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Chapter 1
Background

1.1. Nanotechnology & Biomedicine

Figure 1.1. Nano-scale and some object dimensions as reference.

Nanotechnology is a multidisciplinary science able to control and manipulate the materials at
the atomic and molecular level on a scale below the micrometre (1-100 nm range) and it’s
able to design devices in that dimension. In that range the objects have excellent properties
that are absent in large scale and, at the same time, they allow a space saving and a proper
control of the material properties without changing the chemical composition. In the recent
years nanotechnology has been established as an emerging tool for biomedicine with its
outstanding potential applications both in diagnosis and therapy!2.

Nanotechnology in general presents many revolutionary opportunities in several clinical
pathologies: a lot are the studies about inflammatory diseases3#>, neurodegenerative
disorders®’, vaccines®? but, probably, cancer represents the most engaging challenge10.11.12,
Cancer is a complex disease, which requires a series of action starting from diagnosis till
therapy and it's a major Kkiller disease of the last years. The early detection is fundamental and

it can completely change the scenario of the treatment of most cancers; the therapy usually is



based on multi-drug approach with heavy side effects and often without eradicating the
disease.

The nanotechnology features allow to ameliorate both these aspects: to be an innovative
detector for an earlier diagnosis and a promising vehicle for a more selective and, therefore, a
more effective and safe treatment of the tumours.

Pharmaceutical nanotechnology covers the applications of nanotechnology to pharmacy as
nanomaterials, and as devices like drug delivery, diagnostic, imaging and biosensor.

In this context nanoparticles (NPs) represent one of the most interesting and studied fields of
nanotechnology with the aim to overcome some of the limits of the conventional medicine??.
So far the US Food and Drug Administration (FDA) have approved various nanotechnology

products for clinical use and many are under clinic and preclinic development!3-16,



1.2. Nanoparticles

1.2.1. What and why?

The nanoparticles represent a new frontier for medicine. Typically, they are objects in the
nano-scale designed to overcome pharmacological limitation included low drug
bioavailability or insufficient targeting efficiency. They can be defined “theranostic agents”
since they can be a single agent with the combination of diagnostic and therapeutic
capabilities!”. They are synthetized in many different ways: they can be organic, inorganic or
hybrid and depending on their nature the nanoparticles have different chemical-physical
properties such as high electron density and strong optical absorption (e.g., gold
nanoparticles), superparamagnetic features (e.g, iron oxide nanoparticles), and
photoluminescence (e.g., quantum dots).

The nanoparticles are presented as a new tool to overcome some problems concerning the
deliver of therapeutic compounds like poor biodistribution, limited effectiveness, undesirable
side effects, lack of selectivity, poor concentration in target tissue, rapid degradation and

clearance.

Figure 1.2. Schematic representation of multifunctional nanoparticle.

(Image taken from Zhang et al)18.



1.2.2. Structural properties

To be used as a promising device it’s essential to consider and control some nanoparticles

parameters:

The size and the architecture: they are the most important characteristics that
guarantee some chemical/physical properties of the materials and the readily
interaction with the biomolecules. Therefore, most of the biological processes occur in
the nanometre range so the nanoparticles can be the ideal candidate for biological

interactions.

The surface area-volume ratio: it's another significant feature, which determines the
interaction with the biological interfaces: in fact constant volume but different shape
can attribute different properties to the particles. So, it's essential working with

monodispersed nanoparticles to have a proper control of the activities.

The effective surface charge: it's another key aspect that ensures the stability of the
nanoparticles suspension over time and at different cellular pH values!920. It
determines the state of aggregation that is a crucial aspect that can cause the failure of
the treatment. Also, the charge is a parameter that influences the immunity system:
positively charged nanoparticles generate a higher immune response compared to

neutral or negatively charged nanoparticles formulations.

Toxicity: for in vivo studies NPs have to be safe for the biological environment.

Based on these remarks, the nanoparticles have many applications both in diagnosis and

therapy.



1.2.3. Diagnostic and therapeutic applications

Figure 1.3. Explanation of the principal therapeutic and diagnostic strategies of the nanoparticles.

The principal nanoparticles application in diagnosis is:

e MRI (Magnetic Resonance Imaging): the injection to the patient of
superparamagnetic nanoparticles as a contrast agent allows having a signal from vases
or damaged organs. For this task, gadolinium or iron oxide nanoparticles with a core

size around 10 nm are used.

Figure 1.4. MRI images of rat brain glioma before and 20 minutes after injection of gadolinium

nanoparticles?L.



The therapeutic applications of the nanoparticles are:

Hyperthermia: this therapy is based on the characteristic of the cancer cells that don’t
survive at high temperature (42-43°C). For this reason iron oxide nanoparticles are
used to selectively heat the tumour tissue ensuring uniform temperature diffusion and

a selective cancer cells death.

Drug delivery systems: NPs are designed to deliver the drug to the target by a
site/time/speed-controlled release, preventing also the early degradation. (e.g. iron
oxide nanoparticles, lipids NPs, liposomes, PLGA, ferritin, etc). Fig 1.5 shows an

example of a liposome as drug delivery system.

Figure 1.5. Structural and design consideration for liposome as drug delivery system.

(Image taken from Cagdas et al)22.

These systems can overcome some drawbacks of active molecules such as
hydrophobicity, early degradation, not controlled release, etc, which limit therapeutic

efficacy.

Regenerative medicine: it is proposed to replace cells, tissues or organs to the
normal function in many degenerative disorders. NPs can be the intelligent promoter
of the natural biological process such as molecular recognition, bio-adhesion,

stimulation of growing processes and cell differentiation. The nanoparticles can offer



the delivery of proteins, peptides and genes to mimic these natural biological

mechanisms.
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1.2.4. Nanoparticles classification and functionalization

Figure 1.6. Nanoparticles classification scheme.

In recent years it’s continually growing the number of the NPs’ synthesis and thus the number
of the existing types. As Fig 1.6. shows, from a macroscopic point of view, the nanoparticles
can be classified in two big categories: inorganic and organic.

In the inorganic group, among the metallic nanoparticles, there are important biosensors,
imaging and photothermal therapy devices, (Au and Ag nanoparticles), characterized by the
surface resonance plasmon; it's also known the antimicrobial activity of the Ag nanoparticles.
The metal oxide nanoparticles are used as drug delivery systems (SiO2, Fe304nanoparticles)
and as contrast agents for MRI (Fez04 nanoparticles).

Quantum Dots (CdSe, CdSe-Zn), semiconductor nanocristals with unique size dependent
optical and electronic properties originated from quantum size effect, have a dimension
between 2 and 10 nm and they are the nanoparticles of choice for bioimaging and biosensing.
The organic class shows a plethora of nanoparticles used, mainly, as drug delivery systems
(PLGA, liposomes, chitosan, albumin nanoparticles) with the aim to have a proper control of

the drug release without introduce not biocompatible agents.

11



Nanoparticles with mixed nature is the new challenge: hybrid nanoparticles show both the
organic and inorganic components to create a multi-effective device based on a core/shell
system. A lot are the examples of this strategy: for example iron oxide or gold nanoparticles
covered with an amphiphilic polymer. They are made by a metallic core, which is the source of
the physic signal, and by a shell, usually made by lipids or polymers, which allows the stability
at physiological pH and the surface functionalization with molecules of biological interest.
This system can guarantee detection and selective therapy at the same time.

The functionalized nanoparticles can be used for intravenous administration since they can be
easily localized as molecular imaging agents and they can be selective for the biological target.
The principal molecules used for the functionalization are antibodies, oligosaccharides,
proteins, peptides and small targeting ligands.

Many are the processes involved in the nanoparticles conjugation: covalent bonds have been

developed to exploit the presence of amine, carboxylic, aldehyde and thiol groups on the NPs
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Figure 1.7. Different strategies for the nanoparticles functionalization: functionalization of a nanoparticle with

amino group on its surface.
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1.3. Administration routes

Fig 1.8. The more studied routes of nanoparticles administration.

The success of a pharmacological treatment depends not only on the nature of the drug or its
dose but also on the technological and biopharmaceutical features of formulation. For
example, if the drug is a protein or a nucleic acid, new technological strategies are required in
order to optimize the efficacy, minimize side effects and to increase the compliance of the
patient. Each administration route involves different pharmacokinetic and
pharmacodynamics mechanisms that need a nanoparticle design suitable for the expected
target. So far, the principal diagnostic and therapeutic applications of the nanoparticles view
their administration by intravenous injection due to the possibility of this administration
route to have a total and immediate bioavailability of the NPs23. At the same time, the
intravenous administration could not be the election way for the treatment of local diseases,
since the NPs’ systemic distribution can cause more side effects compared with a local
administration route.

For these reasons, the administration routes alternatives to the intravenous one are gaining

increasing interest in nanomedicine?425,

13



The factors involved in the NPs absorption by different administration routes could be
classified in two categories: the biological environment and the physical-chemical aspects of
the nanoparticles.

For the first one it's necessary to consider the mechanism of absorption (diffusion,
pinocytosis, transcellular-intracellular way), through the different structures involved (the
skin with its different layers, intestinal epithelium, olfactory mucosa and olfactory nerve), the
distribution in the systemic circulation and, sometimes, in the lymphatic one, the metabolism
and elimination.

The second ones affect the shape, size, surface, charge, functionalization of the nanoparticles
and the presence of stabilising molecules (e.g. polyethylene glycol) or absorption enhancer
(e.g. sodium glycocholate).

Nanomedicine is meant to improve the therapeutic performance and in the last years many
strategies have been involved?°.

Therefore, to obtain a better drug efficacy and a less invasive application, it’s very interesting

and useful studying other NPs administration routes, alternative to the intravenous one.

1.3.1. Intravenous injection

The first approaches of the nanomedicine entail the nanoparticles administration by
intravenous injection.

The principal advantages of this route are related to pharmacokinetics: the absence of the
absorption phase guarantees the total and immediate bioavailability of the drug. So, the dose
can be the minimum required and also it can be administered to unconscious patients.
However, it's known that intravenous injection implicates low compliance by patients and
also it’s necessary a sterile equipment, a skilled staff, and, if on one hand the immediate
efficacy is a big benefit, on the other hand it can cause more side effects such as allergic
reactions, infections or overdose.

Once the NPs reach the systemic circulation they can be bind by opsonine and thus catch by
endocytosis/phagocytosis in monocytes and macrophages.

The blood is a complex fluid, carrying on a lot of enzymes, proteins, leucocytes, amino acids,
hormones, lipids so it’s necessary to set up appropriate nano-devices bypassing aggregation
phenomena?’.

Nanoparticles are small enough to cross the blood barriers to give a better cellular uptake. In

particular, the blood brain barrier (BBB) is the most selective barrier and it represents the

14



principal obstacle to the targeting of central nervous system'’s (CNS) diseases?8. This barrier is
a complex structure and it consists of endothelial cells connected with tight junctions, which
strictly limit the passage of molecules. The capability of the nanoparticles to cross the BBB is a
matter of debate and can allow some drugs, typically unable to arrive to the CNS, to cross the

BBB and to be effective for many CNS diseases?°.

1.3.2. Oral administration

Among the reasons that make unique the oral administration, there is the minimal invasive
procedure, with a generally high compliance, and the possibility to cure gastro-intestinal
diseases (e.g., IBD) by specific drug delivery systems3?. The oral formulation of many drugs,
also, could revolutionize the life of patients with chronic diseases who must be injected
daily3™.
Obviously, a non-total absorption of the nanoparticles, mainly due to their dimensions,
represents a limit of this administration route and it can cause a non-total bioavailability of
the drug. In this scenario the nanoparticles design and functionalization could be an
interesting perspective.
The studies about the nanoparticles destiny in the gastro-intestinal tract are numerous3?, and
they show the oral route is applicable by the fact that NPs can be absorbed, they can be useful
for a local release of the drug and are stable in the different gastro-intestinal tracts.
In general, the NPs uptake in gastro-intestinal tract is based on three different ways:

1. Transcytosis by M cells

2. Intracellular uptake by epithelial cells of the intestinal mucosa

3. Uptake by Peyer plaques

1.3.3. Inhalational administration

Currently, the inhalation therapy is used to administer drugs in the respiratory system for a
local effect: for example the treatment of asthma, bronchitis and cystic fibrosis. However, the
lungs could give a systemic effect. The principal advantage of this administration route is the
high superficial area of absorption (140 m?), extremely vascularized, that allows a quick and
predictable transport of the drug. The hepatic first pass effect is also avoided and there isn’t
the enzymatic degradation typical of the gastrointestinal tract. For these reasons this

administration route allows the drug administration at lower dose then the oral one with

15



fewer side effects. All the deeper structures of the respiratory system are characterized by a
dense network of blood capillaries useful for the gas exchange with the blood. There is also a
strong defence structure: lymphocytes cells, mainly macrophages, are able to neutralize
germs and extraneous particles reached in depth.

The inhalation bioavailability requires a respirable drug form: so the stability, dissolution
speed, permeation through the membranes, bio-stability and the deposition site are key
aspects33.

The drug amount and the deposition site into the lungs depend on the physic properties of the
aerosol like particles size, shape, charge, density, hygroscopicity and on the patient
characteristics like lung geometry, sex, age and the way of breathing.

Furthermore, for a pulmonary treatment, an aerosol nano-formulation could be an innovative
strategy for the therapy of lung diseases with low side effects and more specific drug

delivery34.

1.3.4. Topical administration

The skin is an organ that performs a lot of function like protection from external agents,
thermoregulation, sensoriality, breathing, secretion, antimicrobial defence. To front all these
activities the skin is composed by three different layers with different roles: starting from the
external surface there is the epidermis, then the dermis and the deeper layer is the
hypodermis. The epidermis is mainly composed by the stratum corneum, a layer rich of
keratin that limits the penetration through the skin. Nanoparticles capability to cross this
dermal barrier is an open challenge and it is still matter of debate3>36. The chemical-physical
parameters that influence this passage are: size, surface area, hydrophilicity/lipophilicity
grade of the NPs and the vehicle in which they are dispersed.
Based on their characteristics, the molecules prefer different mechanism of transport:

* Hydrophilic molecule with a low molecular weight: intercellular way

* Hydrophilic molecule with a high molecular weight: cutaneous shunts

* Hydrophobic molecule with a low molecular weight: intracellular way

* Hydrophobic molecule with a high molecular weight: intercellular way
A new and interesting aspect can be the formulation where the nanoparticles are dispersed:

for example hydrogels or creams can improve the NPs permeation.

16



Nanoparticles designed for a cutaneous application are mainly created for a local treatment

but it's possible also their systemic diffusion by the lymphatic circle37-49.

17



1.4. Drugs and dosage forms

The drug is a substance with a pharmaceutical activity used for diagnosis, prevention and
treatment of disease. A dosage form of a drug is a product suited for the administration to the
patient by various routes for diagnosis or therapy. The drug administration is possible by
dosage forms manufactured with the use of auxiliary substances or excipients, which are
determinants for the dosage forms preparation and performances. These substances don’t
have pharmacological activity but they can altering the release profile, the action site, and

thus change the drug availability, the characteristics and the efficacy of the drug33.

Figure 1.9. Solid dosage forms.

The dosage form is the presentation of the drug after the transformation that makes it
suitable for a specific administration route. In fact, to be delivered, the drug should be treated
in the appropriate way for the selected administration route and it should be carried on a
suitable specific dosage form: capsules, tablets, suspensions, suppositories, sprays, etc.

The dosage forms are classified in different ways:

A. Depending on the physic form:
* semisolids (creams, gels, etc)
* solids (tablets, powders, etc)
* liquids (solutions, etc)
* gas;
B. Depending on the administration route:

e oral

18



* intravenous

* ocular

* parenteral

* topical, etc

C. Depending on the type of the drug release:

* conventional release dosage form: the drug release depends on its molecular
characteristics, so it's an immediate release.

* modified release dosage form: the speed and the release site are modified by
peculiar preparation methods and, in particular, the drug release can be:

1. Extended (the release is slower than the conventional one)
2. Retarded (the release is delayed with respect to the administration time)
3. Repeated (the release is sequentially repeated)

D. Depending on the unit of the dosage form:

* single unit dosage form: unitary subdivision of the dose.

* multiple dose dosage form: it's provided a measurement of the prescribed
dose by the patient. They can be solutions, powders or syrups. The benefit can
be the possibility to adapt the dose to each patient but the principal
disadvantage is the not accurate measurement.

E. Depending on the volume (exclusively for the parenteral):

* large-volume parenteral dosage form: infusions and injections with a volume
>100mL.

* small-volume parenteral dosage form: infusions and injections with a
volume <100mL.

The pharmacopoeia also mentions other dosage forms for a specific use: ear, nasal,
ophthalmic, inhalator, rectal, vaginal and parenteral preparations.

The science evolution and the use of new materials allow a remarkable progress in terms of
drugs formulation, trying to adapt the pharmaceutical technology to the new therapeutic
needs*142, Therefore, a lot are the formulations with a modified release or that ones which use
new mirco- and nano-vehicles. The pharmaceutical technologies are continuously improving
the development of new medical treatments and a multidisciplinary approach could be the

key of more efficient therapies*3.
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Chapter 2
Aim of the thesis

The aim of this thesis is to investigate the destiny of different kind of engineered colloidal
nanoparticles (NPs) administered by different administration routes. In particular, the
peculiarity of this work is the focus on both the nanotechnological and the technological-
formulative aspects in order to develop new nanovehicle-based treatments with a better
pharmaceutical performance compared to the drugs currently on the marketplace.

To obtain satisfactory pharmacokinetics profiles the nanoparticles should be able to interact
with the biological structures like membranes, cytoplasm, nucleus, internal organelles and,
therefore, they should have a good colloidal stability in aqueous environment.

All types of nanoparticles used for this project are characterized in terms of size, shape,
weight and surface charge.

The administration routes that I have investigated in my work are:

A. TOPICAL ADMINISTRATION

B. ORAL ADMINISTRATION

C. INHALATIONAL ADMINISTRATION
D. INTRAVENOUS ADMINISTRATION

So far, nanotechnology has produced many different types of nanoparticles: for each

considered treatment, a specific type of nanoparticle and a suitable dosage form is designed.

23



A) TOPICAL ADMINISTRATION OF IRON OXIDE NANOPARTICLES

To the best of my knowledge, the studies about the nanoparticles skin permeation and
penetration are few and with heterogeneous results, mainly due to the type, shape, size and
stability of the employed nanoparticles!-7.

My purpose is to design and develop iron oxide nanoparticles coated with an amphiphilic
polymer and formulated in highly stable suspensions or incorporated into semi-solids, to
cross the skin in order to be used for loco-regional therapeutic treatments.

Iron oxide nanoparticles are particularly interesting since they have been already used in
several medical areas, including therapeutics and diagnostics and their safety profile is
already known.

They are ideal candidates as contrast agents for magnetic resonance imaging and magnetic
force-assisted drug delivery systems.

Once the NPs suspension skin passage is assessed, the nanoparticles are loaded into different
semi-solid formulations (creams and gels) to test the possible NPs permeation improvement.
In vitro experiments are performed on human abdominal skin and in vivo study in mice is set
up to evaluate the NPs biodistribution after subcutaneous injection in comparison to topical

administration.

Figure 2.1. Skin layers and different NPs administration routes for skin permeation study.
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B) ORAL ADMINISTRATION OF POLYMERIC NANOPARTICLES
CONTAINING INSULIN

Several research studies have been focused on the development of novel formulations for the
oral administration of insulin®-10. This could be a big benefit for diabetic patients who are
daily subjected to intravenous injection. For this reason, insulin-containing nanoparticles are
loaded into pellet cores and orally administered to diabetic rats. The pellets are an oral
multiple-unit dosage form, which guarantee more homogeneous distribution in the gastro-
intestinal tract and less inter- and intra-individual variations. The nanoparticles proposed are
polyethylene imine-based nanoparticles, selected for the positive charge that can allow more
adhesion in intestinal tract, due to the negative charges of the mucins, glycoproteins present
in large quantity in the mucus. NPs are incorporated by extrusion and spheronization
technology into cores with an absorption enhancer and they are going to be subsequently
coated with two overlapping layers and a gastrointestinal film. A triple coating of the NPs is
developed for the retarded release of insulin into the distal intestine, characterized by
relatively low proteolytic activity and high residence intervals of time. The nanotechnology
science and the knowledge of the solid pharmaceutical forms allow building a novel
nanoformulation, multiple-unit colon release system, i.e. pellets, as a possible oral nanocarrier

for insulin.

Figure 2.2. Pellet for oral delivery formulated with polyethylene imine-based nanoparticles.
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C) TARGETED GOLD NANOPARTICLES LOADED WITH EVEROLIMUS FOR
INHALATIONAL ADMINISTRATION

The aim of this project is a preliminary study of gold nanoparticles (GNPs) for the treatment
of bronchiolitis obliterans syndrome (BOS), a typical chronic lung allograft dysfunction. Gold
nanoparticles are an interesting nanomaterial characterized by their unique-size dependent
electron and optical properties combined with a great potential as drug-delivery vehicles for
biomedical applications!1-13. The GNPs are covered with an amphiphilic polymer and they are
designed to be loaded with an immunosuppressant drug (everolimus) in the hydrophobic
section and functionalized on the surface with a monoclonal antibody selective for the
receptor expressed by mesenchymal cells, which are responsible of the pathology.

This project wants to test the capability of functionalized GNPs to be a selective and efficient
drug delivery system and future perspectives interest the in vivo administration by inhalation

of GNPs on animal models of obliterative bronchiolitis.

Figure 2.3. Functionalized gold nanoparticles for pulmonary targeting.
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D) NANOFORMULATION OF AN ANTIRETROVIRAL DRUG ABLE TO CROSS
THE BLOOD BRAIN BARRIER (BBB) AFTER INTRAVENOUS INJECTION

The blood brain barrier (BBB) is a poorly crossable endothelium by most drugs and for their
inability to reach the central nervous system (CNS) most are the neurodegenerative disorders,
which don’t have effective therapies4-16.

For example, some peptides, potentially useful for the CNS diseases treatment, are unable to
arrive to the cerebrospinal fluid after intravenous injection.

To overcome this limit, I inject iron oxide nanoparticles conjugated with a peptide by
intravenous administration to improve the peptide passage to the CNS. Iron oxide
nanoparticles are coated with an amphiphilic polymer, which allows the NPs surface
functionalization with the peptide and at the same time the conjugation with a dye. In this
way it’s possible to follow the NPs’ destiny and the possible peptide translocation across the

BBB.

Figure 2.4. BBB passage of iron oxide nanoparticles.
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Chapter 3

Results and discussion

3.1. TOPICAL ADMINISTRATION OF IRON OXIDE
NANOPARTICLES

3.1.1. Introduction

The skin is the organ responsible of the thermoregulation, breathing and defence so it’s
difficult to deliver a drug into the skin layers at the desired depth, overcoming the stratum
corneum (SC), which is the principal skin barrier?.

Figure 3.1.1. Human skin section.

Also, drug topical administration remains a challenge for the difficulties to adjust the skin
penetration and to determine and reproduce the exact amount of the delivered drug into the
skin layers.

There is a great interest in nanoparticles delivery of diagnostic and therapeutic into the skin
because it represents a new opportunity to improve the treatment of loco-regional diseases
and a lot of papers have been published investigating the skin penetration of many types of
nanoparticles?-7. There are studies of topical application of TiOz, Fe304, Au, Ag NPs and
quantum dots with controversial conclusions?.

Until now, the NPs topical applications have mainly focused on skin cancer imaging and
targeting therapeutics, vaccine delivery, antimicrobials and cosmetics? and some of them are
under clinical assessment or are going to be commercialized1?.

To be useful in therapeutic applications, nanoparticles must be able to penetrate the skin
barrier and be detected into the skin layers without adverse side effects.

Topical administration of NPs can be used to optimize the loco-regional treatment: a lower
dosage results in an higher concentration of the drug at the target tissue, reducing systemic
side effects with a better patient compliancell12. This strategy could be very useful to front
failed cutaneous treatment with drugs characterized by low bioavailability due to instability,
poor solubility, poor absorption and enzymatic degradation.
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Looking at the critical points of the NPs cutaneous delivery, size, shape, surface properties
and interactions with biological structures of the skin are crucial aspects.

It's known by literature that only the NPs smaller than 40nm are able to penetrate through
the stratum corneum while 10nm-NPs are able to permeate the epidermis (HE)37. To
overcome SC, NPs can use different ways: the intercellular route, the trans-cellular one or the
hair follicles.

Furthermore, the NPs permeation performance depends also on the composition and the
physicochemical properties of the semi-solid formulation required to obtain a suitable
cutaneous product. To my knowledge, creams formulations have never been exploited to
improve the NPs absorption.

In the present works, iron oxide nanoparticles (MNP) coated by poly-(isobutylene-alt-maleic
anhydride) (PMNP) are selected to test their skin permeation capability and to follow their
fate into the skin layers. MNP represent a big promise for medical application since they are
used as oral gastrointestinal contrast agents in MRI (i.e. Gastromark® and Ferumoxsil-
containing products), they can be efficient drug delivery systems and, therefore, their safety
profile is already known13-15,

However, the potential toxicity of colloidal nanoparticles remains an open question since
most intravenously administered compounds approved by Food and Drug Administration
(FDA) have been withdrawn from the marketplacel®. Anyway, recent studies demonstrate
that a “bio-friendly” surface coating can reduce the oxidative stress responsible of the
toxicological effects improving the NPs stability in biological environment!7.18,

This study is discussed in two published papers.

