
area covered by LDs, mean LD areas, and
LD size distribution. Twenty-four h after
treatment, hADAS cells were processed for
conventional TEM.

[European Journal of Histochemistry 2018; 62:2969]

Results and Discussions

Low O; concentrations do not affect
hADAS cells viability

Two h after gas exposure, cell death rate
significantly raised in samples treated with
O, or 20 pg Oy/mL in comparison to the
untreated control (Figure 1): this suggests
that excessive concentrations of O; as well
as pure O, induce the formation of high lev-
els of reactive oxygen species (ROS), which
cause cell damage by oxidation and nitra-
tion of DNA, RNA, protein and lipids.'*
Conversely, exposure to 5 or 10 pg Oy/mL
proved to be safe for hADAS cells at both
short and long term post treatment.
Regulated ROS levels are known to pro-
mote essential signalling pathways involved
in cell proliferation, survival and differenti-
ation in mesenchymal stem cells;'* it is
therefore likely that 5 and 10 pg O,/mL are
safe concentrations for hADAS cells, able
to activate positive anti-stress cell response
involving e.g. Nrf2, HSP70, mtHSP70,'>!1¢
similarly to other cell types submitted to
mild ozonisation.>$

Low O, concentrations induce adi-
pogenesis in hADAS cells in adipo-
genic medium

The effects of 5 and 10 pg O;/mL treat-
ment in hADAS cells grown in adipogenic
medium are shown in Figure 2. These
results refer to 24 h post treatment, since no
change was observed after 2 h (not shown).

[page 253]
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At early stage of differentiation (6
days), hADAS cells contained few small
LDs (Figure 2a-d), although cells exposed
to 10 pg Oy/mL showed more numerous
LDs than the other samples (Figure 2d).
Morphometric evaluation confirmed that
10 pg Oy/mL-treated cells showed both
mean LD area and lipid percentage values
higher than the controls (Figure 2 f,g),
together with numerous large LDs (Figure
2e). At the intermediate stage of differentia-
tion (16 days), hADAS cells contained
numerous LDs (Figure 2 a’-d’).
Morphometric evaluation demonstrated a
decreased mean LD area in cells treated
with O,, 5 pg Oy/mL or 10 pg Oy/mL
(Figure 2f”); in addition, cells treated with
5 or 10 pg Oy/mL showed an increase in
lipid percentage (Figure 2g’). Accordingly,
numerous LDs of small size are present in
these samples (Figure 2¢’). At late differen-
tiation (20 days) stage, hADAS cells con-
tained a large number of LDs in all samples
(Figure 2 a”’-d”’); however, treatment with
10 pg OymL significantly increased both
LD area (Figure 2f”’) and lipid percentage
(Figure 2g”), consistently with the presence
of the highest number of large LDs (Figure
2e”).

LDs are depot of neutral lipids which
represent an energy source as well as a sub-
strate for the synthesis of several molecules.
Generally, LD formation occurs by steps:
first scattered small droplets form in the
cytoplasm, then LDs increase in size and
finally aggregate into clusters.!” In white
adipocytes, increase in LD size may occur
by either addition of neutral lipids to pre-
existing droplets'®!® or LDs fusion.?%?!

An adipogenic effect of mild ozonisa-
tion (especially for 10 png O;/mL) on differ-
entiating pre-adipocytes is demonstrated by
our data. This effect varies in relation to the
differentiation phase: at early and late
stages O; seems to stimulate lipid addition
to LDs and/or LD fusion (as suggested by
the increased mean area of LDs) whereas at

percentage of dead cells

m2h
w24h
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Figure 1. Mean vdues + SE of dead cdl
peraantage in the different ssnples 2 h
(blue colunmns) and 24 h (red colunms)
after tresbment. Asterisks indicate vdues
signifiantly different from control at the
sametimepoint

e

the intermediate differentiation step O,
would also stimulate the formation of new
LDs (as suggested by the significantly
decreased mean area). At this stage, LD size
was also affected by O,. however, the total
lipid content did not increase, thus exclud-
ing an O,-induced adipogenic effect. It has
been reported that appropriate ROS levels
are essential for adipogenic differentiation
of mesenchymal stem cells.!'*?> Moreover,
Nrf2 has been demonstrated to play a key
role in human mesenchymal stem cell dif-
ferentiation®*?*  together with Heme
Oxygenase-1;* consistently, mild ozonisa-
tion activates an antioxidant cell response
through Nrf2 pathway® and Heme
Oxygenase-1 modulation.® It is noteworthy
that no LD fission or decrease of the cell
lipid content?®?” was observed even short
time post-treatment (not shown): since
lipolysis may be caused in adipocytes by
different stress conditions,?®3? its absence
further supports the safety of the low Os
concentrations.