In the first paper in vitro and in vivo experiments are set up: in the in vitro tests the
penetration of PMNP colloidal suspension through human skin is compared with that one of
the same nanoparticles developed in a water-in-oil (w/0) cream formulation, which consists
of small droplets of water dispersed in a continuous oily phase; in the in vivo experiment a
subcutaneous injection in mice of fluorescent PMNP is compared with the PMNP-cream
treatment to investigate the NPs biodistribution.

The second paper shows the effect of different semi-solid formulations (creams and
hydrogels) on PMNP skin permeation and in vitro tests highlight the incidence of the semi-
solid vector in the NPs permeation. Indeed, the stability of the NPs in a vehicle is a critical
factor that could affect the efficacy of their topical administration. For this reason, a
systematic study of the interaction between the physicochemical features of PMNP and the
different semi-solid formulations is carried out.
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3.1.2. Iron oxide nanoparticles

Iron oxide nanoparticles are synthetized by solvothermal decomposition in organic solvent??.
Starting from organometallic precursors, at high temperature and in presence of stabilizing
surfactants, 12.0 + 1.2 nm average diameter monodisperse nanoparticles (MNP) are prepared.
To have a stable suspension in a physiological environment, a water phase transfer of
nanoparticles is needed. To this aim, MNP are coated with an amphiphilic polymer (PMA),
obtained by reacting poly-(isobutylene-alt-maleic anhydride) with an amount of
dodecylamine sufficient to reach with 75% of anhydride groups??. In this process the oleic
acid (surfactant) of the MNP is intercalated with the hydrophobic alkyl chains of the PMA,
which exhibits the hydrophilic backbone on the external water phase.

Figure 3.1.2. MNP synthesis and coating with PMA (PMNP).

The obtained coating exhibits peculiar advantages:
1. Colloidal stability in biological environment.
2. Surface functionalization with drugs or targeting molecules.
3. Improved NPs passage through hydrophilic-hydrophobic skin layers.
4. Ameliorated cream formulation homogeneity.

Based on these remarks, PMNP are a hybrid system that can provide MR imaging and drug
delivery at the same time. Indeed, the magnetic core is the source of the magnetic signal and
the shell guarantees the drug loading and the surface functionalization for the selective target.
The resulting nano-system has a hydrodynamic diameter of 23.2 + 2.0 nm, a {-potential of -
64.80 + 4.91 and it’s stable and monodisperse in size. To evaluate their potential activity as
magnetic resonance imaging contrast enhancer, the value of decreasing concentrations of
PMNP in water is measured and it is 186 mM-1stat 0.47 T. This value is higher than the
negative contrast power of agents currently available in approved clinical diagnostic practice
(r2 of Ferumxytol is 83 mM-1s1at 0.47 T).
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Figure 3.1.3. Transmission Electron Microscopy (TEM) and Dynamic Light Scattering (DLS) of MNP and PMNP.
Scale bars 10nm.
(Data taken from Santini et al)2L.

For in vivo studies, PMNP are labelled with a dye (CFSE) using the bifunctional diamino-linker
2,2-(ethylenedioxy)-bis(ethylamine) (EDBE) previously activated by N-(3-
dimethylaminopropyl)-N"-ethylcarbodiimide (EDC).

3.1.3. Investigation of PMNP penetration through the human

skin.

In vitro skin permeation studies are carried out using human skin after verifying the
morphological integrity of all the skin layers: the used skin is composed by stratum corneum,
epidermis and dermis. The permeation experiment is conducted testing in parallel the PMNP
suspension and the PMNP w/o cream in the Franz Diffusion Cell (FDCs). The two formulations
are added in the donor compartment and samples of the receptor fluid, filled with PBS, are
taken at various time intervals (1-3-5-7-24 h) and they are measured by ICP-OES to quantify
the amount of iron normalized with that one present in the control samples. At the end of
exposure time (24h) the skin treated with the two PMNP formulations are analysed by
transmission (TEM) and scanning electron microscopies (SEM).
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Figure 3.1.4. In vitro diffusion results of PMNP colloidal suspension and PMNP w/o cream.
(Data taken from Santini et al)22.

At the first sampling times it's evident the difference in terms of diffusion between the
permeated PMNP of the suspension and that ones mixed with the cream: the cream
formulation gives accelerated and homogeneous nanoparticle permeation. Moreover, the
cream can give skin hydration and occlusive effect, which are factors determinants the
PMNP’s permeation. Figure 3.1.4., at 24h, shows no significant difference between cream and
suspension administration, since the cream allows the reduction of the penetration and
diffusion times.
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Figure 3.1.5. TEM and SEM images of treated skin.
(Data taken from Santini et al)22.

Also, TEM and SEM images (Figure 3.1.5., a-i) show PMNP intradermal delivery across the
intact skin layers: there are no significant differences between the two formulations in terms
of permeation mechanism and amount of penetrated NPs after 24h. PMNP are found in all the
skin layers. Furthermore, PMNP are observed among corneocytes and across epidermis cells
and this provides evidence that they use both the intercellular and intracellular pathway, even
if the follicular pathway should be the easiest way to occur for large molecules.

In all the TEM and SEM images PMNP maintain their individuality and they don’t aggregate.

3.1.4. Interaction with skin-localized cells of innate immunity
in living mice.

PMNP incorporation by cutaneous cells is evaluated in mouse models. Two different
nanoparticles administration are performed: the sub-cutaneous injection of PMNP-CFSE and
the topical application of the PMNP-CFSE cream. The cream is applied to the skin of
previously shaved C57BL/6 mice (1 cm?), after 24h the mice are sacrificed and treated skin is
analysed by flow cytometry after having obtained single cell suspensions. The draining lymph

nodes are also analysed to consider the lymphatic transport. Skin cells of hematopoietic and
non-hematopoietic origin are identified as CD45-positive and negative, respectively.
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Figure 3.1.6. Cytofluorimetric analysis of PMNP uptake by mouse skin and lymph node cells.
(Data taken from Santini et al)22.

Starting from the upper panels in Figure 3.1.6., skin CD45-positive and negative cells show
CFSE incorporation. Most of the skin cells uptake PMNP nanoparticles administered with the
cream formulation. In the lower panel the uptake of CFSE-positive cells in the lymph nodes
are shown and, only with subcutaneous PMNP administration, nanoparticles-positive cells can
be detected. Since no positive staining is observed in the draining lymph nodes, nanoparticles
administered with cream formulations remained confined to the skin.
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3.1.5. Formulation study of PMNP semi-solid preparations.

The second work aims to investigate the impact of five different semi-solid formulations on
the physical stability of nanoparticles and on the in vitro penetration through HE.

PMNP are loaded in three hydrogels and two hydrophilic creams. The hydrogels used are
hydroxyethyl cellulose (HEC), sodium carboxymethyl cellulose (CMC) and carbomer 974P
(CP); the creams used are cetomacrogol cream (Cet) and a cold cream (SEP).

The physical stability of PMNP loaded into the semi-solid formulations is determined by two
methods: low-field pulsed NMR and dynamic light scattering (DLS). The first technique
provides information on the magnetic properties of nanoparticles, which are influenced by
deviation in structure, surface composition, concentration and mobility. The second one
allows to analyse the NPs hydrodynamic diameter, their possible aggregation phenomena and
the surface charge. Both these techniques can give information about the physical stability of
the NPs loaded into the semi-solids.

All the results of the PMNP semi-solid formulations are compared with that ones of the
aqueous suspension.

Figure 3.1.7. Variation of the r2 of PMNP loaded in HEC (grey, solid line), CMC (grey, dash line) and CP (black,
solid line) hydrogels, compared with the water suspension of PMNP (black, dash line).
(Data taken from Santini et al)2L.

Starting from the low-field pulsed NMR analysis, the measurement of the r? value of the
nanoparticles in different media represents a sensitive parameter to control the interactions
between the NPs and the formulation components. The r? value of the NPs in water doesn’t
significantly change within 50 days of storage at 25 * 2°C, confirming the PMNP water
stability. The NPs dispersed in the two creams (Cet and Sep) have a similar trend so it can be
assumed that NPs maintain their characteristics without loosing stability. No changes are
noticed also in the PMNP formulated in the CP hydrogel. Conversely, NPs dispersed in HEC
and CMC hydrogels show a marked decrease of r? values after one day of storage, indicating a
possible aggregation or alteration in size of iron oxide core.
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Figure 3.1.8. Variation of the hydrodynamic diameter (D) of PMNP loaded in HEC (grey, solid line), CMC (grey,
dash line) and CP (black, solid line) hydrogels, compared with the water suspension of PMNP (black, dash line).
(Data taken from Santini et al)2L.

The DLS technique doesn’t allow to directly analyse the NPs formulations: a prior sample
dilution is required. Also, placebo hydrogels and o/w creams are analysed by DLS to evaluate
possible interferences with the NPs signal. Looking at the measurements, DLS cannot be used
to analyse the creams because the dispersed oily phase and the formulation viscosity don’t
allow to obtain correct and reproducible results. Based on these remarks, it’s possible just to
measure the three PMNP formulated into the hydrogels: NPs loaded into CP and HEC hydrogel
appear stable; NPs loaded into CMC result unstable. These results confirm that ones of the
low-field pulsed NMR except for the case of HEC. Probably, reversible NPs aggregates are not
detectable by DLS due to the sample dilution.

Due to the physical instability of PMNP loaded in the CMC hydrogel, this vehicle is not
considered for the permeability tests.
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3.1.6. In vitro permeation studies

The permeation studies interest the amount of NPs permeated through HE and accumulated
into SC and viable epidermis (VE) and the TEM - STEM/EDX images of the treated HE.

TEM images show the presence of nanoparticles both into the upper HE layers and near to the
basal membrane of epidermis.

Figure 3.1.9. Transmission electron microscopy (TEM) images of skin samples treated with PMNP loaded into
semi-solid formulations.
(Data taken from Santini et al)2L.

As Figure 3.1.9. shows, the nanoparticles are found in stratum corneum (A), in stratum
lucidum (B), in stratum granulosum (C), in stratum spinosum close to desmosomes (D), in
stratum basale (E) and in proximity of desmosomes (F). It's also interesting notice in the
Figure 3.1.9.B a nanoparticle into a cell of the stratum lucidum inside the cytoplasm.
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Figure 3.1.10. On the left, STEM images of HE treated with PMNP and its enlargement; in the right, EDX spectra
of the highlighted white squares.
(Data taken from Santini et al)2L.

STEM analysis shows nanostructures close to the stratum corneum brighter than the other
elements. The higher brilliance of the elements indicated by the white squares 1 and 2 in
Figure 3.1.10. suggests that they are more electron dense and heavy than the other parts of
the sample. This signal is analysed by EDX pointing the electron beam directly on these white
spots to determine their elemental composition. The spectra reported on the right side of the
STEM micrographs evidence the presence of the iron signals only in squares 1 and 2 of Figure
3.1.10., confirming that the nanoparticles are MNP. There are also two other peaks: a weak C-
signal and a strong Cu-signal. Both of them are attributed to the epidermis.

The Franz diffusion cell allows to quantify the retained amounts (Qret) and the permeated
amounts (Q24) in SC and VE of aqueous suspension and semisolid preparations.
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Figure 3.1.11. Results of Q24 and Qr.: studies of aqueous suspensions and semisolid preparations containing 3
mg/mL of PMNP.
(Data taken from Santini et al)2L.

As Figure 3.1.11. shows, HE contains traces of iron due to the intense mitotic activity of VE23
but after 24h of PMNP exposure the iron amount permeated through HE is double, suggesting
the NPs capability to permeate the SC barrier and to concentrate into the VE.

The four semi-solid preparations have different trends in terms of skin penetration,
highlighting the influence of the vehicle. All formulations significantly increase the permeated
amount after 24h, except for the HEC hydrogel. CP hydrogel and cold cream are able to
increase also the amount of PMNP retained into the HE.

The Qret/Q24ur ratio of all the tested semi-solid formulations are similar to that of aqueous
suspension (i.e., about 0.67), the permeated iron amount from the Cet cream is one order of
magnitude higher than the relative retention data (Qret/Q24ne: 0.19), suggesting a higher
tendency of PMNP to permeate than to be retained into the HE when they are loaded in the
Cet cream.

Also, membranes based on regenerated keratins (RKM)?24, are used to verify the tendency of
nanoparticles to diffuse through intracellular pathway of SC, because the permeation through
RKM follows the affinity of NPs for the intracellular compartment of SC. The results show that
Q24rkM (6.4 £ 0.1 pg/cm?) is in accordance with the Q24 nE values.

On the other side, the Qretrkm (28 * 5 ng/mg) is significantly lower than the value obtained
through SC (p value: 0.024). Hence, it may be assumed that weak interactions occur between
PMNP and keratins and PMNP diffuse preferentially through an intercellular pathway?2>. TEM
images confirm this hypothesis evidencing the presence of the NPs inly in the interstitial
spaces among keratinocytes (Figure 3.1.9.).
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3.2. ORAL ADMINISTRATION OF POLYMERIC
NANOPARTICLES CONTAINING INSULIN

3.2.1. Introduction

Type 1 diabetes is characterized by insufficient insulin secretion or its inadequate activity and
the disease progression requires the introduction of exogenous insulinl?. Till now, the
standard administration of insulin views the daily parenteral injection of the peptide, causing
a significant reduction in quality of life and joining low compliance by the patient34. Also, the
subcutaneous injection of insulin doesn’t allow a physiological distribution of the peptide as
the physiological secretion; indeed, half of insulin produced by the pancreas is used for liver
metabolism via the portal circulation, resulting in fine regulation of blood glucose levels and
adequate metabolism of carbohydrates and proteins. For these reasons, the administration of
insulin by alternative administration routes is matter of several research studies>.
Particularly, the oral route is considered one of the most promising choices in order to have a
better glucose regulation exploiting the liver first-pass metabolism of insulin, thus preventing
the risks of fluctuating blood glucose levels and possibly the resulting morbidity due to
chronic microvascular complications®. Still, the oral delivery of insulin remains an unmet
need.

In this contest, the colon delivery is gaining increasing interest since it's characterized by
specific properties such as low proteases activity, longer transit time, prolonged localization
of insulin on the gut mucosa and greater responsiveness to permeation enhancers compared
to the more proximal regions of the gastrointestinal tract. For these characteristics, the colon
represents an interesting target for insulin oral delivery but, so far, an efficient drug delivery
system is still not designed. From a general point of view, the oral delivery of insulin can be a
big contribution to diabetic patients but it faces a principal trouble that is the low oral
bioavailability of the peptide due to the degradation by proteases in the gastro-intestinal
tract.

In the recent years, both nanomedicine and pharmaceutical technology have tried to design
new systems able to improve the oral delivery of insulin.

The objective of this project is to evaluate the synergistic effect of these two branches of
science in order to deliver a new efficient oral nano-system. One of the research aims of the
nanoparticles-based vector is the protection of the drugs against chemical and enzymatic
degradation with the possibility to improve the drug absorption by epithelia. The attempts to
improve the oral delivery of insulin by NPs are few and it requires a nanovector suitable both
for insulin incorporation and intestinal epithelium absorption after oral administration-°.
The NPs size and charge are the principal characteristics, which influence the insulin
absorption by the enterocytes. In general small and positively charged NPs are absorbed more
efficiently through the intestinal epithelium, because it is characterized by negative charges of
mucins, glycoproteins present in large quantity in the mucus. A positively charged system has
prolonged residence time and increases concentration gradient at the surface of the intestinal
mucosa.

For the delivery of a nanosystem to the colon site, a solid dosage form, such as pellets or
tablets, is required in order to allow the nanoparticles-containing insulin release in the
desired site.

In my work, in vitro and in vivo studies are performed to test a novel nanoformulated,
multiple-unit colon release system, i.e. coated pellets, as a possible nanocarrier for insulin.
The novelty of this approach is the evaluation of the synergistic effect of colon release,
mucoadhesive nanoparticles and the presence of a permeation enhancer, sodium
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glycocholate. In particular, this system is based on the benefits of this multiple-unit
formulation and the consequent absorption pattern with the advantages of colloidal
nanoparticles!®. The pellets are an oral multiple-unit dosage form, which guarantees more
homogeneous distribution in the gastro-intestinal tract and less inter- and intra-individual
variations. They are made by a core, in which NPs are formulated with a absorption enhancer
and by a triple coating consisting of a flexible film composed of a natural polymethacrylate
Eudragit® NE and a superdisintegrant sodium starch glycolate Explotab®, added as a pore
former, applied to a hydroxypropyl methylcellulose (HPMC) coating of reduced thickness in
order to improve the efficiency of the erodible layer in delaying the drug liberation!1.12,

An outer gastroresistant layer is also added in order to neutralize the variable residence time
in the stomach of the coated dosage form and it allow its activation only following the entry
into the duodenum. This time-dependent relies on the relative consistency of short intestinal
transit time, the subsequent colon targeting and favouring the intestinal absorption of insulin
at that levell3.

Figure 3.2.1. Structure of pellet containing insulin nanoparticles.

45



3.2.2. Nanoparticles synthesis and characterization

The polymeric nanoparticles are synthesized according to previously published preparation
methods!415, The driving force of this synthesis is the opposite charge of polyethylene imine
(PEI) and dextran sulphate resulting in the insulin incorporation into the polymeric matrix.
Briefly, insulin and dextran sulphate solutions are added to the PEI solution under heating at
40°C. It is necessary to introduce some modification to the published protocol with the aim of
scaling up the amount of synthesized NPs and reduce the amount of excipients to include in
the final pellet formulation. The weight ratio between the two polymers is optimized in order
to control the particle size and zinc sulphate solution is added dropwise to stabilize the
nanoparticles (Figure 3.2.2.A).

Figure 3.2.2. Schematic representation of insulin-containing nanoparticles (NI) synthesis (A). TEM image of NI,
scale bar: 100 nm (B). Hydrodynamic size of NI measured by DLS (C). Dissolution profile of NI at 6.8 pH (mean *
SD, n=3) (D). (Data taken from Salvioni et al)?®.

Another modification of the synthesis protocol interests the dialysis: NI are washed with
deionized water instead of recommended 5% (w/v) mannitol solution. The amount of NI in
the final dialyzed product is 72% of the starting amount. The obtained product, thanks to the
modifications, results in 5-fold increase of insulin loading and in a 35-fold reduction of the
material amount required to form the pellets. In this way, a concentrated colloidal suspension
is obtained, more suitable for following pellets inclusion. Figure 3.2.2.B shows TEM images of
spherical and nearly monodisperse 30 nm NI while, the hydrodynamic diameter (Figure
3.2.2.C) is 177 + 12.3 nm, probably due to the high solvation efficiency of the polymeric
matrix. The zeta potential is 28.9 £ 0.5 mV. The entrapment efficiency (EE%) determined after
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extraction in acidic solution and measured by RP-HPLC is 62.3 + 3.5%, while the % of the
degradation product A21-desamido insulin is 1.2 + 0.1%. Also, a release test is conducted and
in 5 minutes there is over 90% of peptide dissolution at pH 6.8.

3.2.3. Core preparation and characterization

In order to achieve a prompt release of the nanoparticles at the desired site, an appropriate
core formulation is designed.

Table 3.2.1. Compositions of cores under investigation.

% (w/w)
Sodi
. ) Placebo | Avicel® odium Explotab®
Formulation | Insulin | NI glycocholate Lactose
NPsa2 CL611 CLV

(NaGly)
PNO1 50.0 50.0
PNO2 50.0 26.4 15.7 7.9
PNIO1 432 | --- 43.2 13.6
PNI02 432 | --- 22.7 13.6 13.8 6.7
P102 2.3 39.1 23.4 23.7 11.5

aThe percentage refers to the solid nanoparticles. (Data taken from Salvioni et al)?6.

A cellulose derivative, Avicel® CL611, a co-processed microcrystalline cellulose and sodium
carboxymethyl cellulose, is identified as suitable spheronization agent due to the well-known
advantages in terms of improved disintegration and dissolution performance over the
traditional formulations based on microcrystalline cellulose!”. Moreover, a superdisintegrant
agent (Explotab® CLV) and a soluble diluent (lactose) are added in an alternative formulation
in order to further improve the pursued fast-disintegration properties (Table 3.2.1.). Only in
the case of pellets loaded with NI, sodium glycocholate (NaGly), an absorption enhancer with
protease inhibition properties, is considered®1°. The latter functional agent is indeed
demonstrated to promote the oral absorption of a pancreatic hormone in rats administered
with a minitablet formulation at 1:10 protein/adjuvant ratio??. In addition, NaGly, due to its
high solubility in aqueous media, could help to prevent the undesired matrix formation when
pellets interact with water, thus possibly aiding their disintegration. Based on preliminary
extrusion and spheronization trials, a 1:1 Avicel® CL611/placebo nanoparticles binary
mixture is acknowledged as starting formulation suitable to lead to a dough with appropriate
plasticity and pellets with adequate morphological characteristics (Table 3.2.1.). When
insulin-containing formulations or all other systems containing Explotab® CLV and lactose are
used, the process appears facilitated probably due to the concomitant decrease of
nanoparticle amount and increase in the total solid mass attributable to the presence of the
NaGly powder. In all cases, the possible issue associated with the large amount of colloidal
suspension needs to obtain the required insulin dose for the in vivo studies, i.e. 4:1 w/w water
vs. total solid mass, is overcome by adding the liquid in small aliquots and allowing the
subsequent evaporation that limits the moisture content of the extrudable mass.
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Table 3.2.2. Physico-chemical properties and process yield of cores prepared by extrusion and spheronization.

Batch dgeo (MM) | Ogeo (UmM) | AR Yield (%) Insulin recovery % | A21%
PNO1 913 1.18 1.36 £0.18 59.9 - -

PNO2 804 1.21 1.38+0.20 40.1 - -

PNIO1 809 1.21 1.21+0.18 41.3 102.1 £1.6 1.8+£0.2
PNIO2 1137 1.28 1.16 £ 0.10 61.9 88.8 £3.7 0.9+0.3
PI102 1066 1.16 1.29+0.15 74.4 91.8 £1.1 22+0.3
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Figure 3.2.3. Digital photographs of core formulation under investigation: a)PN01, b)PN02, c)PNI0O1, d)PNI02
and e)PNO02. Scale bar: 1 mm. (Data taken from Salvioni et al)6.

All the process yields are > 40% and, taking into account the low amounts of processed
material, are considered satisfying. All batches show a mean particle size comprised within
the desired 710-1400 pm range and a nearly spherical shape (Table 3.2.2, Figure 3.2.3). Only
in the case of formulation batches PNIO2 and PI0Z a slightly higher mean diameter is
observed. No differences in size or shape are observed between placebo and insulin-loaded
pellets, which is not surprising considering that the final core product structure is not
significantly affected by the low amount of protein payload within the colloidal suspension.
The protein content in the pellets is = 90% of the theoretical amount and, despite the long
wetting and evaporation phases, the % of A21 remains below the limits indicated in the
monograph of bovine insulin reported of Pharm. Eur. 8th Ed., i.e. 3%. The overall results
suggest that extrusion and spheronization might be a promising technology for loading a
nanoparticle suspension into pellets.

3.2.4. In vitro studies of cores

Pellets containing the insulin-loaded nanoparticles are subjected to in vitro studies aiming to
assess the disintegration and insulin release performances from the two different
formulations. PNIO2 formulation shows enhanced disintegration compared to PNI01, i.e. 26.4
vs. 10.8%. This behaviour can be ascribed to the presence of the superdisintegrant Explotab®
and that of lactose acting as pore former compared to the formulation where the excipients
are only Avicel® CL611. However, comparing such performance with that of a reference
formulation containing paracetamol as analytical tracer instead of insulin nanoparticles and
Avicel® CL611/lactose/Explotab® CLV in the same ratios as PNIO2 formulation, a 2 75%
disintegration is obtained. It can be thus inferred that the presence of nanoparticles
considerably contributes to the formation of a slow-eroding matrix. To confirm this result, re-
dispersion studies are performed on batch PNI02, which appears the most promising system
from in vitro disintegration and dissolution tests. These studies are setup in order to evaluate
the presence of NI after exposure of the solid dosage form to aqueous fluids. Samples of this
medium are collected and analysed by DLS. Nanoparticles with a mean diameter of 146.1 *
1.0 nm (n = 3) are detected. Comparing the size of NI, before and after E-S pro-cess, it is
noticed that the mean diameter is slightly lower than the initial value (177.1 + 12.3 nm),
although the size distribution appears to be maintained as evaluated by DLS polydispersity
index (0.296 £ 0.005). To figure out the cause of this reduction, the same test is performed on
25 mg of a dried dough obtained by using the same components and operating conditions of
the cores of PNIO2 batch avoiding extrusion and spheronization steps. Also in this case, a
decrease of mean diameter occurs, suggesting that it may depend on the mechanical stress
during the dough formation. It can be thus inferred that cores under investigation might
convey and liberate the colloidal system upon exposure to aqueous media.

3.2.5. Preparation and characterization of coated pellets

Pellets batches PNIOZ and PI02 are selected as core formulations for preliminary in vivo
testing on the basis of the in vitro results in terms of enhanced disintegration and dissolution
properties. The cores are therefore coated either with a hydroalcoholic solution of Aqoat® or
in turn with a Methocel® E50-, Eudragit® NE/Explotab® CLV- and Aqoat®- based formulations
in order to prepare gastroresistant (G) and three-layer colonic (C) systems, respectively
(Table 3.2.3.).
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Table 3.2.3. Physico-technological characteristics of gastroresistant and three-layer colonic pellets.
(Data taken from Salvioni et al)?6.

E it”
Formulations dp, (um) SD (um) AR Xg}i‘;ﬁe@ E30 Nl]lidjs)i;tlotab® ) 227;?
CLV 20% mg/cm
GPNI 1355 114 1.14 - - 13.1
CPNI 1865 102 1.07 89.9 4.0 13.0
GPI 1392 121 1.25 - - 11.9
CPI 2070 149 1.24 85.1 3.1 12.5

In the three-layer system, the hydrophilic layer based on Methocel® E50 is demonstrated to
delay the drug release by a swelling/erosion mechanism, while the Eudragit® NE/Explotab®
CLV film is aimed at prolonging the duration of the lag phase as imparted by the underlying
HPMC coat. Finally, an outer gastroresistant film is added to the system to overcome the
unpredictable gastric residence time of the system thus allowing its activation only at the
duodenum and the consequent colonic release based on a time-dependent approach!3.20. The
adopted process operative conditions and the coating levels need to achieve gastroresistance
or a delayed release after a lag-phase suitable for colonic delivery are previously set up with
an analogous formulation containing paracetamol as analytical tracer (data not shown). In
particular, gastroresistance criteria are accomplished with an Aqoat® coating level of 12-13
mg/cm?. When using colonic systems, an in vitro lag time of approximately 60 min
corresponded to 85-90 mg/cm? of Methocel® E50, 3.0-4.0 mg/cm? of Eudragit® NE-Explotab®
CLV 20% and 12-13 mg/cm? of Aqoat®?20. Particularly, a similar multiple-unit system with an
in vitro lag phase of the latter duration shows an insulin peak in rats and a corresponding
drop in blood glucose levels 6 h post-dose following oral administration. Based on typical
gastrointestinal transit times reported in the literature for rats, the delivery sys-tem, after this
lag time, is expected to be able to arrive, mostly intact, to the ileo-colonic region?!. All coated
batches show a mean particle size in the 1.3-2.1 mm range and coating levels in line with what
expected based on preliminary set up results. The shape is closer to roundness than the
starting cores, as a result of the subsequent coating steps. When subjected to in vitro release
tests all formulation meet gastroresistance criteria (< 10% release after 2 h in 0.1 M HCI),
albeit the release test is conducted under more vigorous stirring, per-formed by magnetic
stirrer, compared to the compendial method (Figure 3.2.4).
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Figure 3.2.4. In vitro insulin release of coated pellets.
(Data taken from Salvioni et al)6.

When exposed to a pH 6.8 buffer, all enteric systems show a prompt release due to core
disintegration following dissolution of the enteric coat. The three-layer colonic systems
containing the NI show a lag-phase preceding the onset of release. The time corresponding to
10% release, t10%, is 65 min. Moreover, the CPI pellet formulation used as reference shows a
shorter lag time that is demonstrated to be caused by the adopted release testing conditions
(data not show).

3.2.6. In vivo hypoglycaemic effect

The NI loaded into the pellets are tested in vivo in diabetic rats. The rat model is chosen since
the gastrointestinal transit time is comparable to that of humans?2. The animals that reach
stable glucose values in blood of at least 350 mg/dL following streptozotocin administration
are subjected to one of the following treatments: 1) oral administration of 1.33 mg/kg insulin
(OI) or as NI, 2) subcutaneous injection of 0.07 mg/kg insulin (SCI), 3) insertion through
gastrostomy of different amounts of pellets in capsules (GPI, GPNI, CPI, CPNI) to allow
administration of 1.33 mg/kg. A group of non-treated rats is used as control (NT).
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Figure 3.2.5. Time course of the in vivo activity of different insulin formulations, expressed as percentage
variation of rat blood glucose levels after treatment. Diabetic rats are exposed to oral (OI) or subcutaneous (SCI)
administration of insulin, oral administration of insulin nanoparticles (NI), or insertion through gastrostomy of
capsules containing gastroresistant pellet-formulated insulin (GPI) or insulin-nanoparticles (GPNI), colon-
release pellet-formulated insulin (CPI) or insulin-nanoparticles (CPNI); NT: untreated rats. Mean * SE of 3-6
animals for group. ***p < 0.0005; **p < 0.01; *p < 0.05 vs NT;§p < 0.0005 vs OI, NI, GPI and SCI;p < 0.05 vs GPNI
and CPI (one tailed Student t-test). (Data taken from Salvioni et al)16.

Figure 3.2.5. shows the % variation of glycaemia from 1 to 48 h post-treatment. The base line
for each experimental group is the mean value of blood glucose measured before the
treatment, considered as 100%. In the first 8 h post-treatment, physiological oscillation of
glucose blood levels is observed in NT rats, which however don’t exceed 30% of the initial
value. Orally administered insulin, either free or in NI, has no significant effect on blood
glucose levels, while the subcutaneous injection of insulin causes a rapid and marked
reduction of the glycaemia to 25% of the initial values at 1 h post-treatment. However, blood
glucose levels return to the initial level when measured after 8 h. The treatment with GPI or
GPNI doesn’t show any significant effect on the glucose blood levels as compared to NT during
the first 8 h. In contrast, the rat treatment with CPNI is able to induce an immediate,
significant decrease in blood sugar levels as compared to the NT, with a significant fall in
glycaemia, as much as 50% of the initial value, at 6 h post-treatment, and a subsequent further
decrease of up to 30% at 8 h. On the other hand, the treatment with CPI doesn’t exert any
significant hypoglycaemic effect. At longer times (48 h), NT and SCI-, OI-, NI-, and GPI-
administered rats have blood glucose equal the initial values, while in rats administered with
CPNI the glucose concentration remains at 45% of the starting level and significantly different
from those of all other experimental groups. At 48 h post-treatment, a slight decrease of
glycaemia is observed upon administration of CPI, while in GPNI-treated rats glucose values
become about 70% of initial values and significantly lower than those of controls.

52



Bibliography

1. Bailey, T. Options for combination therapy in type 2 diabetes: comparison of the
ADA/EASD position statement and AACE/ACE algorithm. Am. J. Med. 126, S10-20 (2013).

2. Dal, S. et al. Portal or subcutaneous insulin infusion: efficacy and impact on liver
inflammation. Fundam. Clin. Pharmacol. 29, 488-498 (2015).

3. Maroni, A., Zema, L., Del Curto, M. D., Foppoli, A. & Gazzaniga, A. Oral colon delivery of
insulin with the aid of functional adjuvants. Adv. Drug Deliv. Rev. 64, 540-556 (2012).

4. Rekha, M. R. & Sharma, C. P. Oral delivery of therapeutic protein/peptide for diabetes--
future perspectives. Int. . Pharm. 440, 48-62 (2013).

5. Sousa, F., Castro, P., Fonte, P. & Sarmento, B. How to overcome the limitations of
current insulin administration with new non-invasive delivery systems. Ther. Deliv. 6, 83-94
(2015).

6. Patel, M. M. Colon targeting: an emerging frontier for oral insulin delivery. Expert Opin.
Drug Deliv. 10, 731-739 (2013).

7. Ensign, L. M., Cone, R. & Hanes, J. Oral drug delivery with polymeric nanoparticles: The
gastrointestinal mucus barriers. Adv. Drug Deliv. Rev. 64, 557-570 (2012).

8. Bayat, A. et al. Nanoparticles of quaternized chitosan derivatives as a carrier for colon
delivery of insulin: ex vivo and in vivo studies. Int. ]. Pharm. 356, 259-266 (2008).

9. Damggé, C., Reis, C. P. & Maincent, P. Nanoparticle strategies for the oral delivery of
insulin. Expert Opin. Drug Deliv. 5, 45-68 (2008).

10. Palugan, L., Cerea, M., Zema, L., Gazzaniga, A. & Maroni, A. Coated pellets for oral colon
delivery. J. Drug Deliv. Sci. Technol. 25, 1-15 (2015).

11.  Maroni, A. et al. Polymeric coatings for a multiple-unit pulsatile delivery system:
Preliminary study on free and applied films. Int. ]. Pharm. 440, 256-263 (2013).

12.  Del Curto, M. D. et al. Erodible time-dependent colon delivery systems with improved
efficiency in delaying the onset of drug release. J. Pharm. Sci. 103, 3585-3593 (2014).

13.  Dauvis, S. S. The design and evaluation of controlled release systems for the
gastrointestinal tract. J. Controlled Release 2, 27-38 (1985).

14. Tiyaboonchai, W., Woiszwillo, J., Sims, R. C. & Middaugh, C. R. Insulin containing
polyethylenimine-dextran sulfate nanoparticles. Int. J. Pharm. 255, 139-151 (2003).

15. Tiyaboonchai, W. & Limpeanchob, N. Formulation and characterization of
amphotericin B-chitosan-dextran sulfate nanoparticles. Int. J. Pharm. 329, 142-149 (2007).

16.  Salvioni, L. et al. Oral delivery of insulin via polyethylene imine-based nanoparticles for

53



colonic release allows glycemic control in diabetic rats. Pharmacol. Res. 110, 122-130 (2016).
17. Di Pretoro, G., Zema, L., Gazzaniga, A., Rough, S. L. & Wilson, D. I. Extrusion-
spheronisation of highly loaded 5-ASA multiparticulate dosage forms. Int. J. Pharm. 402, 153-
164 (2010).

18.  Yamamoto, A. et al. Effects of various protease inhibitors on the intestinal absorption
and degradation of insulin in rats. Pharm. Res. 11, 1496-1500 (1994).

19.  Tozaki, H. et al. Chitosan capsules for colon-specific drug delivery: improvement of
insulin absorption from the rat colon. J. Pharm. Sci. 86, 1016-1021 (1997).

20.  Maroni, A. et al. In vitro and in vivo evaluation of an oral multiple-unit formulation for
colonic delivery of insulin. Eur. J. Pharm. Biopharm. Off. ]. Arbeitsgemeinschaft Pharm.
Verfahrenstechnik EV 108, 76-82 (2016).

21. Tuleu, C., Andrieux, C., Boy, P. & Chaumeil, ]. C. Gastrointestinal transit of pellets in rats:
effect of size and density. Int. J. Pharm. 180, 123-131 (1999).

22.  DeSesso, ]. M. & Jacobson, C. F. Anatomical and physiological parameters affecting
gastrointestinal absorption in humans and rats. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol.

Res. Assoc. 39, 209-228 (2001).

54



3.3. TARGETED GOLD NANOPARTICLES LOADED WITH
EVEROLIMUS FOR INHALATIONAL ADMINISTRATION

3.3.1. Introduction

The local administration of drug remains a crucial goal for those therapies characterized by
insufficient drug accumulation at target sites and systemic drug toxicity. Bronchiolitis
obliterans syndrome (BOS) represents the most frequent chronic lung allograft dysfunction
phenotype, which doesn’t still have an effective therapy. This syndrome is characterized by a
patchy submucosal fibrosis causing the total occlusion of tracts of bronchiolar lumen!. In
transplanted lung, BOS shows firstly an inflammatory phase, which is ultimately followed by
an excessive and uncontrolled fibroproliferative phase of mesenchymal cells (MCs), thus
leading to irreversible obliteration of airway lumen?3. At the moment, the therapy is based on
the prevention/treatment of the inflammatory phase preceding fibrotic evolution and the use
of “antifibrotic drug” targeting MCs but it’s usually poorly effective*. The direct target of the
drug into airways without additional systemic toxicity is still a promising strategy; in
particular aerosolized agents can be the proper systems.

In this work, gold nanoparticles (GNPs) of 6 nm covered with an amphiphilic polymer, are
functionalized with an antibody selective for CD44 and loaded with everolimus, an inhibitor of
mTOR, also endowed with potent immunosuppressive activities, which is demonstrated to
suppress the in vitro proliferation of fibroblast isolated from BOS patients>-7.

GNPs have unique optical and electronic properties owing to changes in the particle size,
shape, surface chemistry and aggregation state8?. These nanoparticles can be used for several
biomedical applications, among which the most common is drug delivery system!%11, [ndeed,
they can physically adsorb the drugs on the particle surface or reversibly anchor them
through a covalent bond1213,

In vitro experiments are set up in order to test both the selectively and the efficacy of the
functionalized nanocarrier on MCs. The future step will be their administration as aerosol
spray.

In addition, a possible deleterious proinflammatory effect of our nanovectors is assessed. The
activation of macrophages, the first innate defence line in lung, and neutrophils that exert a
crucial role in BOS pathogenesis, is evaluated and excluded.

Figure 3.3.1. Representation of BOS progression.
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3.3.2. Synthesis and characterization of anti-human CD44-
functionalized GNPs loaded with everolimus

Gold nanoparticles of 6 nm are synthesized in organic solvent according to Brust method!4.
Briefly, AuCls is transferred from aqueous solution to toluene using tetraoctylammonium
bromide as phase-transfer reagent and reduced with aqueous sodium borohydride in the
presence of dodecanethiol. In the final step the product is dissolved in organic solvent. To
make GNPs watersoluble, a phase transfer is needed. As for iron oxide nanoparticles used in
the other projects, I cover gold nanoparticles with the amphiphilic polymer (PMA) obtained
by condensation of poly-(isobutylene-alt-maleic anhydride) with an amount of dodecylamine
sufficient to reach with 75% of anhydride groups (GNP@PMA)?>. Thanks to the amphiphilic
character of the PMA, GNPs are stabilized in water solution and suitable to be functionalized
on the surface. Firstly, GNPs react with 1-ethyl-3-(dimethylaminopropyl)-carbodiimide, then
with 2,2-(ethylenedioxy)bis(ethylamine) and next the nanoparticles are shaken in the
presence of N-succinimidyl-3-[2-pyridyldithio]-propionate (SPDP). The resulting thiol-
reactive PDP functionalities are exploited for the immobilization of two half-chain antibody
portions (HCs) of the anti-human CD44 antibody and the residual thiol-reactive groups on the
polymer are saturated with monomethoxy-PEG-thiol (5kDa), which acts as a colloidal
stabilizer and reduces nonspecific interactions (GNP-HCs; hydrodynamic size = 47.3 * 1.0
nm). As a control, I also synthesize fluorescently labelled GNP-PEGs (hydrodynamic size =
29.8 £ 2.4 nm).
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Figure 3.3.2. Synthesis of fully armed half-chain gold nanoparticles with everolimus, and PEGylated gold
nanoparticles. (A) Hydrophobic GNPs are synthesized and coated with an amphiphilic polymer PMA. The
resulting GNP@PMA are functionalized with N-succinimidyl-3-[2-pyridyldithio]-propionate (GNP-PDPs). The
thiol-reactive PDP functionalities are exploited for the immobilization of heavy-chain CD44 monoclonal
antibodies (GNP-HC) labelled with Alexa® (Invitrogen; CA, USA) Fluor 488 dye. As a control, I also synthesize
fluorescently labelled, PEGylated GNPs. Finally, GNP-HCs are loaded with everolimus (GNP-HCe). (B)
Transmission electron microscopy images show that (i) GNP-HCs and (ii) GNP-HCes exhibit the same
hydrodynamic size. GNP: Gold nanoparticle; HC: Half chain; HCe: Half chain with everolimus; PDP: 2-
pyridylthiopropionate. (Image taken from Cova et al)?e.

The synthetic strategy is illustrated in Figure 3.3.2. Finally, GNP-HCs are loaded with
everolimus by incubating overnight at 4°C (GNP-HCes) obtaining a loading efficiency of
approximately 0.5 mg everolimus per mg of GNP-HCes. The hydrodynamic size measured by
dynamic light scattering changes from 19.8 + 2.6 nm (GNP@PMAs) to 47.3 + 1.0 nm (GNP-
HCs) and 46.7 + 1.8 nm (GNP-HCes). Transmission electron microscope images confirm the
colloidal stability of GNP-HCs and GNP-HCes in aqueous dispersion and show that no
apparent changes in size and shape of the metal core are associated to the surface
modifications of nanoparticles (Figure 3.3.2.). As expected, GNP-HCs and GNP-HCes exhibit
the same hydrodynamic size, corroborating the hypothesis that everolimus incorporated
inside the polymer shell basically doesn’t affect the overall colloidal stability of nanoparticles.
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3.3.3. In vitro drug release kinetics

Figure 3.3.3. illustrates the release of everolimus from GNP-HCes into PBS buffer (pH 7.4)
containing 2% bovine serum albumin.

Figure 3.3.3. Curve of everolimus release from half-chain gold nanoparticles with everolimus into phosphate-
buffered saline buffer. The loaded drug is released in a controlled way and 90% of half-chain gold nanoparticles
with everolimus is dissolved in 8 days. A lag phase in everolimus release, approximately 3-5-h long, is recorded.
(Data taken from Cova et al)?6.

It could be noticed that the loaded drug is released in a controlled way and 90% of GNP-HCes
are dissolved in 8 days. Surprisingly, the expected burst effect is not observed in this case, but
a lag phase is detected. This retard in the everolimus release is approximately 3-5-h long and
it could be ascribed to a sort of activation of the polymer due to the interaction with release
medium; probably a process of PMA unfolding is necessary to permit the release of the
entrapped drug. Based on these data, the drug release mechanism cannot be easily explained.
For this reason, to interpret the release profile a Korsmeyer-Peppas model, suitable to
describe different drug release profiles, is applied:

ft = atn (Equation 1)

where ft is the cumulative percentage of drug released at time (t); a is a constant that
incorporates structural and geometric characteristics of the drug dosage form; n is the release
exponent, indicative of the drug release mechanism. To determine the exponent (n), the
portion of the release curve where the amount of drug released after t <60% is used!’. Due to
the presence of a lag time () in the first section of the release profile, a modified form of
Korsmeyer-Peppas equation could be applied:

ft=a(t-1)n (Equation 2)

Fitting the data of the percentage of released drug and considering data up to 60% (72 h), the
resulting equation is:

58



ft=0.1863(¢ - 1)0.8765 (R2 = 0.9895) (Equation 3)

It's interesting to note that exponent value is very close to 0.89, the value that, considering the
structural and geometric characteristics of the dosage form, indicates a zero-order drug
release. Equation fitting drug release data points using data up to 98% (192 h) is:

ft=0.2719(¢ - 1)0.7776 (R2 = 0.9813) (Equation 4)

that surprisingly shows a very good fitting. Exponent value decreases with respect to the
previous one, indicating a profile bending that is symptomatic of a moderate influence of drug
amount remaining in the nanoparticles to the drug release rate.

3.3.4. Cell characterization

MCs are isolated only from 30% of BAL of patients and are characterized at the first culture
passage. CD44 expression ranges between 84 and 99% of isolated cells (Figure 3.3.4.A), while
the positivity for CD90 and CD105 varies more appreciably between 60-84 and 47-87%,
respectively. The expression of these markers is reported in Table 1. Cells isolated from
different patients are all negative for CD34 and CD45. No differences in marker expression are
recordable between stable and BOS patients. The absence of the epithelial marker E-cadherin
is assessed by immunocytochemical (ICC) experiments (data not shown). ICC also confirms
the high percentage of CD44 positivity in all isolated MCs (Figure 3.3.4.B). 16HBE epithelial
cells did not express CD44, as proved by flow cytometry experiments (data not shown).
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Figure 3.3.4. CD44 expression on mesenchymal cell surface, and in normal and bronchiolitis obliterans
syndrome epithelia. CD44 is detected by (A) flow cytometry and (B) immunocytochemistry on the three cell lines
used in the experiments; (i) negative control, (ii) BOS Op, (iii) BOS 1 and (iv) BOS 2. Immunohistochemistry
procedure demonstrates that (C) normal alveolar epithelia don’t not express CD44, (D) while cells invading
bronchiolar lumen, indicated by the arrow, from a patient retransplanted for BOS, are positive to CD44
monoclonal antibody. BOS: Bronchiolitis obliterans syndrome; FITC: Fluorescein isothiocyanate. (Images taken
from Cova et al)16.

3.3.5. CD44 expression on normal & pathologic epithelia

To avoid possible adverse effect of GNPs functionalized with the specific CD44 mAbs on
epithelial cells, I evaluate the presence of the glycoprotein on the surface of bronchiolar
epithelium. Immunohistochemical experiments demonstrate that normal, not-inflamed
epithelia don’t express CD44 (Figure 3.3.4.C) confirming the validity of the selected marker.
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Positive reaction is evident in cells invading the bronchiolar lumen in specimens from a BOS
patient who underwent retransplant (Figure 3.3.4.D).

3.3.6. Expression of the mammalian target of everolimus,
mTOR, in MCs

[ find that MCs isolated from BAL of lung transplant recipients express an active form of
mTOR in the cytosol (Figure 3.3.5.A), stating the potential effectiveness of the selected drug in
inhibiting MC proliferation.

Figure 3.3.5. Expression of phospho-activated form of mTOR in mesenchymal cells. The expression is evaluated
by immunocytochemistry in (A) untreated control cells, (B) cells treated with half-chain gold nanoparticles
(GNPs) with everolimus, (C) cells treated with GNP-PEG and (D) anti-CD44 monoclonal antibody. The protein
level in (A) untreated cells is similar in all cell lines. The expression of phosphoactivated form of mTOR is highly
increased (B) 12 h after a 2-h incubation with half-chain GNPs with everolimus, (C) while no effect is detectable
with GNP-PEG in the same experimental conditions. A stimulatory effect similar to that observed in half-chain
GNPs with everolimus is present 12 h after a 2-h incubation with anti-CD44 monoclonal antibody (1:100). (E)
Negative control reaction is shown. (Images taken from Cova et al)?6.

3.3.7. GNP-HCe cell uptake

To evaluate nanoparticle uptake, experiments are performed adding GNP-HCes labelled with
Alexa Fluor 488 fluorescent dye to the complete culture medium and observing their entrance
from 15 min to 2 h. Internalization is detected by means of confocal microscopy along z-axis
and by flow cytometry. Confocal microscopy images and scatter-plot analysis show that only
HC-functionalized nanoparticles are able to enter into MCs within 1 h and remain inside,
proving the uptake specificity (Figures 3.3.6.B & 3.3.6.D). By contrast, inert GNP-PEGs, marked
with the same fluorochrome, are not captured by the cells even after 8 h incubation (Figures
3.3.6.A & 3.3.6.C). No differences are observed in particle uptake by different primary cells.
For cell proliferation and apoptosis experiments, nanoparticles are left 2 h in culture to allow
their full entrance into the cells.
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Figure 3.3.6. Half-chain gold nanoparticles with everolimus internalization in mesenchymal cells. To evaluate
nanoparticle uptake and specificity, mesenchymal cells are incubated with GNP-HCe labeled with Alexa®
(Invitrogen; CA, USA) Fluor 488 fluorescent dye. Internalization is detected by confocal microscopy along the z-
axis and by flow cytometry. (B) Images show that only functionalized nanoparticles are able to enter into
mesenchymal cells within 1 h. (D) Scatter plots confirm the positivity to fluorescence only in mesenchymal cells
incubated with GNP-HCe. By contrast, (A & C) inert GNP-PEG, marked with the same fluorochrome, are not
captured by the cells even after 8 h incubation. Original magnification: 60e. GNP: Gold nanoparticle; HCe: Half-
chain with everolimus. (Images taken from Cova et al)?é.

3.3.8. Effect of GNP-HCes on MC proliferation & apoptosis

The inhibitory effect of GNP-HCes on MCs is assayed either by evaluating the inhibition of the
proliferation rate or the increase in the percentage of apoptotic cells. To detect a possible
toxic effect of functionalized GNPs without everolimus (GNP-HCs) inside the cells, GNP-HCs
are used as control under the same experimental conditions. As further control, CD44 mAb
alone is used to exclude an unspecific action of the antibody linked to the GNP surface on cell
proliferation.
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Figure 3.3.7. Effect of half-chain gold nanoparticles with everolimus on mesechymal cell proliferation and
apoptosis. *p < 0.05 versus uMC, GNP-HC, CD44 and EV. **p < 0.01 versus uMC, GNP-HC, CD44 and EV. {p < 0.05
versus CD44. (A) The proliferation rate is evaluated by carboxy-fluorescein succinimidyl ester at 24, 48, 72 and
120 h after 2 h incubation with GNP-HCe, GNP-HC, CD44 and EV. The results are referred to normal proliferation
rate of uMCs cultured in the same experimental conditions. (B) The apoptosis is evaluated by Annexin V
incorporation at 8, 24 and 48 h after 2 h incubation with GNP-HCe, GNP-HC, CD44 and EV. The percentage of
apoptotic cells is reported for uMCs cultured in the same experimental conditions. Curves and histograms are
obtained from the means # standard error of three experiments. The error bars represent the standard error. EV:
Everolimus; GNP: Gold nanoparticle; HC: Half chain; HCe: Half-chain with everolimus; uMC: Untreated
mesenchymal cell. (Data taken from Cova et al)16.