This was also confirmed by the ultra-
structural analysis. At 6 days (Figure 3 a-c),

hADAS cells of all samples were character-
ized by elongated shapes and one nucleus
containing  scattered heterochromatin
clumps; in the cytoplasm mitochondria
were numerous, rough and smooth endo-
plasmic reticulum and Golgi complex were
well developed, while LDs and glycogen
were quite scarce. At this differentiation
step, in cells treated with 10 pg O;/mL LDs
were frequently found to fuse (Figure 3c),
according to the significant increase of the
mean LD size. At both 16 and 20 days
(Figure 3 d-g), hADAS cells showed
roundish shapes and one mostly euchromat-
ic nucleus; in the cytoplasm mitochondria
were numerous, rough and smooth endo-
plasmic reticulum were well developed,
Golgi complexes were numerous with many
cisternae and vesicles, LDs and glycogen
were abundant, especially in cells treated
with 10 pg/mL (Figure 3f). Low O; concen-
trations would therefore promote not only
lipid but also glycogen accumulation. Taken
together, TEM observations revealed that
O, treatment did not hamper the differentia-
tion process of hADAS cell from elongated,
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fibroblast-like cells with heterochromatic
nuclei (i.e., containing only partially tran-
scribing DNA), to roundish adipocyte-like
cells with euchromatic (i.e., actively tran-
scribing) nuclei and large amounts of lipid
and glycogen in the cytoplasm. Moreover,
no alteration of the cell organelles occurred
in samples treated with low O; concentra-
tions at any differentiation step, according
to previous ultrastructural observations on
other cell types.*-®

Notably, cells treated with O, showed
an evident vacuolization of the cytoplasm
and an accumulation of residual bodies at
each differentiation step, although no struc-
tural damage of cell organelles was
observed, suggesting that treatment with
pure O, induces cell stress, consistently
with the observed increase in cell death rate
(Figure 1).

Low O, concentrations do not affect
adipogenesis in the absence of adi-
pogenic factors

When hADAS cells were grown in
medium devoid of adipogenic factors, most
of the cells maintained fibroblast-like mor-
phology (not shown), and only a few clones
accumulated LDs. Morphometric evalua-
tion of lipid content was therefore per-
formed exclusively in these cells.

Under this culture condition, no effect
was observed for any gas treatment both at
short (not shown) and long (Figure 4) time.
In detail, at 6 days, the cells showed only
few small LDs (Figure 4a), with no signifi-
cant difference in the mean LD area or lipid
percentage (Figure 4 b,c), while the Kernel
density distribution showed a trend towards
larger LD size in O, treated cells. At 16 and
20 days, some LDs accumulated in the cyto-
plasm (Figure 4a’), but no significant differ-
ence in LD area, lipid percentage or Kernel
density among samples was found (Figure 4
b’-d’, b’-d”). Interestingly, the amount of
lipid content at 20 days was generally lower
than at 16 days, demonstrating a hampered
pre-adipocyte differentiation in the absence
of adipogenic factors. ROS are known to
promote adipogenesis via insulin-mediated
signal transduction’! and it is likely that the
absence of insulin in the medium may pre-
vent the adipogenic effect of low O, con-
centrations.

In conclusion, our results demonstrate
that low O; concentrations are able to stim-
ulate lipid accumulation during adipogenic
differentiation of hADAS cells without
altering cell differentiation process, ultra-
structural cytoarchitecture or lipid storage.
In particular, lipids play a key role as signal-
ing factors in the regulation of metabolism
as well as in cell response (protection and
reparation) to damaging stimuli, thus repre-
senting a powerful marker of cell func-

OPEN 8 ACCESS
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tion.>>3* hADAS cells are a suitable in vitro
model to explore the effect of mild ozonisa-
tion on the regeneration processes since
these stem cells are involved in reconstruct-
ing the connective matrix and promoting
angiogenesis, while supporting epithelial,
muscle and even nerve regeneration in
vivo.” Based on the present preliminary
findings, future studies in vitro and in vivo
will elucidate the effect of mild ozonisation
on human adipose tissue, in the attempt to
design targeted protocols of ozone treat-
ment for adipose stem cell-based tissue
regeneration and engineering.
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