MCs derived from three patients with different BOS grades (0, 1 and 2 p), are analyzed to
estimate whether BOS severity could influence GNP-HCe effectiveness. The results show that
GNP-HCes inhibit cell proliferation in all cells without significant differences between the
three series. In particular, the effect of the drug is significant at 24, 72 and 120 h after
incubation while, in all experiments, proliferation rate invariably shows a tendency to
increase at 48 h (Figure 3.3.7.). As a result, no significant difference with control cells is
detectable at this time point. Since this result is recovered in all MCs, I hypothesize that the
interaction of CD44 mAb with CD44 could produce a remarkable biological effect, inducing
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cell proliferation. Indeed, a slight although not significant, increase in growth rate is recorded
following the treatment of MC with anti-CD44 mAb (Figure 3.3.7.). Accordingly, ICC
experiments evidence an increased expression of mTOR after 12 h incubation with
functionalized GNPs (both GNP-HCs and GNP-HCes) (Figure 3.3.5.B) or anti-CD44 mAb
(Figure 3.3.5.D), while no change in mTOR expression is detectable in the presence of MCs
treated with GNP-PEGs (Figure 3.3.5.C). In the same experimental conditions used for the
treatment with GNP-HCes, everolimus doesn’t significantly affect cell proliferation. Notably,
the proliferation curve shows that the drug released by the uptaken GNP-HCes is effective
overtime, as evidenced by the persistence of an inhibitory activity after 120 h from GNP
incorporation and confirmed by in vitro drug release kinetic curve. MCs incubated with GNP-
HCs or GNP-HCes are analyzed for Annexin V incorporation at 8, 24 and 48 h after GNP
incubation. As further controls, I also study apoptosis in presence of CD44 mAb and
everolimus. Figure 3.3.7.B shows a remarkable and significant increase of apoptosis:
approximately 14% MC cells are apoptotic 8 h after GNP-HCe treatment. This percentage
progressively increases up to approximately 42% after 24 h, and diminishes at 48 h. The
effect is due to the release of everolimus inside the cells, since the incubation with GNP-HCs
(without everolimus) and CD44 mAb alone induces as much apoptosis as control untreated
MCs. Of note MC treatment with everolimus alone for 2 h is unable to induce apoptosis,
demonstrating the superiority of the drug carrier.

3.3.9. Effect of GNP-HCes on inflammatory cells

The uptake of fluorescent nanoparticles by inflammatory cells is demonstrated by flow
cytometry (data not shown).

Figure 3.3.8. Effect of half-chain gold nanoparticles with everolimus on macrophage and neutrophil activation.
(A) IL-8 secretion, evaluated by ELISA test and used to assay the macrophage activation, is not increased by 24 h
incubation with GNP-HCe or GNP-PEG compared with untreated macrophages. (B) Elastase activity, evaluated by
enzymatic assay to detect possible effects on neutrophils by incubation with GNP-HCe or GNP-PEG, is
comparable to untreated neutrophils. The data represent the means # standard error of three experiments. The
error bars represent the standard error. GNP: Gold nanoparticle; HCe: Half-chain with everolimus; OD: Optical
density; uM: Untreated macrophage; uN: Untreated neutrophil.
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(Data taken from Cova et al)?é.

The results summarized in Figure 3.3.8. show that, after 24 h incubation, IL-8 secretion is not
increased in the presence of GNP-HCes and GNP-PEGs (Figure 3.3.8.A). Furthermore, both
GNPs with or without functionalization don’t activate neutrophils (Figure 3.3.8.B).

3.3.10. Effect of GNP-HCes on bronchial epithelial cell line

In order to exclude a possible toxic effect of nanoparticles on epithelial cells, the apoptotic and
proliferation rate in presence of functionalized (GNP-HCes and GNP-HCs) and non-
functionalized (GNP-PEGs) nanoparticles are studied using the same experimental conditions
and procedures. The results obtained by flow cytometry using Alexa Fluor 488 dye marked
nanoparticles prove that 16HBE cells don’t uptake either functionalized or nonfunctionalized
nanoparticles from 1-h up to 8-h incubation. In addition, no significant differences are
recorded in proliferation (GNP-PEGs: 100.8 = 8.5; GNP-HCs: 93 + 10.8; GNP-HCes: 93.8 £ 9.2
after 72 h from incubation and expressed as percentage vs untreated 16HBE cells) or
apoptosis rate (untreated 16HBE: 12.5 + 1.4; GNP-PEGs: 11.4 + 1.3; GNP-HCs: 12.8 + 1.3; GNP-
HCes: 16.35 + 1.7 after 24 h from incubation and expressed as percentage).
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3.4. NANOFORMULATION OF AN ANTIRETROVIRAL DRUG
ABLE TO CROSS THE BLOOD BRAIN BARRIER (BBB)
AFTER INTRAVENOUS INJECTION

3.4.1. Introduction

The blood brain barrier (BBB) performs protection role of the brain from noxious agents. For
this reason it’s a very selective barrier and the delivery of therapeutics to the brain remains a
big challengel2. BBB is a very poorly crossable barrier by most drugs; consequently many
neurodegenerative disorders or brain tumours don’t still have effective therapies3->. The
barrier is made by astrocytes and endothelial cells connected by tight junctions which don’t
exist in normal circulation and limit the drug diffusion to the central nervous system (CNS)e.
It's known in literature that only very small (<400 Da) and lipophilic molecules can diffuse
through the BBB, while the crossing of lipid insoluble or larger hydrophilic molecules is very
limited”’.

Among the approaches to cross BBB, the nanotechnologies represents a new tool to improve
the delivery of drugs and biological therapeutics8-19. Indeed, thanks to their size and physical-
chemical properties, nanoparticles can allow drugs to reach the brain avoiding the damage of
the barrier??,

Among the pathologies affecting CNS and still not curable, there is HIV, the human
immunodeficiency virus that, unlike some other viruses, the human body can’t get rid of
completely. HIV-1 is responsible for the majority of Acquired Immune Deficiency Syndrome
(AIDS) cases and it compartmentalizes in sanctuary sites, which include the genital tract, the
gut-associated lymphoid tissue, the lymph nodes, tissue macrophages and the CNS. One of the
principal obstacle to eradicate this pathology is represented by the difficulty to achieve
therapeutic antiretroviral concentration in these sites'1.12. In particular, the CNS is considered
one of the most important viral reservoirs. This is mainly due to the presence of macrophages
that promote the inflammatory escalation with subsequent astrogliosis and
neurodegeneration, thus establishing the so-called NeuroAIDS!3, responsible for
neurocognitive disorders with different grades of severity (AIDS dementia complex). So, a

A promising approach could be the delivering antiretroviral drugs in HIV sanctuaries
preventing T-cell mediated delivery of the virus in the brain and interact directly with HIV-
sensitive CD4+ cells inside these sites (i.e. microglial cells of brain)!2. The use of nanoparticles
could allow antiretroviral drugs to effectively reach this reservoirl3, preventing the
replication of the virus and reducing the damages induced by the infection.

To this aim iron oxide nanoparticles (MNP) coated with PMA amphiphilic polymer (PMNP)
are used to enhance the permeation of a peptide, called enfuvirtide (Enf), across the BBB both
in vitro and in vivo models. This nanocarrier allows the covalent conjugation of the peptide on
the nanoparticles surface and, at the same time, ensures the detection of the fluorescent
nanosystem into the body. Enf (Fuzeon™ from Roche Laboratories Inc. and Trimeris Inc.) is a
36-amino acid peptide that targets multiple sites in gp41, a HIV glycoprotein responsible for
the fusion with CD4+ cells'4-16, Enfuvirtide inhibits HIV-1 mediated cell-cell fusion and
transmission of cell-free virus while it does not have substantial activity against HIV-218-20,
Because of its unfavourable pharmacological profile, with a half-life of approximately 2h and a
high molecular weight (4.5 kDa), Enf is particularly indicated to provide a proof of concept of
the improved access of antiretroviral drug to HIV sanctuaries by nanoformulation. Indeed, Enf
is not able to cross the BBB for its complex structurel’, so I investigate the Enf-
nanoconjugation to see the peptide passage to the brain.
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3.4.2. Nanoparticles synthesis and characterization

Iron oxide nanoparticles (MNP) covered with PMA polymer (PMNP) are synthesized as
described previously in project A. Then, these nanoparticles are characterized in size and
shape by DLS and TEM (Figure 3.4.1.B): MNP have a hydrodynamic diameter of 18.8 nm * 2.1
in hexane. After the phase transfer, MNP maintain the original average crystal size (8 nm by
TEM), and the final nanoparticles shape is uniformly spherical, with a hydrodynamic diameter
of 23.9 + 2.0 nm (PMNP in water) as determined by DLS. After drug conjugation, the
nanoparticles size increases up to 35.2 + 2.2 nm. The pH value of the suspension is around 5.5
and the zeta potential obtained at this pH value is -29.58 + 1.90 mV, likely suggesting a high
stability of Enf-PMNP with minimal aggregation in water medium at this pH. Indeed a zeta
potential value higher than + 30 mV is generally required for a colloidally stable nanoparticle
dispersion1819,

Figure 3.4.1. (A) Schematic representation of labelled Enf-PMNP. (B) TEM images of MNP in hexane (left) and
PMNP in water (right). (Images taken from Fiandra et al)20.

3.4.3. Nanoconjugated enfuvirtide crosses the in vitro BBB
model
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The efficiency of PMNP in increasing the trans-BBB permeation of Enf is first evaluated on an
in vitro BBB model consisting of a double layer of astrocytes and RBMVECs. Before treatment,
the integrity of our experimental model is validated by measuring the
transepithelial /transendothelial electrical resistance (TEER) and by determining the trans-
BBB apparent permeability of the Dextran 40. In all BBB models devoted to the subsequent
experimental phase, [ record a mean TEER value higher than 400Qcm?. BBB selectivity to the
Dextran 40 labeled with FITC (FD40) is assessed in some additional inserts by measuring the
trans-BBB flux over 3 h (Figure 3.4.2.).

Figure 3.4.2. Time course of the FD40 (1 mg mL-1) flux from the upper to the lower side of the BBB in vitro
system, compared to that across the RBMVECs layer and the empty PET insert. Means * SE; n® inserts s= 3.
(Data taken from Fiandra et al)?20.

The resulting Papp (0.10 + 0.03 °— 10-7cm s71, mean * SE, n = 6) confirms the production of a
very tight barrier. SEM observations show the presence of a uniform layer of endothelial cells
(Figure 3.4.3.A), and TEM images clearly demonstrate that cells are connected by well-
structured tight junctions (Figure 3.4.3.B).
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Figure 3.4.3. RBMVECs on PET membrane analysed by SEM (A) and TEM (B). n = nucleus; pm = PET insert;
arrows indicate the tight junction between two adjacent cells (insert of panel B). (Images taken from Fiandra et
al)20,

The permeability of Enf, PMNP and Enf-PMNP across the BBB model is determined by labeling
the peptide and the nanoparticle with AF660 and FITC, respectively (Figure 3.4.1.A). The
nanoparticle suspensions are added in the upper chamber of the experimental apparatus and
their passage through the BBB model is assessed after 4 and 7 h of incubation by measuring
their fluorescence intensity (FI) into the lower chamber. I find that only a small fraction of
free Enfis able to cross the BBB in vitro: after 4 h, Enf FI in the lower chamber is about 0,15 %
of Enf FI added in the upper chamber, and the percentage increase of FI in the lower chamber
over the subsequent 3 h of incubation is 30% (Figure 3.4.4.A). Conjugation of Enf to the
nanoparticle don’t significantly affect its FI in the lower chamber within the first four hours,
but it is able to greatly increase its permeation across the BBB (by over 170%) between 4 and
7 h of incubation (Figure 3.4.4.A). Surprisingly, the percentage increase of the FITC FI in the
lower chamber calculated between 4 and 7 h, which is associated to PMNP permeation across
the BBB, is only 10%, and therefore much lower than that of the conjugated peptide in the
same time span (Figure 3.4.4.B). The great difference between the % increase in lower
chamber of AF660 (conjugated to Enf) and FITC (conjugated to PMNP) after incubation with
the Enf-PMNP nanocomplex strongly suggests that the two components don’t have the same
fate when crossing the BBB, and that they likely dissociate into the barrier to be processed
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separately. The permeation of PMNP through the BBB is also assessed by measuring the iron
content in the solution collected by the lower chamber by ICP-OES: I find that the percentage
increase of iron recorded between 4 and 7 h is only 1.84 + 0.04 (mean * SE, n = 8) for both
PMNP and Enf-PMNP. Then, [ measure the FI of the three formulations in the lower chamber
of the BBB apparatus after 24 h of incubation. I observe that the Enf trans-BBB permeation is
enhanced between 7 and 24 h of incubation by 175% (Figure 3.4.4.A), likely because of
increased leakage of the RBMVEC barrier over the time. However, the effect of the
nanocomplexation on the permeation of Enf across the BBB is still remarkable: the percentage
increase of AF660 FI in the lower chamber between 7 and 24 h of exposure to Enf-PMNP
reaches 745% (Figure 3.4.4.A). By contrast, the percentage increase of FITC FI in the lower
chamber is about 20% for both PMNP and Enf-PMNP (Figure 3.4.4.B), thus underlining a
discrepancy between the FI recorded for Enf and PMNP after incubation of the BBB with Enf-
PMNP. The percentage increase of iron content in the lower chamber between 7 and 24 h is
still negligible and comparable for both conjugated and unconjugated nanoparticles (1.89% *
0.03, mean * SE, n = 8). In parallel, I perform a confocal microscopy analysis of the upper side
of the insert after 7 h of incubation with Enf or Enf-PMNP. Figure 3.4.4.C shows that while free
Enf is not internalized by the RBMVECs, the conjugation of the peptide to the nanoparticles
allows it to deeply enter into the cells, confirming the enhanced permeability of Enf when
nanoconjugated. The merge image of the cells incubated with Enf-PMNP reveals that the
AF660 and the FITC fluorescence are mostly non-overlapping (Figure 3.4.4.C & 3.4.4.D). These
image data, combined with the great difference in the trans-BBB permeation rate observed
between the two components, strongly suggest that a dissociation of the peptide from the
nanoparticle might have occurred in the endothelial layer.
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Figure 3.4.4. Percentage (%) increase of FI of free or conjugated (AF660)Enf (A) or (FITC)PMNP (B) in the
lower chamber of the BBB in vitro system calculated between 4 and 7 h, and 7 and 24 h, from the addition of
labelled Enf, PNMP and Enf-PMNP into the upper chamber. Mean * SE of 4 replicates; **P < 0,001 and *P < 0,05,
Enf-PMNP vs Enf (Student’s t test) (C) Confocal laser-scanning micrographs (single optical sections) of RBMVECs
after 7 h of incubation with free Enf or Enf-PMNP. Enf and PMNP are labelled with AF660 (red) and FITC (green)
respectively; nuclei are stained with DAPI (cyan) and endothelial cells are immunodecorated with anti-CD31
antibody (blue); scale bar: 10 um. (D) Overlay of the signal intensity plots of Enf and PMNP along a one-pixel line
covering a cytoplasmic portion of the cells. (Data taken from Fiandra et al)?20.

3.4.4. In vivo brain targeting and trans-BBB delivery of

nanoconjugated enfuvirtide

Trans-BBB permeation of PMNP conjugated with Enf is then assessed in vivo in Balb/c mice
intravenously injected with free Enf or with the same peptide conjugated to nanoparticles. I
decide to follow the bioavailability and biodistribution of Enf, by labeling the peptide with
AF660 whose efficiency as in vivo probe has been previously reported in mice?122. Firstly,
plasma concentration of free or conjugated Enf is monitored at 30 min, 1 h and 6 h after
injection in eight different animals for each experimental condition, to verify the effect of
nanoconstruct on peptide bioavailability. I observe a maximal concentration of both free or
conjugated drug in the blood stream within 1 h postinjection and a strong decrease over the
following hours, up to negligible levels at 6 h postinjection. Moreover, Enf concentration in
plasma appears reduced by conjugation to PMNP and therefore less available for the
potentially infected organs, including brains (Figure 3.4.5.).

Figure 3.4.5. Time course of the plasma concentration of free or nanoconjugated (AF660) Enf (0.2 pg gt body
weight), after i.v. injection in mice. Means * SE of 8 animals. (Data taken from Fiandra et al)2°.
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Figure 3.4.6. Analysis of brains isolated from non-treated mice (NT) or mice exposed for 1 h to free or
conjugated AF660-labeled enfuvirtide. (A) Epfimages of isolated brains, where Epf intensity is expressed as
radiant efficiency. (B) Averaged Epf intensity of isolated brains where Epf values have been normalized on
fluorescence intensity of injected solution in order to keep into account the differences in intrinsic fluorescence
emission for each preparation; mean * SE of 9 different brains for each experimental condition; *P b 0,01
(Student’s t test). (C) Confocal laser-scanning micrographs (single optical sections) of brain cryosections; images
from control animals (NT) or from animals treated with free or nanocomplexed enfuvirtide (red) have been
overlaid on the corresponding images reporting nuclei (blue) and neuronal cytoplasm (yellow), counterstained
with DAPI and NeuroTrace 530/615, respectively (right column); brightfield (BF) images are reported on the
left; dashed lines highlight the vessel boundaries; bar: 10 pm. (Data taken from Fiandra et al)?20.
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Other mice are injected with Enf or Enf-PMNP (nine for each experimental condition) to be
sacrificed at 1 h postinjection, together with three untreated animals (controls). Fluorescence
imaging of dissected brains reveals a significant accumulation of both free and
nanoformulated Enf in this organ at 1 h postinjection, as pointed out by the strong Epf signal
not observed in the brain of non-treated mice (Figure 3.4.6.A), feasibly due to the peptide
content in the blood circulation of brain. Nevertheless, Epf intensity associated with
nanoformulated Enf is stronger than that of free Enf (Figure 3.4.6.A & 3.4.6.B), thus suggesting
a higher accumulation of the nanoformulated peptide in this organ despite its lower
bioavailability. To determine if the observed increased concentration of Enf in the brain is
really associated to an increased permeation of the drug across BBB by effect of the
nanocomplexation, I analyze the interaction of Enf and Enf-PMNP with BBB cells and their
localization in the perivascular space. Cryosections of mice brains excised 1 h postinjection of
Enf or Enf-PMNP are analyzed by confocal microscopy. Figure 3.4.6.C shows enhanced
fluorescence intensity in brain capillaries in samples treated with the nanoconjugated Enf
when compared to the free peptide, where instead fluorescence is only slightly higher than
control autofluorescence. In addition, nanocomplexation of Enf induces a spreading of
fluorescence outside the boundaries of the vessel. To confirm the efficacy of PMNP in driving
Enf into the endothelial cells of brain capillaries and finally exerting an efficient trans-BBB
permeation of the drug, I inject mice with PMNP, Enf or Enf-PMNP (three mice for each
experimental condition) and analyse the localization of the different compounds in brain
sections after 1 h from injection, by means of the differential labeling of Enf and PMNP with
AF660 and FITC, respectively (Figure 3.4.7.).
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Figure 3.4.7. Confocal laser-scanning micrographs (single optical sections) of brain cryosections from non-
treated mice (NT) or mice exposed for 1 h to (AF660)Enf, (FITC)PMNP or (AF660)Enf-PMNP(FITC); conjugated
or free AF660-Enf (red) and FITC-PMNP (green) have been overlaid each other and with CD-31 stained
endothelial cells (blue); brightfield (BF) images are reported on the left; bar: 10 um. (Images taken from Fiandra
et al)20.

Immunodecoration of the endothelial cells with anti-CD31 antibody reveals a huge
intracellular accumulation for PMNP. As expected, the ability of free Enf to enter BBB
endothelial cells and reach brain parenchyma is negligible, while conjugation of the peptide to
the nanoparticles allows it to cross the barrier. Merge between Enf and PMNP signals in
samples treated with Enf-PMNP clearly shows that only the peptide is able to diffuse outside
the BBB, while nanoparticles are restricted to the vessel endothelium. This result, in
agreement with in vitro observations, further suggests the dissociation of the nanocomplex
within endothelial cells, with subsequent excretion of Enf. The systemic toxicity of
administered formulations is then assessed by histopathological examination of brain, liver,
kidneys, spleen, and lungs isolated 1 h after Enf, PMNP or Enf-PMNP injection. Analysis is
performed on organs specimens from three different animals for each experimental condition.
No histological lesions are observed in the analysed organs (Figure 3.4.8.).
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Figure 3.4.8. Histopathological analysis of brain, spleen, lung, liver and kidney dissected from non-treated (NT)
mice, or from mice injected with PMNP, Enf and Enf-PMNP. Hematoxylin-eosin, OM °—40. (Images taken from
Fiandra et al)20.

3.4.5. Fate of PMNP in RBMVECs

The mechanism of PMNP entry and trafficking into the RBMVECs is investigated by TEM
analysis on BBB-bearing inserts after 4, 7 or 24 h from the addition of Enf-PMNP in the upper
chamber. Figure 3.4.9.A shows that, at 4 h of incubation, nanoparticles are either attached to
the plasma membrane of the endothelial cells or internalized in the cytosol. The lack of
membrane invaginations and the presence of free nanoparticles in the cytoplasm suggest that
a non-endocytotic mechanism is involved in the internalization of PMNP by RBMVECs, as
confirmed also by TEM images of brain samples exposed in vivo to the nanocomplex (Figure
3.4.10.). Macropinocytosis rafts are also visible where a large number of nanoparticles came
in contact with the cellular membrane. Once internalized, PMNP accumulate into large cellular
compartments (Figure 3.4.9.A & 3.4.9.B), and after 24 h of incubation, they are also detected
into lysosomes (Figure 3.4.9.C). The same result is obtained by incubating the cells with the
unconjugated PMNP.
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Figure 3.4.9. TEM images of RBMVECs in a BBB in vitro model exposed to 0.1 mg Enf-PMNP for 4 h (A), 7 h (B)
and 24 h (C). PMNP are localized in big cell compartments (white arrows), in lysosomes (black arrows) or free
into the cytosol (boxes); asterisk indicates a macropinocytosis raft; bars: 100 nm.

(Images taken from Fiandra et al)20.

79



Figure 3.4.10. TEM image of a mouse brain isolated at 1 h postinjection of Enf-PMNP (12.5 pug g-! body weight).
The nanoparticle is evidenced by the arrow. A: astrocyte; E: endothelial cell, RBC: red blood cells. In inserts is
reported the correspondent higher magnification image (down) and its digital dark field (up). Bars: 100 nm.
(Data taken from Fiandra et al)20,
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Chapter 4

Outlook

4.1 Conclusion

The main aim of this work was to investigate the possibility to administer engineered
colloidal nanoparticles by different routes in alternative to the intravenous one: topical, oral,
and inhalational. Indeed, the local administration of drugs is a critical issue when the therapy
is characterized by insufficient drug accumulation at target sites and systemic drug toxicity.
Nanoparticles, with their peculiar physico-chemical properties along with the choice of the
administration route represent a promising solution in order to improve the therapeutic
efficacy and subsequent target selectivity whilst reducing the side effects owing to their size
in addition to the versatility of surface functionalization approaches.

Since the use of different administration routes in a clinical perspective is of great importance,
I studied the effect of different formulations on the interaction between the NPs and the
biological environment in order to explore their potential application in biomedicine.

Finding the best way to administer a drug makes the difference in a therapy and allows to
optimize the efficacy of the treatment. Particularly, the routes investigated in this work were
selected based on specific reasons: the topical route could be exploited for local skin
treatments giving higher drug accumulation at the target tissue minimising the systemic side
effects and drugs metabolism; the oral way is the administration route which enjoys the best
compliance of the patient resulting in a less invasive, more safe administration of the proper
dose; the inhalational route represents a favourable choice to selectively administer the drug
into the deeper lung tissues, allowing systemic diffusion without hepatic metabolism as it is
characterized by a rich vascularization. Regarding the blood brain barrier passage, the
intravenous injection is selected to test the nanoparticles capability to cross the BBB once
they are immediately injected in the systemic circle.

Nanotechnology provides a plethora of different kinds of nanoparticles: for my project, I
selected different types of them in order to have a biological application, therapeutic efficacy,
target selectivity and possibility to check where the nanoparticles are distributed once they
are administered by a specific administration route. For these reasons, iron oxide
nanoparticles were selected for the topical routes because of their stability in suspension,
they can be functionalized on the surface and they can be easily localized in the skin by TEM
and ICP analysis. Thanks to their excellent colloidal stability they were also chosen for the
BBB passage after intravenous administration and they also provides the possibility to be
simultaneously functionalized with dyes and drugs. For the inhalational way, I selected gold
nanoparticles due to their excellent colloidal stability necessary to achieve optimal
nanoparticle nebulization.

Differently from the project listed above, for the oral route I tested polymeric nanoparticles
essentially due to their biocompatible matrix, as the administration of insulin requires
frequent and chronic administration of the peptide, which could be hardly achieved with
colloidal nanocarriers. In addition, polyethylenimine-based nanoparticles were strongly
positively charged resulting in a more efficient absorption through the intestinal epithelium,
characterized by negative charges of mucins.

As regard to the investigation of the topical administration, iron oxide nanoparticles coated
with an amphiphilic polymer (PMNP) are able to permeate and penetrate the human skin. An
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in vitro permeation analysis carried out through intact human skin Franz Diffusion Cell
suggests that PMNP loaded in a w/o cream induce an increased, faster and more regular
penetration of nanoparticles in comparison to the nanoparticle aqueous suspension as such.
However, probably due to the amphiphilic character of the polymer coating, nanoparticles
formulated in suspension exhibit an intrinsic enhanced propensity to penetrate through the
different human skin layers in accordance with similar data reported in previous literaturel.
In vivo treatment in mice with these nanoparticles shows their uptake by the dermal resident
immune cells and, when administered in the form of nano-cream suspension, nanoparticles
remain confined within the thin skin layers of mice, as no migration to the draining lymph
nodes is observed. The results obtained in this study are promising for the development of
nano-cream for the local skin treatment, without a systemic diffusion of the nanovehicle. The
PMNP core/shell system can be a carrier to deliver drugs encapsulated in the hydrophobic
shell or covalently linked to the nanoparticles surface for the topical route.

Furthermore, PMNP are loaded in different semi-solid vehicles in order to see any differences
in terms of NPs permeation performance and in general the tested semi-solids don’t affect the
NPs permeation profile only if they maintain their stability over time. Low-field pulsed NMR
allows to assess the physical stability of PMNP loaded into semi-solids. All the tested semi-
solid formulations (hydroxyethyl cellulose, sodium carboxymethyl cellulose, carbomer 974P,
cetomacrogol cream and a cold cream) influence the PMNP penetration through the
epidermis; the cetomacrogol cream allows the highest permeation and the lowest retained
amount while cold creams and carbomer hydrogels favour the nanoparticle accumulation into
the skin membrane. This makes nano-cream very promising for application in local therapies:
the results suggest that these two very basic formulations are suitable to be conveniently used
to administer PMNP topically in order to improve the efficiency of colloidal nanoparticles in
penetrating the skin layers.

In a landscape where oral formulation of insulin is still missing, [ propose a new approach for
the oral administration of insulin targeting the colon as release and absorption site. The
synergistic effect, due to the nanoformulation of insulin and the encapsulation in a triple-layer
pellet system for colon-release delivery, results in a significant and long-lasting
hypoglycaemic effect. This multi-tasking delivery system represents a new promising strategy
for orally administered insulin, prolonged hypoglycaemic activity and a more physiological
insulin metabolism.

The functionalization of gold nanoparticle (GNP) with an antibody selective for CD44 and the
loading with everolimus, a potent immunosuppressive drug, demonstrate the capability of
this nanosystem to significantly inhibit mesenchymal cell proliferation in vitro, which is
responsible of the fibrotic phenomenon of bronchiolitis obliterans syndrome (BOS).
Specifically engineered GNPs show both target selectivity and good therapeutic efficacy,
offering the possibility to administer functionalized drug-loaded GNPs by aerosolization
without raising a further inflammatory response. Indeed, the future perspective of this
project, already in progress in the laboratory, will be the in vivo administration by inhalation
of GNPs to test their safety in mice and their efficacy in animal models of obliterative
bronchiolitis.

Iron oxide nanoparticles coated with the amphiphilic polymer (PMNP) are also tested for the
blood-brain barrier (BBB) penetration by intravenous injection. To this aim, an anti-retro
viral peptide, enfuvirtide (Enf), is chosen as proof of concept to test its capability to cross the
BBB when conjugated to the PMNP. Indeed, Enf is not able to cross the BBB by itself for its
complex structure as the 98% of the antiretroviral drugs?. In the present project PMNP
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demonstrate to be promising drug delivery system to the central nervous system (CNS) for
antiretroviral drugs, by taking advantage of their intrinsic propensity to cross the BBB. An in
vitro increased permeation of nanoformulated-Enf across BBB up to 170% after 3h of
incubation. Moreover, conjugated enfuvirtide shows increased epifluorescent intensity in
mice brain, as result of its huge CNS accumulation. Once into the cell, PMNP are isolated by
huge endosome-like compartments and then directed to lysosomes. The data indicate that Enf
dissociated from PMNP in the endothelial cells to be efficiently excreted in the outside
environment.

In conclusion, this is the first documented experience of a nanotechnological engineering of
the complex antiretroviral drug enfuvirtide, which confers to this large peptide the capability
to cross the BBB. Whether and how the propensity of Enf nanoconjugate to cross the BBB
could affect the viral replication in the CNS sanctuary remain to be established, and further
studies will be performed to assess the antiviral efficacy of Enf after trans-BBB permeation.

Overall, the accomplishment of the four different tasks explored within this thesis work
suggests that colloidal nanoparticles are well suited to be formulated through different routes
well beyond the conventional intravenous administration.

In particular, the topical, the oral and the intravenous administrations focus on very
challenging results since they offer a finished dosage form available for clinical use. At the
same time, even if the inhalational way didn’t get to a finished pharmaceutical form, it
achieved very promising preliminary results for the treatment of fibrotic phenomena in
bronchiolitis obliterans syndrome.

My results contribute to expand the potential of the use of colloidal nanoparticles in
pharmacological studies, reducing the gap between preclinical investigation and an actual
clinical translation.
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APPENDIX

During the PhD course I had the possibility to acquire expertise with Nanoparticles Tracking
Analysis (NTA) instrument (Nanosight), which offers information about nanoparticles size
distribution and concentration. In collaboration with different research groups, I used this
instrument to characterize a specific type of nanoparticles, which are extracellular vesicles
(EVs) or exosomes.

The interest towards these vesicles is exponentially growing because they are involved in
intercellular communication!-3 and serving reservoirs for biomarkers for tumors* and they
have also a great potential for liquid biopsy development, possibly replacing many costly and
invasive tissue biopsies>t. Exosomes, which are membranous nanovesicles, are actively
released by cells and have been attributed to roles in cell-cell communication, cancer
metastasis, and early disease diagnostics. Indeed, the presence of exosomes in circulating
bodily fluids, including blood’, urine® and saliva®, suggests that minimally-invasive diagnosis
of a number of diseases can be achieved through detection of these vesicles10-13. In particular,
EVs carry molecular and proteomic cargo from their tumour cell of origin!4 and, regarding the
neurological disorders, there is increasing evidence that deregulation of EVs secretion plays a
pathological role in neurodegenerative diseases such as Alzheimer's disease and
Frontotemporal demential5-19. The limited utility of exosomes in diagnostics is mainly due to
difficulties in specifically characterizing them using a scalable phenotyping method and for
these reasons there is still not a method of election to characterize them. The small size (30-
100 nm) along with low refractive index contrast of exosomes makes direct characterization
and phenotypical classification very difficult because they are too small to be accurately sized
by conventional methods such as optical microscopy and flow cytometry without labels.

The efforts in development of new tools for analysis of exosomes have led to a number of
innovative technologies with potential clinical applications. In the few recently
commercialized nanoparticle detection technologies that are typically utilized in
characterization of exosomes, my interest is to focus on the Nanoparticle Tracking Analysis
(NTA) instrument. NTA analyses samples containing diluted nanoparticles suspensions which
are illuminated by a monochromatic laser beam at 532 nm to register a 60 second video taken
with a mean frame rate of 30 frames/s. The NTA software (version 3.0, NanoSight) is
optimized to first identify and then track each particle on a frame-by-frame basis, and its
Brownian movement is tracked and measured from frame to frame. Particle size is
determined applying the two-dimensional Stokes-Einstein equation based on the velocity of
particle movement?%. From each video, the mean, mode, and median particles size are used to
calculate samples concentration expressed in nanoparticles/mL.

In this way it’s possible to count the vesicles contained in the samples but it's necessary to
compare the results with that ones obtained with other detection methods. Indeed NTA is not
able to offer qualitative information about the nature of the vesicles and the number of
counted particles could be altered for the presence of other aggregates (i.e. protein
aggregates, lipids) and not only exosomes.

The contribution of my work for these collaboration projects results in a number of three
publications (in the list of publications are the papers number 7, 8, 9). Each one regards a
specific issue with the aim of using exosomes for diagnostic or therapeutic applications.
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Abstract

In order to minimize the impact of systemic toxicity of drugs in the treatment of local acute
and chronic inflammatory reactions, the achievement of reliable and efficient delivery of
therapeutics in/through the skin is highly recommended. While the use of nanoparticles is
now an established practice for drug intravenous targeted delivery, their transdermal pene-
tration is still poorly understood and this important administration route remains almost un-
explored. In the present study, we have synthesized magnetic (iron oxide) nanoparticles
(MNP) coated with an amphiphilic polymer, developed a water-in-oil emulsion formulation
for their topical administration and compared the skin penetration routes with the same
nanoparticles deposited as a colloidal suspension. Transmission and scanning electron mi-
croscopies provided ultrastructural evidence that the amphiphilic nanoparticles (PMNP)
cream formulation allowed the efficient penetration through all the skin layers with a control-
lable kinetics compared to suspension formulation. In addition to the preferential follicular
pathway, also the intracellular and intercellular routes were involved. PMNP that crossed all
skin layers were quantified by inductively coupled plasma mass spectrometry. The obtained
data suggests that combining PMNP amphiphilic character with cream formulation im-
proves the intradermal penetration of nanoparticles. While PMNP administration in living
mice via aqueous suspension resulted in preferential nanoparticle capture by phagocytes
and migration to draining lymph nodes, cream formulation favored uptake by all the ana-
lyzed dermis cell types, including hematopoietic and non-hematopoietic. Unlike aqueous
suspension, cream formulation also favored the maintenance of nanoparticles in the dermal
architecture avoiding their dispersion and migration to draining lymph nodes via afferent
lymphatics.
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Introduction

Nanomaterials, which size is included within 1-100 nm range, hold tremendous potential in
biomedical applications thanks to the favorable combination of unique chemical and physical
size-dependent properties [1,2]. In particular, nanoparticles can be designed in many different
fashions and their clinical applications in drug delivery and diagnosis of human diseases are
taken into consideration [3]. Among them, magnetite nanoparticles are ideal candidates as
contrast agents for magnetic resonance imaging and magnetic force-assisted drug delivery sys-
tems [4]. It has been demonstrated several times that MNP are nontoxic at therapeutic dosages
and the first MNP-based medical tools have already entered the marketplace [5] or are current-
ly subjected to clinical trials [6].

Drug delivery nanosystems are meant to improve the biopharmaceutical properties of exist-
ing drugs that often exhibit a limited effectiveness in therapy. Such limitations include solid-
and suspension-state instability, poor solubility and poor drug absorption that could lead to
low bioavailability and insufficient targeting efficiency that could lead to unfavorable ratio be-
tween the amount of the administered drug and the concentration at the target tissue [7-9]. In
order to optimize the loco-regional release of therapeutics, the topical route has been one of the
most promising noninvasive delivery options, ameliorating patient compliance, improving the
pharmacokinetics of degradable compounds and reducing frequently occurring side effects
[10-12]. Nevertheless, drug topical administration remains a challenge in pharmaceutics be-
cause of the difficulties to adjust the skin penetration and to determine and reproduce the exact
amount of drug reaching the skin layers at the desired depth [13,14]. In fact, the conventional
transdermal drug delivery methods are limited by skin barrier properties according to the
“brick and mortar model” (stratum corneum) that prevents excessive water loss and offers an
efficient protective tissue against exogenous chemical, physical and mechanical stimuli and
pathogens [15].

In this scenario, the preparation of high quality engineered colloidal nanoparticles loaded
with drugs and modified with targeting molecules to improve the localized therapeutic effect
represents a promising new strategy to develop a novel generation of therapeutic agents [16].
Despite at the moment only few studies have been reported on transdermal penetration of col-
loidal nanoparticles, cutaneous administration is expected to raise interest in the next future to
achieve more efficient loco-regional delivery [17-19]. However, most attempts have mainly ex-
ploited invasive and expensive enhancement techniques or electrical methods to improve the
penetration of nanoparticles in the healthy skin, with controversial conclusions [20]. So far,
very few examples have been reported using human skin as a model for ultrastructural investi-
gations [17].

To our knowledge, cream formulations have never been exploited to improve the absorption
of nanoparticles. Water-in-oil (w/0) creams, which consist of small droplets of water dispersed
in a continuous oily phase, can be used to improve the cutaneous absorption of pharmaceutical
agents and to facilitate their penetration through the skin layers [21].

In the present work, we have synthesized MNP coated with a pro-functional amphiphilic
polymer and used them as a colloidal aqueous suspension or formulated in a w/o cream. These
nanoparticles, termed PMNP, were found to be colloidally stable both in aqueous fluids and in
a w/o cream formulation and thus particularly appropriate to gain information on the destiny
of nanoparticles. PMNP were used to study penetration in human skin samples by ultrastruc-
tural analysis and to assess nanoparticle distribution in immune cells of dermis in living mice.
Despite mice skin is remarkably thinner than human, localized cells of innate immunity behave
very similarly for this reason living mice represent a good model in order to investigate the in-
teraction between colloidal nanoparticles and dermal cytotypes.
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Materials and Methods
Ethics Statement

We declare that all in vivo experiments were performed using protocols approved by the Uni-
versity of Milano-Bicocca Animal Care and Use Committee. Protocols were approved by the
Italian Ministry of Health under the protocol number 11-2012. Consensus of the Ethical Com-
mittee “Niguarda Ca Granda” Hospital, Milan was obtained for the use of fresh human skin
samples.

Mice and Reagents

All mice were bred on a C57BL/6 background and animals were housed under pathogen-free
conditions. C57BL/6 mice were purchased from Charles River and were maintained in our ani-
mal facility at the University of Milano-Bicocca. Mice were housed in containment facilities of
the animal facility and maintained on a regular 12:12 hour light:dark cycle with food and water
ad libitum.

Fresh human skin samples were obtained by Bank Tissue after ethical committee consensus
(Ethical Committee “Niguarda Ca Granda” Hospital, Milan). Cell culture medium and chemi-
cals were purchased from EuroClone (Pero, Italy). All the antibodies (anti-CD11c, anti-
CD11b, anti-CD19, anti-CD3, anti-CD45.2) used for fluorescence-activated cell sorting
(FACS) analysis were purchased from BD Biosciences (San Diego, CA). For TEM images of the
tissues, at the end of Franz Cell experiment, small portions of skin were fixed in 2.5% glutaral-
dehyde in 0.1 M phosphate buffer, pH 7.2 (Electron Microscopy Sciences, Hatfield, PA), for
2 h. After one rinse with phosphate buffer, specimens were post fixed in 1.5% osmium tetroxide
(Electron Microscopy Sciences) for 2 h, dehydrated by 50, 70, 90, and 100% EtOH, and embed-
ded in epoxy resin (PolyBed 812 Polysciences Inc., Warrington, PA).

Synthesis of PMNP and cream and suspension formulation. MNP were synthesized by
solvothermal decomposition in octadecene from iron oleate precursor, as described previously
[22]. MNP (10 mg) suspended in chloroform (5 mg mL™") were transferred to water phase by
mixing with a 0.5 M solution of an amphiphilic polymer (poly(isobutylene-alt-1-tetradecene-
maleic anhydride)) (PMA, 136 pL) in 5 mL of sodium borate buffer (SBB, pH 12) [23]. The re-
sulting PMA-coated nanoparticles (PMNP) were dispersible in aqueous media. For in vivo ex-
periments green dye-labeled PMNP were synthesized using 5(6)-carboxyfluorescein diacetate
N-succinimidyl ester (CFSE). After activation of the carboxylate groups of the PMA by 0.1 M
EDC (6.5 uL), 0.05 M 2,2-(ethylenedioxy)-bis(ethylamine) (EDBE, 2.5 uL) was added and stir-
red 2 h. Next, nanoparticle dispersion was concentrated and washed twice with water. Subse-
quently, CFSE (1.8 mg dissolved in 180 uL of dimethyl sulfoxide) was added to 8 mg of
nanoparticles, stirred 2 h and washed twice with water. The amount of CSFE onto PMNP was
determined by measuring fluorescence emission at 518 nm (L. 491 nm).

For PMNP suspension, PMNP as synthesized are concentrated in Amicon tubes (50 kDa fil-
ter cutoff) (Millipore Corporation, Billerica, MA) by centrifuging at 3000 rpm in order to ob-
tain the final concentration of § mg mL™" (5 x 10'* nanoparticles mL™"). The PMNP cream
formulation was obtained by addition of 8 mg PMNP or PMNP-CFSE to 1 g of w/o cream
(Essex cream, Shering-Plough) according to the method of progressive dilution.

Dynamic light scattering (DLS) and zeta-potential measurements. DLS measurements
were performed at 90° with a 90Plus Particle Size Analyzer from Brookhaven Instruments Cor-
poration (Holtsville, NY), working at 15 mW of a solid-state laser (A 661 nm). Nanoparticles
were dispersed in the solvent and sonicated in a S15H Elmasonic apparatus (Elma, Singen, Ger-
many) before analysis. Final sample concentration used for measurements was 5 mg mL™".
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Zeta-potential measurements were elaborated on the same instrument equipped with AQ-809
electrode and data were processed by ZetaPlus Software (Brookhaven Instruments Corpora-
tion, Holtsville, NY).

Transmission electron microscopy (TEM) of MNP and PMNP. For TEM analysis, MNP
and PMNP were dispersed in hexane and water, respectively (50 p g mL™"), and a drop of the
resulting solution was placed on a Formvar/carbon-coated copper grid and air-dried. TEM
images were obtained by a Zeiss EM-109 microscope (Oberkhochen, Germany) operating at
80 kV.

Skin preparation. A central punch biopsy of full skin thickness (epidermis, dermis and
partially hypodermis) for each specimen was reduced for Franz Diffusion Cell (FDC) analysis.
After the reduction the specimens (n = 2, for each 4 experiments) were placed in Petri dishes,
epidermis side-up and dermis submerged in PBS (0.1 M, pH 7.4), then were thawed at room
temperature (RT) till the experimental set up.

Histological analysis. A fragment of each skin biopsy was fixed in 4% buffered formalde-
hyde solution (0.1 M PBS, pH 7.4) for 5 h at RT, thoroughly washed with PBS, dehydrated
using graded ethanol, and embedded in paraffin. Paraffin serial sections were prepared at a
thickness of 5 um, deparaffinized, and stained with haematoxylin and eosin. All sections were
analyzed using a Leica microscope (DM2500) equipped with a digital camera (Leica, Wetzlar,
Germany).

Skin penetration study with Franz Diffusion Cell. FDCs were maintained at 32°C with
thermostated water in the jacket surrounding the cells. Receptor chambers were filled with 5
mL PBS and stirred continuously using a magnetic stir bar. Human skin (epidermis side-up,
facing the donor chamber) was mounted into FDC interface and the PMNP formulations (sat-
urated NP cream >10 mg cm ™ or solution >100 u L cm ™2, volume 1 mL) were applied to the
donor chambers on the basis of an infinite dose test. All the experimental conditions were stud-
ied to simulate the physiological condition of temperature, pH and moisture. At specific time
intervals (1-3-5-7-24 h), 500 u L samples were withdrawn from the receptor chamber using a
syringe and the same amount of fresh PBS was replaced in the same chamber at each time
point. Statistical analysis was performed by means of two-tail t-student's test (Excel 2007,
Microsoft, Redmond, WA), and the differences were considered statistically significant for
p < 0.05.

Nanoparticles quantification by ICP analysis. For ICP-OES analysis, to 500 u L samples,
collected at specific times from the receptor chambers, were added 3 mL of aqua regia and,
after 72 h, the samples were diluted with 7 mL of distilled water. All samples were measured in
triplicate with Optima 7000 DV ICP-OES (Perkin Elmer, Waltham, MA).

Skin fixation protocol for SEM and TEM analysis. After the fixation, longitudinal skin
sections of 70-80 nm thicknesses were obtained by perpendicular cutting to avoid the tissue
disruption and were examined by means of a transmission electron microscope (Zeiss EM109)
(Zeiss, Oberkochen, Germany) operating at 80 kV. For SEM images of the tissues, at the end of
Franz Cell experiment, small portions of skin were fixed in 2.5% glutaraldehyde in 0.1 M phos-
phate buffer pH 7.2 (Electron Microscopy Sciences, Hatfield, PA), for 24 h. After one rinse
with phosphate buffer, specimens were dehydrated by 10, 25, 50, 75, and 100% EtOH, and
dried with hexamethyldisilazane. The samples are carefully mounted on a stub and coated with
a very thin film of Agar Auto Sputter Coater (Assing, Monterotondo, Italy) before SEM exami-
nation with Leica S420 Microscope operating at 15 Kv.

Isolation of skin cells. Cells were isolated as previously described [24]. Briefly, skin was
isolated and digested for 45 min in a cocktail containing collagenase XI, hyaluronidase and
DNase. 10% fetal bovine serum (FBS) was added to stop the reaction and cells were then
stained to assess the percentage of different cell populations.
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Flow Cytometry. Single cell suspensions were washed with ice-cold PBS and stained with
the appropriate antibody for 30 min on ice, followed by ice-cold PBS washing. Staining was as-
sessed with a FACS Calibur (Becton Dickinson).

Results and Discussion

Colloidal nanoparticles synthesis and characterization of and
formulation in a w/o cream

Hydrophobic magnetite nanoparticles (MNP) were synthesized from organometallic precur-
sors by solvothermal decomposition in octadecene [22]. The high temperature and the pres-
ence of stabilizing surfactants provided an optimal crystal nucleation and growth resulting in
highly uniform and monodisperse nanoparticles with 12.0 + 1.2 nm average diameter, as mea-
sured by TEM, that were suspended in chloroform by virtue of the oleate surfactant coating. A
TEM image of MNPs is shown in Fig 1 A. This feature was further confirmed by dynamic light
scattering (DLS) analysis, which resulted in a hydrodynamic diameter of 19.0 + 1.3 nm in hex-
ane. To produce a stable suspension in a physiological environment, a water phase transfer of
nanoparticles was needed. To this aim, MNP were coated with an amphiphilic polymer
(PMA), obtained by reacting poly(isobutylene-alt-1-tetradecene-maleic anhydride) with an
amount of dodecylamine sufficient to react with 75% of anhydride groups (Fig 1B) [24]. In
MNP coating process, the hydrophobic alkyl chains intercalated between those of oleic acid,
which acted as a surfactant (PMNP, 12.2 + 1.8 nm, TEM measured diameter). The resulting
nanoparticle suspension exhibited important advantages including: 1) a stable colloidal disper-
sion both in aqueous solution and physiological buffer; 2) the polymer coating can be easily
functionalized with drugs or targeting molecules for future therapeutic applications; 3) the am-
phiphilic coating was expected to improve the nanoparticle penetration through both hydro-
phobic and hydrophilic skin layers; 4) the amphipathic character of the composite nanomaterial
was suitable to obtain a homogenous cream nanoformulation. In this way, we developed a nano-
particle scaffold that could be formulated both in suspension (even at a PMNP concentration

of 8 mg mL™") and in w/o cream, which might be useful for topical application. As expected,
PMNP nanoparticles coated with PMA appeared a bit larger than MNP by themselves at DLS
analysis (23.2 + 2.0 nm) but were still stable and monodisperse in size. Beyond, the {-potential
analysis showed a strongly negative surface charge in water (£ = -55.98 + 3.18 mV). To evaluate
the potential of PMNP for future application as magnetic resonance imaging contrast enhanc-
ers, the value of decreasing concentrations of PMNP in water was 186 mM ‘s " at 0.47 T. This
value is higher than the negative contrast power of agents currently available in approved clini-
cal diagnostic practice (r, of Ferumxytol is 83 mM's " at 0.47 T). For in vivo studies, CFSE was
conjugated to PMNP using the bifunctional diamino-linker 2,2-(ethylenedioxy)-bis(ethylamine)
(EDBE) previously activated by N-(3-dimethylaminopropyl)-N -ethylcarbodiimide (EDC).
Both labeled and unlabeled PMNP were formulated in a cream, using the method of progressive
dilution, in order to obtain a homogeneous preparation (Fig 1C). The maximum amount of
PMNP included in 1 g of cream for biological experiments was 8 mg, used to test in vitro diffu-
sion and in vivo absorption. Physical stability of the cream containing PMNP was also evaluated
in order to test the stability of the final product. The organoleptic properties did not show any
changes over two years examination.

Investigation of nanoparticle penetration through the human skin.

In order to investigate nanoparticles penetration applied with both types of formulations,
through all skin layers, in vitro skin permeation studies were carried out using normal human
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Fig 1. Fe304 nanoparticles (MNP, a) synthesized in organic solvent and transferred to a water solution using PMA amphiphilic polymer (PMNP, b).
MNP and PMNP were highly monodisperse in size as it is shown by TEM images (scale bars = 40 nm,). Part of the highly concentrated PMNP suspension
(8 mg mL™") was incorporated in a w/o cream (0.8 wt % concentration) (c).

doi:10.1371/journal.pone.0126366.g001
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skin in FDCs. Before the penetration study, a histological analysis was performed in parallel on
human skin biopsies to verify the morphological integrity of all skin layers. Histological exami-
nation of haematoxylin and eosin-stained skin sections revealed a regular histological appear-
ance of epidermis and dermis (Fig 2A). A deep monolayer of well-preserved cubical and
cylindrical cells (basal layer), an intermediate spinous layer, an upper granular layer, and outer-
most stratum corneum were always observed. Compact papillary and reticular dermis filled
with blood vessels were also maintained.

After histological validation, nanoparticle permeation in different skin layers was analyzed by
TEM and SEM. Receptor chambers were filled with PBS (5 mL) and PMNP were applied to the
donor chambers. Samples of receptor fluid were taken at various time intervals (1-3-5-7-24 h)
and the relevant PMNP concentrations in the receptor fluid were assessed measuring ICP-OES
values normalized with values obtained by control samples. Next, nanoparticle permeation in
different skin layers was analyzed by transmission and scanning electron microscopies. Fig 2B, at
the end of skin exposure time (24 h), shows no significant difference between cream and suspen-
sion administration was observed in the amount of diffused nanoparticles through the human
intact skin (p>0.05); on the other hand, at previous sampling times (3, 5 and 7 h), the differences
were significant (p = 3.6°10 at 3h, p=4.0"10at 5h, p = 1,810 ® at 7 h oppure p = 3.6*10°°,
p=4.0"10"% and p = 1,8107° respectively). This result can be explained by the physico-chemical
properties of PMNP nanoparticles, which allowed the penetration from side to side of the skin
barrier. In fact, the superficial amphiphile-like behavior of the polymer might favor the optimal
permeation of both the hydrophobic and hydrophilic layers. The application of PMNP w/o
cream formulation gave an accelerated and homogeneous nanoparticle permeation resulting in a
reduction of the penetration and diffusion time, probably allowed by skin hydration and
achieved by cream application. Moreover, the occlusive effect of the cream prevented the water
evaporation and the loss of moisture promoting the nanoparticles penetration. Indeed, PMNP
suspension required 24 h to equilibrate the penetration kinetics through the dermis.

Electron microscopy analysis of skin penetration

There is evidence that the major constrain for skin penetration is due to the stratum corneum
barrier [12]. Three possible permeation routes have been identified including intracellular, in-
tercellular, and follicular pathways. In principle, the latter should be considered the easiest way
to occur for large molecules, due to the obvious preferential pathway along the follicular chan-
nels. However, in human skin, hair distribution represents only a small skin area fraction [14].
On the other hand, it is more difficult to discriminate between intracellular and intercellular
routes. Fig 3 shows PMNP intradermal delivery across the intact skin layers observed by elec-
tron microscopy. Nanoparticles can be clearly distinguished in all skin layers, from the surface
to deeper levels, both in cream and suspension formulations. No significant differences were
detected between the two formulations in terms of permeation mechanism and amount of pen-
etrated nanoparticles after 24 h. PMNP amphiphilic polymer coating confers nanoparticles
both a hydrophobic character, useful for the penetration of waterproof corneocyte-based stra-
tum corneum, and a hydrophilic propensity required for deeper viable epidermis permeation.
TEM images suggest that nanoparticles penetrated mainly through intercellular pathway, as
numerous nanoparticles can be distinguished across epidermis cells and through the whole
skin thickness (Fig 3A-3C). However, the presence of PMNP among corneocytes provided di-
rect evidence that the intracellular penetration pathway also occurred both in cream and in sus-
pension (TEM images in Fig 3D and 3E). PMNP were also observed close to the basal
membrane (Fig 3F). After epidermis penetration, nanoparticles reached the dermis layer,
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Fig 2. Histological microphotograph of normal human skin section. Haematoxylin and eosin staining
(original magnification 40x) (a). In vitro diffusion studies of PMNP colloidal suspension or cream in human
skin were carried out using Franz diffusion cells and diffused PMNP were quantified by ICP-OES analysis (b).

doi:10.1371/journal.pone.0126366.9002
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Fig 3. Images of skin samples treated with PMNPcream or suspension obtained with transmission and scanning electron microscopy. Selected
micrographs show (a) SEM image of transversal skin section treated with PMNP solution for 24 h, SC = stratum corneum, K = keratinocytes, BM = basal
membrane, C = collagen, (b) high magnification of Fig “a”, PMNP are detected on the surface of the keratinocytes (white arrows). TEM images of PMNP
nanoparticles (black arrows) inside the corneocytes of the skin treated with cream (c, d) or suspension (e, f) PMNP nanoparticles in proximity of the basal
membrane, D = desmosomes. g), h) and i) photomicrographs of PMNP nanopatrticles (black arrows) intercalated between the collagen fibers of the dermis, g)
SEMimage h) and i) TEM images.

doi:10.1371/journal.pone.0126366.9003

where they were detected in proximity to the collagen fibers (Fig 3G-3I). A large number of
nanoparticles could be recovered in the dermis in higher concentration than expected from
previous reports, probably due to the contribution of the amphiphilic polymer coating [20].
Another important observation was that, analyzing several dermis sections by TEM/SEM,
nanoparticles maintained their individuality and did not aggregate. This result was confirmed
by DLS analysis of the solution collected in the receptor chamber of the FDC, in which
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nanoparticles in the 35-65 nm size range were recovered. This is consistent with the assump-
tion that after passing through different skin layers, the biological identity of nanoparticles, in-
cluding the formation of a thick protein corona, was expected to change by adsorbing various
biological materials on their surface [7,24]. As control, we found the similar values measuring
PMNP size after incubating them in fetal bovine serum media.

Interaction with skin-localized cells of innate immunity in living mice

Nanoparticles incorporation by cutaneous cells was evaluated in mouse models. Cream formu-
lations of CFSE-conjugated PMNP were applied to the skin of previously shaved C57BL/6
mice (1 cm?). Mice were sacrificed 24 h later and treated skin was recovered and analyzed by
flow cytometry after having obtained single cell suspensions. Draining lymph nodes were also
analyzed to evaluate the possible transport of nanoparticle via the lymph. Skin cells of hemato-
poietic and non-hematopoietic origin were identified as CD45-positive and negative, respec-
tively. As shown in Fig 4, both populations contained fluorescent cells, indicating that both
groups of cells could incorporate PMNP nanoparticles. Since no positive staining could be ob-
served in the draining lymph nodes (Fig 4A) interestingly, nanoparticles administered with
cream formulations remained confined to the skin. It is known that sub-cutaneously (sc) inoc-
ulated substances reach the draining lymph nodes by entering the afferent lymphatics free or
associated with dendritic cells [25]. In order to double check the detection of nanoparticle-pos-
itive cells in the lymph nodes, if present, we injected CFSE-conjugated PMNP sc in an aqueous
suspension. As Fig 4A clearly shows, after sc administration, CFSE-positive cells could be clear-
ly detected in the draining lymph nodes. Since macrophages and dendritic cells are the cells
that preferentially uptake particulate antigens inside the lymph nodes, we also analyzed these
two cell types in mice that treated with PMNP cream or PMNP in aqueous solution. In the
draining lymph nodes of mice that received PMNP nanoparticle via sc administration CFSE-
positive macrophages and dendritic cells could be detected starting from 2 h after treatment.
On the other hand no positive cells could be detected in the lymph nodes of mice treated with
PMNP cream (Fig 4B). This data suggests that cream formulations, thanks to the high lipidic
concentration, permeabilize different cell types, including T and B-cells, macrophages, dendrit-
ic cells and mast cells, and non-hematopoietic cells (CD45-negative cells), and entrap the nano-
particles avoiding their dispersions. Otherwise, not being entrapped in a lipidic film,
nanoparticles freely administered in aqueous suspensions have easy open access to the afferent
lymphatics and to draining lymph nodes (Fig 5). These results indicate that cream formulations
represent the ideal solution when a topical localized treatment is needed and different cell
types have to be targeted.

Conclusions

In summary, in the present work we developed colloidal nanoparticles composed of an iron
oxide nanocrystal core coated by a tightly bound amphiphilic polymer, formulated in a w/o
cream able to permeate and penetrate the human skin. The same nanoparticles were also used
for biological experiments in colloidal suspension as control. I vitro permeation analysis, car-
ried out through intact human skin using Franz Diffusion Cell exhibited an increased, faster
and more regular penetration of nanoparticles when formulated in cream in comparison to
nanoparticle deposition as aqueous suspension. This makes nano-cream very promising for ap-
plication in local therapies. However, probably due to the amphiphilic character of the polymer
coating, nanoparticles formulated in suspension exhibited an intrinsic enhanced propensity to
penetrate through the different human skin layers as well as results reported in previous litera-
ture [26]. In vivo treatment of living mice with these nanoparticles showed their uptake by the
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Fig 4. Cytofluorimetric analysis showing PMNP nanoparticles uptake by mouse skin and lymph node
cells. PMNP suspension (a, upper panels). Skin CD45-positive and negative cells showing CFSE
incorporation. Note that most of the skin cells uptake PMNP nanoparticles administered with the cream
formulation. (a, lower panels) CFSE-positive cells in the lymph nodes of mice that received PMNP
nanoparticles via cream formulation or via sc administration. Note that only with sc PMNP administration,
nanoparticle-positive cells can be detected in the draining lymph nodes. (b) Lymph node macrophages and
dendritic cells, identified as CD11b- and CD11c-positive cells respectively, showing CFSE incorporation.
Note that only when PMNP are administered sc, CFSE positive macrophages and dendritic cells can be
detected in the lymph nodes.

doi:10.1371/journal.pone.0126366.9g004
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Fig 5. Fates of nanoparticles depending on the route of skin administration. Nanoparticle administered in a cream formulation are taken up by all the
skin cell types and do no reach the draining lymph nodes. Nanoparticle administered with a sc injection in aqueous suspension are efficiently transported to

the draining lymph nodes.
doi:10.1371/journal.pone.0126366.g005

dermal resident immune cells. In particular, when administered in the form of nano-cream
suspension, nanoparticles remained confined within the thin skin layers of mice, as no migra-
tion to the draining lymph nodes could be observed. The results obtained in this study offer
promise in the development of nano-cream for the rapid targeting of bioactive agents and
drugs in the skin barriers. Such molecules could be encapsulated in the hydrophobic shell or
covalently linked to the nanoparticle surface, supporting the topical route as a convenient alter-
native to the parenteral administration of anti-inflammatory and cytotoxic nanoconjugate
drugs reducing systemic effect of toxic agents.
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Abstract

Background: This work aimed to provide useful information on the incidence of the choice of formulation in semi-
solid preparations of iron-oxide nanoparticles (IONs). The appropriate analytical methods to assess the IONs physical
stability and the effect of the semi-solid preparations on IONs human skin penetration were discussed. The physi-

cal stability of IONs (D, =31 &4 nm; { = —65 £ 5 mV) loaded in five semi-solid preparations (0.3% w/v), namely
Carbopol gel (CP), hydroxyethyl cellulose gel (HEC), carboxymethylcellulose gel (CMC), cetomacrogol cream (Cet)
and cold cream was assessed by combining DLS and low-field pulsed NMR data. The in vitro penetration of IONs was
studied using human epidermis or isolated stratum corneum (SC).

Results: Reversible and irreversible IONs aggregates were evidenced only in HEC and CMC, respectively. IONs dif-

fused massively through SC preferentially by an intercellular pathway, as assessed by transmission electron micros-
copy. The semi-solid preparations differently influenced the IONs penetration as compared to the aqueous suspen-
sion. Cet cream allowed the highest permeation and the lowest retained amount, while cold cream and CP favored

the accumulation into the skin membrane.

Conclusion: Basic cutaneous semi-solid preparations could be used to administer IONs without affecting their per-
meation profile if they maintained their physical stability over time. This property is better discriminated by low-field
pulsed NMR measurements than the commonly used DLS measurements.

Keywords: Iron oxide nanoparticles, Polymer coating, Semi-solid preparation, Skin penetration, Nanoparticle stability

Background

Skin is one of the focuses for research in drug delivery
with many drugs being evaluated for transdermal or der-
mal administration. However, penetration and retention
of drugs into the epidermis is not a simple task. Indeed,
the outermost layer of the skin, the stratum corneum
(SC), is a barrier both to water transport out of the body
and to inward chemical permeation. In addition to the
physical barriers, the clearance of capillaries in the der-
mis and the cutaneous metabolism via local phase I and
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phase II metabolic enzymes can also reduce the local bio-
availability of drugs [1]. Among the possible approaches
to overcome these issues, nanocarriers represent a new
opportunity to improve the treatment of loco-regional
diseases. For instance, nanoparticle dispersions (e.g.,
vesicles) have been applied to transcutaneous delivery of
drugs, with some of them being commercialized and
many more under clinical assessment [2].

Metal-based nanoparticles provide new perspec-
tives on particle absorption into/through the skin, since
their particle size and shape could be tailored to favor
the penetration of SC via the intercellular route [3-5].
Nevertheless, most of the studies hinge on the potential
toxicity effect of the nanoparticles through the skin and
the mechanism related to the interaction between nano-
particles and skin layers [6, 7]. Multifunctional colloidal
nanoparticles have been designed to improve the delivery
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of conventional drugs, peptides, vaccines or genes across
biological barriers, including blood brain barrier, der-
mal, transdermal and intraocular delivery [8]. Among the
plethora of metal-based colloidal nanoparticles, the use
of iron oxide nanoparticles (IONs) appears of particu-
lar interest since they have been already used in several
medical areas, including therapeutics and diagnostics,
and, therefore, their safety profiles are already known [9,
10]. In vitro transdermal studies demonstrated that the
IONSs bearing antitumor drugs were able to penetrate the
skin assisted by an applied magnetic field, suggesting a
potential of IONs as drug delivery system for transdermal
therapy of skin cancer [11].

However, the actual broad applicability of IONs in the
clinical practice remains controversial due to contradic-
tory evidence on potential toxicity of colloidal nanopar-
ticles. Recent studies suggested that appropriate surface
coating with “bio-friendly” materials might improve the
nanoparticle stability in biological environment, reducing
the oxidative stress mediated toxicological effects as well
as immune and carcinogenic effects and preserving the
physiological processes [12, 13].

Intravenous administration of colloidal nanoparticles
is still matter of debate. Intravenous and oral administra-
tions of IONs formulations have been approved for clini-
cal use by the Food and Drug Administration (FDA) [14].
However, most intravenously administered compounds
approved by FDA have been withdrawn from the mar-
ketplace [15], with the exception of some therapeutics
indicated for the treatment of iron deficiency anemia in
adults [16]. IONs for oral administration remain on the
market for use as an oral gastrointestinal contrast agent
in MR imaging (i.e., Gastromark® and Ferumoxsil-con-
taining products) [17]. For these reasons, the skin pen-
etration of IONs has been gaining increasing interest
in nanomedicine [9, 18, 19]. It has been suggested that
IONs with a diameter smaller than 40 nm were able to
penetrate the intercellular space among keratinocytes
of the SC [18] and 10 nm-IONs were able to penetrate
the human epidermis (HE), without reaching the der-
mal layer [20]. In addition, the IONs polymeric coating,
which is required to obtain a colloidal solution stable
both in water and in physiologic media, should be care-
fully selected since an isoelectric point similar to that of
human skin would favor the formation of IONs clusters
at the skin interface, preventing their permeation [20].

In a preliminary study, IONs coated by a poly-
(isobutylene-alt-maleic anhydride) (PMA-IONs) were
demonstrated to accumulate in ex vivo full-thickness
human skin and in mice skin after topical application
in vivo [21]. However, physicochemical attributes, such
as size, surface charge, surface chemistry, and physi-
cal state of the nanoparticles are not the only critical
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determinants for their skin permeation. Indeed, the dif-
fusion performance relies also on the physicochemical
properties and composition of the semi-solid formulation
required to obtain a suitable cutaneous product. Such a
vehicle includes other excipients to afford the lubricity
and spreading properties, the desired residence time on
skin and the patient compliance. Although the stability of
IONs, or more in general of nanoparticles, in the vehicle
has been one of the major critical factors that could affect
the effectiveness of their topical administration, very few
data were reported in literature. In particular, no system-
atic studies have been carried out to investigate the influ-
ence of semi-solid formulations on the physicochemical
features of IONs and on their permeability across the
human skin. Therefore, to rationalize the selection of a
suitable vehicle for PMA-IONs administration, this work
aimed to investigate the impact of semi-solid formula-
tions (i.e., hydrogels and o/w creams) on the physical
stability of nanoparticles and on the in vitro penetration
through HE.

Results

Formulation study of PMA-IONs semi-solid preparations
The protocol adopted for the production of PMA-IONs
allowed to obtain monodisperse nanoparticles with a
strongly negative surface charge (Fig. 1; Table 1). PMA-
IONs were loaded in three hydrogels, made of hydroxy-
ethyl cellulose (HEC), sodium carboxymethyl cellulose
(CMC) and carbomer 974P (CP), and two hydrophilic
creams, namely a cetomacrogol (Cet) cream and a cold
cream.

The physical stability of PMA-IONs loaded into the
semi-solid formulations was determined according to
two different methods, namely low-field pulsed NMR and
dynamic light scattering (DLS), using the physicochemi-
cal features of the aqueous suspension as reference. The
former technique was selected because it could provide
direct characterization of the semi-solid preparation,
while the latter allowed to assess the possible formation
of nanoparticle aggregates or change in size.

Low-field pulsed NMR analysis provided information
on the magnetic properties of nanoparticles, which are
influenced by deviation in structure, surface composition,
concentration and mobility. Hence, the measurement of
the r, value of PMA-IONs was a sensitive parameter to
characterize changes in the nanoparticles mobility in dif-
ferent media because its variation suggested the forma-
tion of interactions among the formulation components.
As expected, the r, value of the nanoparticles suspension
in aqueous solution did not significantly change within
50 days of storage at 25 £ 2 °C, confirming the stabil-
ity of PMA-IONs in water. A similar trend was evident
analyzing nanoparticles dispersed in both o/w cream
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polymer (PMA-IONs). Scale bars 10 nm

Fig. 1 TEM images and dynamic light scattering (DLS) of iron oxide NPs (IONs) in organic solvent and water phase transfer using PMA amphiphilic

Table 1 Physical characterisation of PMA-IONs and PMA-
IONs-loaded hydrogels (mean + SD, n = 3)

Formulation Dy, (nm) PDI &(mV) pH
PMA-IONs 31+4 0.15 4+ 0.04 —64.80 £ 491 7.0
HEC 29+ 15 044 £ 0.05 —42.17 £1.68 50
CMC 47 +£7 0.54 +0.03 —79.77 £2.00 6.5
CcpP 52+4 0.29 £ 0.04 —7283 525 6.0

HEC hydroxyethyl cellulose, CMC sodium carboxymethyl cellulose, CP carbomer
974P

compositions (Additional file 1). Consequently, it might
be assumed that neither aggregation nor alteration in
size of iron oxide core occurred within this time win-
dow, as well as no modification of surface coating was
detected over the time. The same trend was measured in
the CP hydrogel. Conversely, in the case of HEC or CMC
hydrogels, a sharp decrease of r, values was noticed after
one day of storage (Fig. 2a; Additional file 1). In particu-
lar, r, value of CMC decreased due to PMA-IONs aggre-
gation followed by a precipitation that became visually
noticeable after 30 days.

Unlike low-field pulsed NMR technique, DLS measure-
ments could not be performed directly on the semi-solid

vehicles, but a prior sample dilution was required. Pre-
liminarily, placebo hydrogels and o/w creams were ana-
lyzed by DLS to evaluate possible interferences. Adapting
the protocol of sample preparation, DLS technique could
be used only for analyzing hydrogels. On the contrary,
it could not be exploited to verify the physical state of
PMA-IONs incorporated into o/w creams because the
dispersed oily phase and the formulation viscosity did not
allow to obtain reproducible results, despite the dilution.
As depicted in Fig. 2b, the DLS trends found for CMC
and CP were almost superimposable during storage at
25 °C: PMA-IONs loaded in CMC hydrogel confirmed
to be unstable, whereas the CP hydrogel appeared physi-
cally stable using both techniques. Contradictory results
were found in the case HEC. Even if the low-field pulsed
NMR evidenced instability of PMA-IONs in HEC hydro-
gel, no aggregates were noticed by DLS technique. These
different patterns might be explained considering that
the cellulose chains were able to promote the formation
of reversible aggregates of PMA-IONs, which were not
detectable by DLS due to the sample dilution. The forma-
tion of such reversible aggregates might be also in agree-
ment with the very significant reduction of the absolute
€ values (Table 1), which did not undergo to significant
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Fig. 2 Variation of the r, (a) and D, values (b) of PMA-IONs loaded in
hydrogels made of HEC (grey, solid line), CMC (grey, dash line) and CP
(black, solid line) over time. The water suspension of PMA-IONSs (black,
dash line) was used as control

variations over the considered time period (Additional
file 1).

Increasing the storage temperature at 40 °C, the
trends in DLS data were confirmed, although in case of
IONs loaded in CMC hydrogel physical instability was
observed after 4 days of storage (Additional file 1).

Due to the physical instability of PMA-IONs loaded in
the CMC hydrogel, such vehicle was not considered wor-
thy for further investigations.

In vitro permeation studies

Transmission electron microscope (TEM) images
showed the presence of nanoparticles both into the upper
HE layers and near to the basal membrane of epidermis
(Fig. 3). Indeed, after 24 h, PMA-IONs were found on the
surface and close to the corneocytes, into the epidermis
and near the basal membrane (Fig. 3). Figure 3F showed
nanoparticles into a cell of the stratum lucidum inside the
cytoplasm, while Fig. 3C showed nanoparticles close to
desmosomes. Thus, even though PMA-IONs were pre-
sent in the extracellular matrix, they showed also affinity
for the proteins of the intercellular junctions.
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In order to identify correctly the nature of that nano-
particles revealed by the conventional TEM in the HE
sample, the STEM/EDX analysis was also carried out
[22]. The STEM images were collected in different sec-
tions of the same sample previously analyzed by con-
ventional TEM. Also STEM showed images with high
degree of details. In particular, STEM micrographs
show nanostructures close to the stratum corneum
brighter than the other elements. These white regu-
lar spots are indicated by the white squares 1 and 2
in Fig. 4 and another brighter area (Additional file 1).
The higher brilliance of these elements suggests that
they are more electron dense and heavy than the other
parts of the sample, without providing information on
their chemical composition. So, the EDX analysis was
performed on these white spots pointing the electron
beam directly on them to determine their elemental
composition. The spectra reported on the right side
of STEM micrographs evidenced the presence of the
iron signals only in squares 1 and 2 of Fig. 4, confirm-
ing that the nanoparticles are IONs. The EDX spectra
revealed also the presence of a weak C-signal and a
strong Cu-signal, which was attributed to the epider-
mis and TEM grid used to support the analyzed sec-
tion, respectively.

This result was in agreement with the in vitro permea-
tion study. Indeed, after 24 h, the retained amounts of
PMA-IONSs in SC and VE, normalized by the weight of
the epidermal layers, were 234 £ 101 and 308 =+ 101 ng/
mg, respectively (Table 2).

In addition, the iron amount permeated through HE
after exposure to PMA-IONS for 24 h (p < 0.01) was dou-
bled with respect to the pre-exposure HE, which was
reported to contain traces of iron (Table 2) related to the
intense mitotic activity of VE [23]. This finding suggested
that PMA-IONs were able to permeate the SC barrier
and to concentrate into the VE.

Membranes based on regenerated keratins (RKM) [24]
were used to model the tendency of nanoparticles to dif-
fuse through intracellular pathway of SC, because the
lower the permeation through RKM, the higher the affin-
ity of nanoparticles for the intracellular compartment of
SC. The results showed that Quy iy (6.4 + 0.1 pg/cm?)
was in accordance with the Q,, ; values (Table 2).

On the other side, the Q. pi (28 £ 5 ng/mg) was sig-
nificantly lower than the value obtained through SC (p
value: 0.024). Hence, it may be assumed that weak inter-
actions occurred between PMA-IONs and keratins and
that PMA-IONs diffused preferentially through an inter-
cellular pathway [25]. This hypothesis was also in agree-
ment with the TEM microphotographs evidencing the
presence of nanoparticles only in the interstitial spaces
among keratinocytes (Fig. 3).
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Fig. 3 Transmission electron microscopy (TEM) images of skin samples treated with semisolid-formulations loaded by PMA-IONs. Nanoparticles
(arrows) singularly or in cluster were found in stratum corneum (A), in stratum lucidum (B), in stratum granulosum (C), in stratum spinosum close to
desmosomes (D), in stratum basale (E) and in proximity of desmosomes (F). d desmosomes, h hemidesmosomes

The components of the four semi-solid vehicles dif-
ferently influenced the skin penetration of PMA-IONSs.
With the exception of the HEC hydrogel, all formula-
tions significantly increased the permeated amount after
24 h, while only CP hydrogel and cold cream were able
to increase also the amount of PMA-IONSs retained into
the HE (Table 2). Although the Q,./Qy, ¢ ratio of all
the tested semi-solid formulations were similar to that of
aqueous suspension (i.e., about 0.67), the permeated iron
amount from the Cet cream was one order of magnitude
higher than the relative retention data (Q,¢/Qyq et 0.19),
suggesting a higher tendency of PMA-IONSs to permeate
than to be retained into the HE when they were loaded in
the Cet cream.

Discussion
The permeation of nanoparticles through human skin
is still matter of debate. Indeed, scientific evidence sug-
gested that only those nanoparticles with size below the
6-7 nm limit were able to permeate the healthy skin
through the lipidic trans-epidermal, whereas nanomate-
rials larger than 36 nm could be preferentially absorbed
by the aqueous pores or trans-follicular routes [18].
PMA-IONs proposed in the current work exhibited a
significant penetration through the human epidermis.
Indeed, both TEM microscopy and permeation stud-
ies supported the evidence that PMA-IONs permeate

significantly through the SC and accumulated into the
VE. This behavior resulted dissimilar from that described
for two types of 10 nm-IONs stabilized with a different
coating [20]. In both cases, the nanosystems permeated
the SC without reaching the VE in a massive amount.
Hypothesizing that PMA-IONs permeate human skin
following the same concentration-gradient mechanism
of smaller chemical molecules, such incongruities may
be explained on the basis of the differences in the experi-
mental protocols, e.g. the type of membrane model. The
experimental results of PMA-IONs were performed
using HE, whereas full-thickness human skin has been
used as membrane model by Baroli and co-authors. As
discussed by Cross and Roberts, HE can model an in vivo
“infinite dermal perfusion’, where the penetrated solute is
fully removed from below the epidermal-dermal junction
[26]. On the contrary, no clearance of solute from the
dermis is expected using full thickness skin, suggesting
that such membrane can be a model of in vivo “infinite
dermal vasoconstriction” In this context, the permeation
profile of PMA-IONs may be increased by using an “infi-
nite dermal perfusion” model with respect to other mod-
els of cutaneous barrier.

Besides such differences in the experimental protocols,
the incongruities between experimental and published
results may be also explained by a different tendency to
distribute and diffuse through SC due to the different
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Fig. 4 On the left a STEM image of HE tissue with some IONs; b enlargement of image a: the white squares highlight the areas of the EDX spectra.
On the right the EDX spectra taken from the nanoparticles highlighted in b. The copper signals come from the TEM grid

Table 2 Results of permeation (Q,,) and retention (Q,.,) studies of aqueous suspensions and semisolid preparations con-

taining 3 mg/mL of PMA-IONs

Formulation Qret Q4 Q.
Q
A (pg/cm?) N A (ug/cm?) N 24HE
Water suspension 291 +£1.04 1.98 £0.70 435£074 230+ 0.14 0.67
HEC hydrogel 1.73 £0.34 1.18 £0.23 348 £0.30 1.84+0.16 0.50
CP hydrogel 470 £0.25 3.19£0.17 722 +£240 383+£1.27 0.65
Cet cream 1.98 £0.57 1.34£0.39 1051 £ 246 557£130 0.19
Cold cream 530£0.74 3.60 £ 0.50 8.05 £4.50 426 +239 0.66
Blank 147 £0.08 1.00 £ 0.05 1.89 £0.26 1.00 £0.14 -

The data were reported as absolute values (A) or as normalize values with respect to blank (N) (mean & SD; n = 3)

HEC hydroxyethyl cellulose, CMC sodium carboxymethyl cellulose, CP carbomer 974P, Cet cetomacrogol

coating of IONs. The coated-IONs investigated by Baroli
and co-authors were only stabilized in water by electro-
static interactions with sodium bis-(2-ethylhexyl) sulfo-
succinate or tetramethylammonium hydroxide, whereas
the use of PMA provided several advantages. Indeed, the
amphiphilic property of PMA allowed to improve the

colloidal stability of nanoparticles at physiological pH
and their surface functionalization taking advantage of
the presence of activated carboxylic groups on the sur-
face. Another important advantage of the amphiphilic
coating was that it could improve the IONs incorporation
into a semi-solid formulation, their permeation through
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hydrophobic/hydrophilic biological environment and
their penetration of SC by increasing their affinity for
keratin or lipids present in the SC.

To make the topical administration of nanosystems
clinically acceptable, they should be incorporated in
semi-solid preparations, namely complex vehicles that
potentially could affect their permeation performances.
Exception made for HEC, the results demonstrated that
all the tested semi-solid vehicles improved PMA-IONs
penetration through HE (Table 2). It is worth mention-
ing the behavior of the Cet cream, which determined the
highest permeation of PMA-IONs through HE and, at
the same time, the lowest retained amount. These find-
ings might suggest that the larger amount of surfactants
used in its preparation, with respect to other tested for-
mulations, influenced the affinity of PMA-IONs for HE,
enhancing their permeation. Such evidence was also in
agreement with previous published data obtained in vivo
using a semi-solid base with a very similar composi-
tion [21]. Furthermore, the in vitro penetration results
stressed how critical was the physical stability of nano-
particles in the semi-solid matrix for permeating through
the skin. Indeed, the permeation of PMA-IONs loaded
in HEC was significantly reduced in comparison to other
formulations (Table 2). According to the r, values, PMA-
IONs loaded in both HEC and CMC hydrogel changed
their physical state within one week after preparation.
Although such changes of their superficial properties
were reversible (i.e., adsorption or weak interactions),
both polymers caused a reduction of PMA-IONs pen-
etration through human epidermis. Therefore, the selec-
tion of a suitable semi-solid vehicle for the nanosystems
should be rationalized on the basis of their physical sta-
bility at short and long term. The modifications of the
physical properties of PMA-IONs loaded in hydrogels
and o/w creams were dependent on the formulation fea-
tures. Thus, the application of a universal methodology to
assess the physical stability of these systems could not be
considered.

Our results demonstrated that DLS, which is routinely
used for the characterization of liquid suspensions, was
not the technique of election for semi-solid formula-
tions since the physical status of nanoparticles could be
affected by the necessary dilution of the sample. More-
over, DLS was not able to discriminate among particles
deriving from the excipients used for the formulation and
to be applied to opaque products such as creams due to
the signal interferences of the large droplets of the dis-
persed phase, even if it was used in backscattering mode.
To overcome this issue, low-field pulsed NMR, which
exploits the magnetic properties of the superparamag-
netic core of PMA-IONs, was conveniently proposed as
an alternative to directly evidence changes of PMA-IONs
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dispersed in semi-solid matrices. By the comparison of
the two analytical techniques, a wider versatility of low-
field pulsed NMR was clearly evidenced since it allowed
the direct determination of the physical stability of para-
magnetic nanoparticles in opaque vehicles and it did not
require any sample dilution. Furthermore, the former
technique was more sensitive since it was able to high-
light also changes of PMA-IONs physical state that could
affect their inability to penetrate the skin (e.g., HEC). As
a matter of fact, the reduction of r, values in the HEC
hydrogel provided a fast evidence of the instability of
PMA-IONSs, which was in agreement with the permea-
tion data profile.

Conclusions

The current results support the use of superparamagnetic
nanoparticles coated with PMA as a technological plat-
form for drug delivery to human epidermis after topical
administration. The loading of PMA-IONs in semi-solid
vehicles did not affect their permeation profile only if
they maintained their stability over time.

Considering that the physical state of PMA-IONs in
semi-solid preparations was the most critical attribute for
in vitro permeation performances, the selection of appro-
priate analytical methods was underlined. In particular,
the overall results demonstrated that low-field pulsed
NMR allowed to better discriminate the physical stabil-
ity of superparamagnetic nanosystems in comparison to
the conventionally utilized DLS measurements, due to
the higher versatility and sensitivity. However, only these
techniques provided a deeper insight into a very complex
system, allowing to discriminate between irreversible
and reversible changes in the physical states of paramag-
netic nanosystems. All the tested semi-solid formulations
influenced the PMA-IONSs penetration through HE; the
Cet cream allowed the highest permeation and the low-
est retained amount while cold creams and CP hydro-
gels favored the nanoparticle accumulation into the skin
membrane. These results suggest that these two very
basic formulations are suitable to be conveniently used
to administer PMA-IONs topically in order to improve
the efficiency of colloidal nanoparticles in penetrating the
skin layers.

Methods

Preparation of polymer coated superparamagnetic
iron-oxide nanoparticles

PMA-IONs were prepared following previously reported
procedures [27-29]. Briefly, iron oxide nanoparticles
were synthesized by solvothermal decomposition at
high temperature in octadecene from iron oleate precur-
sor resulting in iron oxide core dispersed in chloroform
with an average diameter of 12.21 + 0.8 nm (i.e., IONs).
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Afterward, 4 mg (0.43 nmols, determined by ICP meas-
urements) of IONs were transferred to water phase by
mixing with 136 puL of 0.5 M solution of an amphiphi-
lic polymer [poly-(isobutylene-alt-1-tetradecenemaleic
anhydride)], corresponding to 100 monomers. After
evaporation under vacuum, 5 mL of pH 12 sodium borate
buffer were added to the dried mixture to suspend the
nanoparticles (i.e., PMA-IONs). PMA-IONs were twice
washed in water. PMA-IONs were purified by electro-
phoresis gels as described elsewhere [30] and re-sus-
pended in water at a final concentration of 3 mg/mL.

Preparation of topical semi-solid dosage forms containing
PMA-IONs

All the semi-solid formulations were prepared with
decreased water content, which was subsequently
replaced by the aqueous nanoparticles dispersion at the
PMA-IONs at 0.6% w/v concentration after the produc-
tion. The final loading was fixed at 0.3% w/v. Briefly:

+ Hydroxyethyl cellulose (HEC) hydrogel: 2.5% w/w
HEC previously wet by 10% w/w glycerol was dis-
persed in distilled water heated at about 40 °C under
magnetic stirring.

+ Sodium carboxymethyl cellulose (CMC) hydrogel:
5% w/w CMC previously wet by 10% w/w glycerol
was dispersed in distilled water heated at about 60 °C
under magnetic stirring.

+ Carboxypolymethylene (Carbomer 974P, CP) hydro-
gel: 0.8% w/w was dispersed in distilled water by a
magnetic bar. Then, sodium EDTA and propylene
glycol was added. Then, the mixture was neutralized
by drop wise addition of a 10% w/v sodium hydroxide
solution until the gel formation occurred. Amount of
sodium hydroxide was adjusted to pH 7.

+ Cetomacrogol (Cet) cream was prepared by heat-
ing both the oily (i.e., cetomacrogol 1000, cetostearyl
alcohol, liquid paraffin and petrolatum) and aqueous
phase at the temperature of about 60 °C. Afterwards,
the aqueous phase was added to the oily phase under
constant stirring.

+ Cold cream was prepared by mixing 4% w/w Sepineo
P600, 10% w/w almond oil and water.

In all cases, 0.025% w/v methyl-paraben and 0.075%
w/v propyl-paraben were added to water in order to pre-
serve form bacteria and mold contamination.

Storage stability of PMA-IONs loaded hydrogels

and creams

PMA-IONs loaded hydrogels and creams were stored
at 25 + 3 and 40 =+ 2 °C over a 2-month period. At pre-
determined data points, the formulations were visually
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inspected to evidence aggregate formations. The hydro-
dynamic diameter, zeta-potential and MRI relaxivity
were also measured by DLS.

Morphology of IONs

The morphology of IONs was detected by TEM analysis,
50 pg/mL of IONs were dispersed in hexane and 50 pg/
mL PMA-IONs were dispersed in water. A drop of the
resulting solution was placed on a Formvar/carbon-
coated copper grid and air-dried. TEM images were
obtained by a Tecnai G2 Spirit microscope (Oregon,
USA) operating at 120 kV.

Dynamic light scattering (DLS) and zeta-potential
measurements

The mean hydrodynamic diameter of nanoparticle (Dy),
PDI, and zeta-potential (§) were measured at 25 °C
by DLS method. Aliquots of PMA-IONs suspensions
and PMA-IONs-loaded semi-solid formulations were
diluted 1:20 in HPLC-grade water, filtered with 0.22 pm
nylon filter (VWR, USA) and analyzed by Zetasizer
Nano ZS (Malvern Instruments Ltd, UK). According to
the National Institute of Standards and Technology, a
sample with a PDI < 0.05 is considered monodisperse
[31].

Evaluation of PMA-IONs stability in the semi-solid dosage
forms by MRI relaxivity measurement

The study of the variation of the PMA-IONs relaxation
time in the semi-solid formulations was made by low-
field pulsed NMR Spectrometer mq20 (Bruker The Min-
ispec, Italy). Aliquots 1 mL of were analyzed in a glass
vial at 40 °C; a magnetic field was applied and, once the
stimulus was interrupted, T, relaxation time was meas-
ured. The relaxivity (r,) of PMA-IONs was calculated
according the following equation (Eq. 1):

1 _ (L
( Iz )sample ( Iz ) control (1)
[PMA — IONs]

ryp =

where (1/T;)gmple Was the inverse of relaxation time of
the semisolid matrix containing PMA-IONSs, (1/T5) ontrol
the inverse of relaxation time of the placebo semisolid
matrix and the [PMA-IONs] was the concentration of
nanoparticles in the semisolid matrix.

All the formulations were analyzed at the nanoparticles
concentration of 0.15% w/v. Each analysis was conducted
after 0, 2, 20, 32, 41 and 48 days from preparation (n = 3).

In vitro penetration studies

In vitro permeation and retention studies were per-
formed with the Franz diffusion cells using HE or SC, or a
membrane based on regenerated keratin (RKM; 24).
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HE was prepared from full-thickness skin following
an internal standard procedure [32]. The SC and viable
epidermis (VE) were obtained by incubating HE in a
Petri dish with 10 mL of 0.005% trypsin in pH 7.4 PBS
at 37 £ 1 °C for 18 h. The integrity of HE was checked
before the permeation studies by measuring the electrical
resistance of HE or SC [33].

The membrane was placed on the Franz diffusion cell
whose receptor compartment was filled with degassed
0.9% w/v NaCl solution containing 0.01% w/v NaNj as
preservative. The donor compartment was filled with
0.5 mL of aqueous suspension or formulations loaded
with 3 mg/mL PMA-IONs. The system was kept at
32 £ 1 °C throughout all the experiment. At experiment
end, the receptor phase was withdrawn and analyzed by
ICP-OES for determining the iron amount permeated
through the membrane after 24 h (Q,,).

Afterwards, the membrane was gently cleaned to
eliminate the unabsorbed PMA-IONs. Subsequently,
the sample was dried, weighted and analyzed by ICP-
OES to quantify the iron amount retained into the
membrane (Q,). The results were expressed as the
average of parallel experiments, performed in triplicate.
As discussed by Musazzi et al. [33], the Q_/Q,, yf ratio
was calculated as parameter to estimate the affinity of
PMA-IONSs to be retained or to permeate through HE.
The higher the Q,/Q,,yp the higher the retention
affinity of nanoparticles.

Nanoparticles quantification by ICP analysis

For the ICP-OES analysis of the samples collected from
the Franz diffusion cell receptor chambers, 3 mL of aqua
regia were added to the samples and, after 72 h, the sam-
ples were diluted with 7 mL of distilled water. All samples
were measured in triplicate with Optima 7000 DV ICP-
OES (Perkin Elmer, Waltham, USA).

Epidermis fixation protocol and transmission electron
microscopy (TEM) analysis

For the ultrastructural analysis a fragment of each skin
specimen was fixed in 2.5% buffered glutaraldehyde,
washed with buffer and post-fixed in 1.5% buffered
0s0, at 4 °C for 2 h. The specimens were dehydrated
in a graded series of alcohol solution and embedded in
Epon. The sections were then stained with uranyl acetate
and lead citrate and examined in a FEI Tecnai G2 Spirit
microscope equipped with a digital camera (Oregon,
USA). The obtained sections were deposited on Formvar/
carbon-coated copper grid.

EDX analysis
The STEM image and energy dispersive X-ray analy-
sis (EDX) were performed using a ZEISS LIBRA200FE
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TEM equipped with an HAADF-STEM (high angular
annular dark field scanning electron microscopy) and
EDS—Oxford INCA Energy TEM 200. The EDX analy-
sis was performed on the epithelial tissue exposed to the
IONS for 24 h and prepared as described in the previous
paragraph.

Additional file

[ Additional file 1. Additional tables and figures. }
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In this study, insulin-containing nanoparticles were loaded into pellet cores and orally administered
to diabetic rats. Polyethylene imine-based nanoparticles, either placebo or loaded with insulin, were
incorporated by extrusion and spheronization technology into cores that were subsequently coated with
three overlapping layers and a gastroresistant film. The starting and coated systems were evaluated
in vitro for their physico-technololgical characteristics, as well as disintegration and release performance.
Nanoparticles-loaded cores showed homogeneous particle size distribution and shape. When a super-
disintegrant and a soluble diluent were included in the composition enhanced disintegration and release
performance were observed. The selected formulations, coated either with enteric or three-layer films,
showed gastroresistant and release delayed behavior in vitro, respectively. The most promising formula-
tions were finally tested for their hypoglycemic effect in diabetic rats. Only the nanoformulations loaded
into the three-layer pellets were able to induce a significant hypoglycemic activity in diabetic rats. Our
results suggest that this efficient activity could be attributed to a retarded release of insulin into the distal
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intestine, characterized by relatively low proteolytic activity and optimal absorption.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Current therapy for diabetes mellitus relies on a correct diet,
physical exercise, and oral hypoglycemic agents [1]. In case of dis-
ease progression or in Type 1 diabetes, insufficient insulin secretion
or inadequate activity need to be considered. Therefore, replace-
ment with exogenous insulin becomes mandatory for survival [1,2].
Unfortunately, nowadays the only administration route available
for insulin is parenteral which implies one or more daily injections,
with a significant reduction in quality of life and, sometimes, poor
patient adherence to therapy [3,4]. Moreover, administration of
insulin by subcutaneous injection may induce peripheral hyperin-
sulinaemia and portal hypoinsulinaemia. Under normal conditions,
half of insulin produced by the pancreasis used for liver metabolism

* Corresponding authors.
E-mail addresses: luca.palugan@unimi.it (L. Palugan), fabio.corsi@unimi.it
(F. Corsi), miriam.colombo@unimib.it (M. Colombo).
T Equally contributed.

http://dx.doi.org/10.1016/j.phrs.2016.05.016
1043-6618/© 2016 Elsevier Ltd. All rights reserved.

via the portal circulation, resulting in fine regulation of blood
glucose levels and adequate metabolism of carbohydrates and pro-
teins [2]. Thus, several research studies have been focused on the
development of novel formulations of the hormone through alter-
native routes of administration [5]. Particularly, the oral route has
been considered as possibly leading to a better glucose regulation
exploiting the liver first-pass metabolism of insulin, thus prevent-
ing the risks of fluctuating blood glucose levels and possibly the
resulting morbidity due to chronic microvascular complications
[6]. Therefore, an oral formulation of insulin could revolution-
ize the management of insulin-dependent diabetic patients due
to its potential clinical benefits. However, the oral bioavailabil-
ity of insulin is very low and several efforts have been attempted
to promote insulin bowel absorption, avoiding gastric or intesti-
nal degradation by proteases. Such attempts included formulations
with protease inhibitors and/or absorption enhancers or mucoad-
hesive systems. Still, oral delivery of insulin remains an unmet
need [3]. As a result of this, colonic delivery and release of insulin
has gained increasing interest by researchers because of the longer
transit time, prolonged localization of insulin on the gut mucosa,
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lower levels of proteases in the colon or mucosal P-glycoprotein
and greater responsiveness to permeation enhancers compared to
the more proximal regions of the gastrointestinal tract. Such fea-
tures would point to the colon as an interesting target for insulin
oral delivery but, so far, an efficient drug delivery system for this
propose is still missing [3,6,7-9].

A few attempts to improve the oral delivery of insulin by means
of nanoparticle-based vectors have been reported [10-12]. Several
nanoparticle (NP) types have been designed to protect biological
drugs, including insulin, against chemical and enzymatic degrada-
tion and to enhance the intestinal absorption through paracellular
and transcellular pathways [10,11]. Structural characteristics of
nanoparticles, including size and surface charge, have been shown
to influence the insulin absorption by the enterocytes. In general,
small particles, provided with a positive charge are absorbed more
efficiently through the intestinal epithelium. This is due to the
interaction of NPs bearing positive charges with mucin residues
that are negatively charged at physiological pH. The consequent
prolonged residence time and increased concentration gradient
at the surface of the intestinal mucosa might therefore promote
protein absorption [3,11]. Ex-vivo and in vivo studies have also
proven the potential of colloidal nanoparticles in increasing insulin
absorption throughout the colonic region, but the lack of an appro-
priate delivery system that ensures their safe transit through the
upper gastrointestinal tract strongly limits their usefulness [12,13].
Therefore, a solid dosage form, including pellets and tablets, which
could host drug-loaded nanoparticles and possibly undergo a sub-
sequent coating process, might represent a valuable strategy to
enhance stability and provide release versatility of these colloidal
systems administered via the oral route [6].

The objective of the present study was to prepare, character-
ize and evaluate both in vitro and in vivo, a novel nanoformulated,
multiple-unit colon release system, i.e. coated pellets, as a possi-
ble oral nanocarrier for insulin. The novelty of this approach was
the evaluation of the synergistic effect of colon release, muco-
adhesive nanoparticles and the presence of a permeation enhancer,
sodium glycocholate. The proposed multi-approach strategy com-
bines the well-known benefits of this multiple-unit formulation
in terms of reproducible transit time through the gastrointestinal
tract, the consequent absorption pattern with the advantages of
colloidal nanoparticles [14]. For this purpose, a recently proposed
three-layer release technology platform was applied, consisting of
a flexible film composed of a neutral polymethacrylate Eudragit®
NE and a superdisintegrant sodium starch glycolate Explotab®,
added as a pore former, applied to a hydroxypropyl methylcellulose
(HPMC) coating of reduced thickness in order to improve the effi-
ciency of the erodible layer in delaying the drug liberation [ 14-16].
An outer gastroresistant layer was also added in order to neutral-
ize the variable residence time in the stomach of the coated dosage
form and allow its activation only following the entry into the duo-
denum. This time-dependent relies on the relative consistency of
short intestinal transit time, the subsequent colon targeting and
favoring the intestinal absorption of insulin at that level [17].

2. Materials and methods
2.1. Materials

Bovine insulin (MW 5734Da), polyethylene imine (MW
750kDa), dextran sulfate (MW >500 kDa), zinc sulfate, streptozo-
tocin (STZ) and cellulose ester dialysis membrane tubing with a
molecular weight cut-off (MWCO) of 1.000.000 Da (Spectra/Por®
Biotech CE) were purchased from Sigma-Aldrich (St Louis, MO, US).
All chemicals were used as received without further purification.
Lactose was obtained from Prodotti Gianni (Milan, Italy). Micro-

crystalline cellulose co-processed with sodium carboxymethyl
cellulose (Avicel® CL611) and hydroxypropyl methyl cellulose
acetate succinate (Aqoat® LG, HPMCAS) were gifts from FMC
Europe (Brussels, Belgium, distributed by IMCD Italia, Milan, Italy)
and from Shin-Etsu (Tokyo, Japan, distributed by Seppic, Milan,
Italy), respectively. Hydroxypropyl methylcellulose (Methocel®
E50, HPMC) was kindly donated by Colorcon (Milano, Italy).
Poly(ethylacrylate, methylmethacrylate) (2:1 monomer molar
ratio) as 30% V:w aqueous dispersion (Eudragit® NE 30 D) of Evonik
Rohm (Darmstadt, Germany) was a kind gift of Rofarma (Gag-
giano, Italy). Polyethylene glycol (PEG 400) and size 4 hard-gelatin
capsules were purchased from ACEF (Fiorenzuola D’Arda, Italy).
Sodium glycocholate (NaGly) was obtained from and Tokyo Chem-
ical Industry (Tokyo, Japan). Sodium starch glycolate (Explotab®
CLV) was a gift from JRS Rettenmaier Italia (Castenedolo, Italy).

2.2. Synthesis of insulin-containing nanoparticles
(nanoformulated insulin, NI)

22.1 mL of insulin solution (10 mg/mL in 0.01 M HCl), 10.8 mL
of a 10% w/V dextran sulfate (DS) solution and 18.0 mL of 10 mM
tris buffer, pH 9, were added under stirring (500 rpm) to 12.6 mL of
polyethylene imine (PEI) solution (25% w/V). Afterwards, the mix-
ture was heated at 40 °C and maintained under stirring because of
its high viscosity and 7.8 mL zinc sulfate solution (2 M) were added,
dropwise. As a result of the addition of the stabilizer, the formation
of the nanoparticles took place and the viscosity of the solution
decreased. The product was stirred for 15 min at 40 °C. The product
was finally dialyzed in Milli-Q® water with cellulose ester dialy-
sis membrane tubing with a molecular weight cut-off (MWCO) of
1.000.000 Da.

2.3. Synthesis of placebo nanoparticles (NPs)

22.1mL of HCl 0.01 M, 10.8 mL of a 10% w/V DS solution and
18.0mL of 10mM tris buffer, pH 9, were added under stirring
(500 rpm) to 12.6 mL of polyethylene imine (PEI) solution (25% w/V)
and then treated as described above.

2.4. Nanoparticle characterization

2.4.1. Dynamic light scattering (DLS) and zeta potential
measurements

The mean diameter and surface charge of the nanoparticles were
assessed with a Zetasizer Nano ZS ZEN3600 from Malvern Instru-
ments Ltd (Worcestershire, United Kingdom) operating at a light
source wavelength of 633 nm and a fixed scattering angle of 173°.
The sample concentration was chosen to keep attenuator values
between 7 and 9. The refractive index of material was 1.524. The
measurements were performed in triplicate, after dilution of the
nanoparticles respectively with MilliQ® water and aqueous solu-
tion of sodium chloride (1 mM).

2.4.2. Transmission electron microscopy (TEM) analysis

Nanoparticles were visualized using 120 keV TEM (Jeol 1010,
Tokyo, Japan). Two microliters of the sample, along with 2% w:V
uranyl acetate solution, were deposited onto a piece of ultrathin
200-mesh copper grid (Ted-pella, Redding, CA, US) and left to dry
in air before examination by TEM.

2.4.3. Determination of the entrapment efficiency (EE%) of insulin
into the nanoparticles

The amount of insulin encapsulated into the nanoparticles
was determined suspending the NI, corresponding to 30 p.g/mL
theoretical insulin concentration, in 0.05M HCI and centrifug-
ing at 12000 rpm for 20 min (ScanSpeed 1730R, Labogene, Lynge,
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Denmark). After centrifugation, the amount of insulin in super-
natant was measured by a reverse-phase, high-performance liquid
chromatography (RP-HPLC) analysis with a method reported in
Eur. Pharm. 8th Ed. for insulin and its degradation product A21-
desamido insulin (A21) quantitation that was previously set-up
[18]. Insulin quantitation was performed using a freshly prepared
standard having identical insulin concentration and analyzed the
same day of nanoparticles. The EE% is expressed as ratio percentage
between the insulin amount in the suspension and the theoretical
value of the insulin added.

2.4.4. In vitro insulin release from NI

In vitro release was assessed following incubation of the
nanoparticle suspension containing theoretically 0.35 mg of insulin
in 10mL of 0.095M phosphate buffer pH 6.8 prepared as indi-
cated in the Eur. Pharm. 8th Ed. at 37 °C under stirring (MIX15eco,
2mag, Miinchen, Germany; 600 rpm). Bovine albumin (0.2% w/V)
was added to the dissolution medium to avoid non-specific adsorp-
tion of insulin to glass surface. At pre-determined time intervals,
1 mL of medium was withdrawn, filtered by 0.2 um polyethersul-
fone (PES) membrane (VWR) and acidified with 40 L of 1M HCl
before the analysis by RP-HPLC as previously described. Dissolution
studies were performed in triplicate.

2.5. Preparation and coating of cores

All cores were prepared by extrusion and spheronization (E-S)
process.

Powders (9.2 g) were mixed in a mortar for 5 min. Nanoparti-
cle suspensions, either placebo or loaded with insulin, (70 g) were
then added in small aliquots to the powder blend under continu-
ous mixing, in the same mortar, over a total period of 8 h; during
that time the most of water could evaporate to allow the mois-
ture content suitable to the next step. The room was maintained at
30°C with 25% relative humidity. The resulting wetted mass was
extruded through an 850 wm sieve. Spheronization was performed
in a spheronizer (Nica™ $320, GEA, Diisseldorf, Germany) with
a cross-hatched plate (400 rpm, 5 min). Pellets cores were finally
dried in a static oven at 40°C for 24 h. As a reference, a pellet for-
mulation containing the non-encapsulated peptide was prepared
by mixing insulin powder with Avicel® CL611, NaGly, lactose and
Explotab® CLV (9.4 g) and adding deionized water (3.5 g). The E-S
was then performed as for nanoparticles loaded formulations.

In order to obtain three-layer colonic systems, pellets were
coated in a fluid bed (GCPG 1.1, Glatt®, Binzen, Germany). The
following formulations were in turn sprayed: i) a hydro-alcoholic
solution (1:9w/w, water/ethanol) of Methocel® E50 (5% w/w)
and PEG 400 (0.5% w/w) (10g/min spray rate), ii) an aqueous
suspension of Eudragit® NE 30D-Explotab® CLV (20% vs. solid
Eudragit® NE) (1.4 g/min) and iii) a hydro-alcoholic solution (23%
w/w, water/ethanol) of Aqoat® (5.8% w/w) (8 g/min). In the case of
the coatings with the hydro-alcoholic solutions of both Methocel®
E50 and Aqoat® the rotor insert was employed while for Eudragit®
NE-based suspension a Wurster process was applied. In the case of
gastroresistant formulations, pellets were directly coated with the
hydro-alcoholic solution of Aqoat®, as previously described. The
operating conditions for all coatings were: inlet air temperature,
40°C; product temperature, 33-35 °C; airflow rate, 70 m3/h; nozzle
diameter, 1.2 mm; spray pressure, 2.0 bar; final drying time at 40 °C,
5min. A curing step in a static oven at 40 °C was performed on inter-
mediate systems coated with Eudragit® NE-Explotab® CLV and
final enteric formulations for 24 h and 2 h, respectively. In all pro-
cess steps, placebo mini-tablets (weight 10.5 mg, diameter 2.5 mm,
height 2.3 mm) were added in the process chamber to reach the
minimum capacity of the fluid bed.

2.6. Pellets characterization

2.6.1. Particle size and shape analyses

Particle size distribution of the pellets was determined by a set
of analytical sieves (500, 600, 710, 850, 1000, 1180, 1400, 1700,
2000 pm) piled in a sieve shaker (Endecotts, Octagon 200, London,
United Kingdom) operated for 5min at an amplitude of 4. Mean
diameter and aspect ratio were determined using an image analysis
system. Digital photomicrographs (n=30, DinoCapture, Hsinchu,
Taiwan) were analyzed by Image] software (Version 1.48, 19 April
2014, National Institute of Health, Bethesda, MD, US) that allow
calculation of pellets dimensional and shape descriptors. The aspect
ratio (AR) was calculated as follows:

. Major Axis
Aspect ratio (AR) = ————
spect ratio (AR) Minor Axis
AR indicates the particle’s fitted ellipse.
Yield% was calculated as ratio between the mass of obtained
cores (500-2000 pwm range) and the weighed amount of excipients.

2.6.2. Disintegration test

Disintegration test was performed in a dissolution apparatus 2:
300 mg of pellets in the 850-1000 pm range were poured in a vessel
containing 1000 mL of pH 6.8 phosphate buffer (37.0 £ 0.5°C), and
stirred at 100 rpm for 30 min. Then, pellets retained by a 400 pum
net were dried (40°C, 24 h) and weighted; finally, the percentage
of mass loss was calculated [19].

2.6.3. Insulin assay and in vitro release

In order to assess insulin content, approximately 10mg of
cores of pellets, exactly weighed, were added to 0.05M HCI,
stirred at 350 rpm for 10 min, sonicated for 10 min and centrifuged
(12000 rpm, 20 min). The supernatant was analyzed by RP-HPLC
analysis as described in section 2.4.3. In vitro release from nanopar-
ticles, uncoated cores and coated pellets was assessed following
incubation in 10 mL of phosphate buffer (pH =6.8) containing 0.2%
bovine albumin at 37 °C under stirring. At pre-determined time-
points, 1 mL of medium was withdrawn and replaced with fresh
buffer solution, centrifuged and analyzed by RP-HPLC as previously
described in section 2.4.3. In the case of three-layer and gastrore-
sistant formulations, coated pellets were tested in HC1 0.1 M for 2 h
prior to the buffer stage.

2.6.4. Re-dispersion studies

25 mg of cores (PNI02) were incubated in 5mL of 0.1 M HCI at
37°C under stirring (600 rpm) for 5 h. After incubation, an aliquot
(2mL) was filtered with 0.45wm membrane and analyzed by
DLS. The choice of the medium is occurred by checking the non-
influence of other excipients in analysis result and the stability
of the nanoparticles in this solution. The study was conducted in
triplicate.

2.7. Invivo studies

2.7.1. Diabetic rat model

For the in vivo experiments, Sprague Dawley rats, purchased
by Charles River Laboratories (Calco, Italy), were maintained in a
fully-equipped facility in appropriate cages and provided with a
proper environment. Diabetes was induced by two intraperitoneal
injections of 50 mg/kg streptozotocin diluted in 0.1 M sodium cit-
rate buffer pH 4.5 (one injection per week for two weeks). Seven
days after the first administration, all rats were weighted and gly-
caemia was measured by puncturing the tail vein with an 18-gauge
needle and collecting the blood droplet in the test strip of a blood
glucose meter (Contour Link, Bayer, Milan, Italy). After the first
injection, around 40% of treated rats developed glycemic values
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Fig. 1. Schematic representation of NI synthesis (A). TEM image of NI, scale bar: 100 nm (B). Hydrodynamic size of NI measured by DLS (C). Dissolution profile of NI at 6.8 pH

(mean+SD, n=3) (D).

Table 1

Compositions of cores under investigation.
Formulation % (Wiw)

Insulin NI? Placebo NPs? Avicel® CL611 Sodium glycocholate (NaGly) Lactose Explotab® CLV

PNO1 - - 50.0 50.0 - - -
PNO2 - - 50.0 264 - 15.7 7.9
PNIO1 - 43.2 - 43.2 13.6 - -
PNIO2 - 43.2 - 22.7 13.6 13.8 6.7
P102 23 - - 391 234 23.7 115
2 The percentage refers to the solid nanoparticles.

over 350 mg/dL, indicative of diabetes onset [20]. All animals were 3. Results

treated again and, after further seven days, we obtained 75-80%
of stably diabetic rats (glucose concentration ranging between 350
and 600 mg/dL).

2.7.2. Administration of insulin formulations to diabetic rats

Three groups of diabetic rats have been in turn injected sub-
cutaneously with a solution of free insulin (n=3, 0.07 mg/kg in
phosphate buffer pH 6.8), and orally by gavage with a peptide solu-
tion (n=5, 1.33 mg/kg in 10~3 M HCl) as well as with a nanoparticle
formulation (n=6, NI, 1.33 mg/kg). All other rats have undergone
a surgical gastrostomy, upon anesthetization by intraperitoneal
injection of 500 mg/kg of Avertin, for the insertion into the stom-
ach of one capsule containing pellets formulations loaded with
insulin (1.33 mg/kg): GPNI (n=5, 53 mg), GPI (n=3, 55mg) CPNI
(n=4, 168 mg), CPI (n=4, 63 mg). After insertion of the capsule, the
stomach was sutured with 4-0 resorbable running suture, and the
abdomen closed by 2-0 silk interrupted stitches. The gastrostomy
procedure was chosen due to the impossibility to obtain a suitable
oral administration of the free pellets in aqueous solution: low sta-
bility and high electrostatic interaction with the gavage tube were
observed. One group of 5 rats was left untreated. The blood glucose
levels were monitored by collecting blood droplets as described
above at 1, 2, 3, 4, 5, 6, 7, 8, and 48 h post-treatment. Rats were
used in accordance with an experimental protocol subjected to the
direct approval of the Italian Ministry of Health.

3.1. Nanoparticle synthesis and characterization

Insulin-loaded polymeric nanoparticles were synthesized
according to previously published protocols with some modifi-
cations with the aim of scaling up the amount of synthesized
nanoparticles and reduce the amount of excipients to include in
the final pellet formulation [21,22]. Briefly, insulin and dextran sul-
fate solutions were added to a PEI solution under heating at 40°C.
The driving force for the formation of the nanoparticles was the
opposite charges of PEI and dextran sulfate resulting in the insulin
entrapment into the polymeric matrix. The weight ratio between
the two polymers was optimized in order to control the particle
size and zinc sulfate solution was added dropwise to stabilize the
nanoparticles (Fig. 1A). The resulting insulin-containing nanopar-
ticles (NI) were washed by dialysis against deionized water that
was chosen as the dialysis medium instead of recommended 5%
(w/v) mannitol solution [21]. The amount of NI in the final dialyzed
product was 72% of the starting amount. Compared to previously
reported preparation, bulky stabilizer exclusion, along with the 5-
fold increase of insulin loading, resulted in a 35-fold reduction of
the material amount required to form the pellets [21,22]. Further-
more, added solutions were at the minimum volumes needed to
ensure the reagents solubility. With this adjustment, concentrated
colloidal suspension was obtained, more suitable for following pel-
lets inclusion.
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Table 2
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Physico-chemical properties and process yield of cores prepared by extrusion and spheronization.

Batch dgeo (um) Tgeo (Jum) AR Yield (%) Insulin recovery% A21%
PNO1 913 1.18 1.36+0.18 59.9 - -

PNO2 804 1.21 1.384+0.20 40.1 - -

PNIO1 809 1.21 1.214+0.18 413 102.1+1.6 1.8+0.2
PNIO2 1137 1.28 1.16+0.10 61.9 88.8+3.7 09+0.3
PI02 1066 1.16 1.29+0.15 744 91.8+1.1 22403

Fig. 2. Digital photographs of core formulation under investigation: a) PNO1, b) PN02, c) PNIO1, d) PNIO2 and e) PI02. Scale bar: 1 mm.

Transmission electron microscopy (TEM) images of the neg-
atively stained NI (Fig. 1B) showed spherical and nearly
monodisperse 30 nm nanoparticles. However, the mean hydro-
dynamic size of NI as determined by DLS was 177.14+12.3 nm,
probably due to the high solvation efficiency of the polymeric
matrix, and the zeta potential was +28.9 + 0.5 mV. The entrapment
efficiency (EE%) determined after extraction in acidic solution and
measured by RP-HPLC was 62.3 +3.5%, while the % of the degra-
dation product A21-desamido insulin was 1.2+0.1%. Although
slightly lower than previous reports, EE% was in the range of inter-
est to conduct the subsequent loading steps. In addition, the A21%
levels below the limits reported in the bovine insulin monograph of
the Pharm. Eur. 8th Ed. confirmed that no major hydrolytic degrada-
tion had occurred during the preparation of colloidal nanoparticles.

Insulin nanoparticles subjected to release test showed a fast
peptide dissolution at pH 6.8 (over 90% within 5 min). This behav-

ior is consistent with that of similar nanoparticles reported in the
literature [21].

3.2. Core preparation and characterization

In order to achieve a prompt release of the nanoparticles at the
desired site, an appropriate core formulation was designed. A cel-
lulose derivative, Avicel® CL611, a co-processed microcrystalline
cellulose and sodium carboxymethyl cellulose, was identified as
suitable spheronization agent due to the well-known advantages in
terms of improved disintegration and dissolution performance over
the traditional formulations based on microcrystalline cellulose
[19,23]. Moreover, a superdisintegrant agent (Explotab® CLV) and a
soluble diluent (lactose) were added in an alternative formulation
in order to further improve the pursued fast-disintegration prop-
erties (Table 1). Only in the case of pellets loaded with NI, sodium
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Table 3

Physico-technological characteristics of gastroresistant and three-layer colonic pellets.

Formulations dpm (m) SD (um) AR Methocel® E50 mg/cm? Eudragit® Aqoat® mg/cm?
NE-Explotab®
CLV 20% mg/cm?

GPNI 1355 114 1.14 - - 13.1

CPNI 1865 102 1.07 89.9 4.0 13.0

GPI 1392 121 1.25 - - 119

CPI 2070 149 1.24 85.1 3.1 125

glycocholate (NaGly), an absorption enhancer with protease inhibi-
tion properties, was considered [24,25]. The latter functional agent
was indeed demonstrated to promote the oral absorption of a
pancreatic hormone in rats administered with a minitablet formu-
lation at 1:10 protein/adjuvant ratio [26]. In addition, NaGly, due
to its high solubility in aqueous media, could help to prevent the
undesired matrix formation when pellets interact with water, thus
possibly aiding their disintegration. Based on preliminary extrusion
and spheronization trials, a 1:1 Avicel® CL611/placebo nanopar-
ticles binary mixture was acknowledged as starting formulation
suitable to lead to a dough with appropriate plasticity and pel-
lets with adequate morphological characteristics (Table 1). When
insulin-containing formulations or all other systems containing
Explotab® CLV and lactose were used, the process appeared facil-
itated probably due to the concomitant decrease of nanoparticle
amount and increase in the total solid mass attributable to the pres-
ence of the NaGly powder. In all cases, the possible issue associated
with the large amount of colloidal suspension needed to obtain
the required insulin dose for the in vivo studies, i.e. 4:1 w/w water
vs. total solid mass, was overcome by adding the liquid in small
aliquots and allowing the subsequent evaporation that limited the
moisture content of the extrudable mass.

All the process yields were >40% and, taking into account the
low amounts of processed material, were considered satisfying. All
batches showed a mean particle size comprised within the desired
710-1400 p.m range and a nearly spherical shape (Table 2, Fig. 2).
Only in the case of formulation batches PNI02 and PI02 a slightly
higher mean diameter was observed. No differences in size or shape
were observed between placebo and insulin-loaded pellets, which
was not surprising considering that the final core product structure
was not significantly affected by the low amount of protein payload
within the colloidal suspension.

The protein content in the pellets was > 90% of the theoretical
amount and, despite the long wetting and evaporation phases, the
% of A21 remained below the limits indicated in the monograph
of bovine insulin reported of Pharm. Eur. 8th Ed., i.e. 3%. The over-
all results suggested that extrusion and spheronization might be
a promising technology for loading a nanoparticle suspension into
pellets.

3.2.1. Invitro studies on cores

Pellets containing the insulin-loaded nanoparticles were sub-
jected to in vitro studies aiming to assess the disintegration and
insulin release performances from the two different formulations.

PNIO2 formulation showed enhanced disintegration compared
to PNIO1, i.e. 26.4 vs. 10.8%. This behavior could be ascribed to
the presence of the superdisintegrant Explotab® and that of lac-
tose acting as pore former compared to the formulation where
the excipients were only Avicel® CL611. However, comparing
such performance with that of a reference formulation containing
paracetamol as analytical tracer instead of insulin nanoparticles
and Avicel® CL611/lactose/Explotab® CLV in the same ratios as
PNIO2 formulation, a > 75% disintegration was obtained. It can be
thus inferred that the presence of nanoparticles considerably con-
tributed to the formation of a slow-eroding matrix.

To confirm this result, re-dispersion studies were performed
on batch PNIO2, which appeared the most promising system from
in vitro disintegration and dissolution tests. These studies were set
up in order to evaluate the presence of NI after exposure of the
solid dosage form to aqueous fluids. Samples of this medium were
collected and analyzed by DLS.

Nanoparticles with a mean diameter of 146.1+1.0nm (n=3)
were detected. Comparing the size of NI, before and after E-S pro-
cess, it was noticed that the mean diameter was slightly lower
than the initial value (177.1 +12.3 nm), although the size distribu-
tion appeared to be maintained as evaluated by DLS polydispersity
index (0.296 4+ 0.005). To figure out the cause of this reduction, the
same test was performed on 25 mg of a dried dough obtained by
using the same components and operating conditions of the cores
of PNIO2 batch avoiding extrusion and spheronization steps. Also in
this case, a decrease of mean diameter occurred, suggesting that it
may depend on the mechanical stress during the dough formation.
It can be thus inferred that cores under investigation might convey
and liberate the colloidal system upon exposure to aqueous media.

3.2.2. Preparation and characterization of coated pellets

Pellets batches PNIO2 and PI02 were selected as core formula-
tions for preliminary in vivo testing on the basis of the in vitro results
in terms of enhanced disintegration and dissolution properties. The
cores were therefore coated either with a hydroalcoholic solution of
Aqoat® or in turn with a Methocel® E50-, Eudragit® NE/Explotab®
CLV- and Aqoat®- based formulations in order to prepare gas-
troresistant (G) and three-layer colonic (C) systems, respectively
(Table 3). In the three-layer system, the hydrophilic layer based
on Methocel® E50 was demonstrated to delay the drug release by
a swelling/erosion mechanism, while the Eudragit® NE/Explotab®
CLV film was aimed at prolonging the duration of the lag phase as
imparted by the underlying HPMC coat. Finally, an outer gastrore-
sistant film was added to the system to overcome the unpredictable
gastric residence time of the system thus allowing its activation
only at the duodenum and the consequent colonic release based on
a time-dependent approach [17,26].

The adopted process operative conditions and the coating lev-
els needed to achieve gastroresistance or a delayed release after
a lag-phase suitable for colonic delivery were previously set up
with an analogous formulation containing paracetamol as analyti-
cal tracer (data not shown). In particular, gastroresistance criteria
were accomplished with an Aqoat® coating level of 12-13 mg/cm?.
When using colonic systems, an in vitro lag time of approximately
60 min corresponded to 85-90 mg/cm? of Methocel® E50, 3.0-
4.0 mg/cm? of Eudragit® NE-Explotab® CLV 20% and 12-13 mg/cm?
of Aqoat® [26]. Particularly, a similar multiple-unit system with an
in vitro lag phase of the latter duration showed an insulin peak in
rats and a corresponding drop in blood glucose levels 6 h post-dose
following oral administration. Based on typical gastrointestinal
transit times reported in the literature for rats, the delivery sys-
tem, after this lag time, was expected to be able to arrive, mostly
intact, to the ileo-colonic region [27].

All coated batches showed a mean particle sizein the 1.3-2.1 mm
range and coating levels in line with what expected based on pre-
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Fig. 3. In vitro insulin release of coated pellets.

liminary set up results. The shape was closer to roundness than the
starting cores, as a result of the subsequent coating steps.

When subjected to in vitro release tests all formulation met gas-
troresistance criteria (< 10% release after 2 h in 0.1 M HCI), albeit
the release test was conducted under more vigorous stirring, per-
formed by magnetic stirrer, compared to the compendial method
(Fig. 3).

When exposed to a pH 6.8 buffer, all enteric systems showed
a prompt release due to core disintegration following dissolution
of the enteric coat. The three-layer colonic systems containing the
NI showed a lag-phase preceding the onset of release. The time
corresponding to 10% release, t1g%, was 65 min. Moreover, the CPI
pellet formulation used as reference showed a shorter lag time
that was demonstrated to be caused by the adopted release testing
conditions (data not show).

3.3. Invivo hypoglycemic effect

The NI loaded into the pellets were tested in vivo in diabetic
rats. The rat model was chosen since the gastrointestinal transit
time is comparable to that of humans [28]. The animals that reached
stable glucose values in blood of at least 350 mg/dL following strep-
tozotocin administration were subjected to one of the following
treatments: 1) oral administration of 1.33 mg/kg insulin (OI) or as
NI, 2) subcutaneous injection of 0.07 mg/kg insulin (SCI), 3) inser-
tion through gastrostomy of different amounts of pellets in capsules
(GPI, GPNI, CPI, CPNI) to allow administration of 1.33 mg/kg. A group
of non-treated rats was used as control (NT). Fig. 4 shows the %
variation of glycaemia from 1 to 48 h post-treatment. The baseline
for each experimental group was the mean value of blood glucose
measured before the treatment, considered as 100%. In the first
8 h post-treatment, physiological oscillation of glucose blood lev-
els was observed in NT rats, which however did not exceed 30% of
the initial value. Orally administered insulin, either free or in NI,
had no significant effect on blood glucose levels, while the subcu-
taneous injection of insulin caused a rapid and marked reduction
of the glycemia to 25% of the initial values at 1h post-treatment.
However, blood glucose levels returned to the initial level when
measured after 8 h. The treatment with GPI or GPNI did not show
any significant effect on the glucose blood levels as compared to NT
during the first 8 h. In contrast, the rat treatment with CPNI was able
to induce an immediate, significant decrease in blood sugar levels
as compared to the NT, with a significant fall in glycaemia, as much
as 50% of the initial value, at 6 h post-treatment, and a subsequent
further decrease of up to 30% at 8 h. On the other hand, the treat-
ment with CPI did not exert any significant hypoglycemic effect.
At longer times (48 h), NT and SCI-, OI-, NI-, and GPI-administered
rats had blood glucose equal the initial values, while in rats admin-
istered with CPNI the glucose concentration remained at 45% of
the starting level and significantly different from those of all other

Fig. 4. Time course of the in vivo activity of different insulin formulations,
expressed as percentage variation of rat blood glucose levels after treatment.
Diabetic rats were exposed to oral (OI) or subcutaneous (SCI) administration of
insulin, oral administration of insulin nanoparticles (NI), or insertion through gas-
trostomy of capsules containing gastroresistant pellet-formulated insulin (GPI)
or insulin-nanoparticles (GPNI), colon-release pellet-formulated insulin (CPI) or
insulin-nanoparticles (CPNI); NT: untreated rats. Mean+SE of 3-6 animals for
group. ***p <0.0005; **p<0.01; *p<0.05 vs NT; §p<0.0005 vs OI, NI, GPI and SCI;
fp<0.05 vs GPNI and CPI (one-tailed Student t-test).

experimental groups. At 48 h post-treatment, a slight decrease of
glycaemia was observed upon administration of CPI, while in GPNI-
treated rats glucose values became about 70% of initial values and
significantly lower than those of controls.

4. Discussion

Preparation method of nanoparticles allows a considerable
amount of insulin loaded and to a high concentration of nano-
suspension: these factors are both favorable for the preparation
of NI loaded pellets. Extrusion/spheronization of a formulation
containing Avicel® CL611, lactose and Explotab® CLV wetted by
nano-suspension leads to cores with technological and biophar-
maceutical characteristics suitable for the following coating steps
and for allowing a rapid NI release. Finally, in vitro performances
of three layers coated pellets pledged a delayed release to promote
colon targeting.

Orally administered insulin, either “free” or formulated in
nanoparticles (NI) were not effective in reducing blood glucose
levels in diabetic rats at 8 h after treatment. That was expected
since insulin is rapidly degraded in the stomach. On the other hand,
the subcutaneous injection of insulin, as used in clinical practice,
caused a rapid and significant hypoglycemic effect with a sub-
sequent gradual return to the initial blood glucose levels at 8 h.
Curiously, at 1 h post-treatment all rats treated with the different
capsules (GPI, GPNI, CPNI, or CPI) showed a temporary increase in
blood glucose concentrations, possibly due to the effect of surgery
and anesthesia, which is known to cause stress-related acute hyper-
glycaemia in fed rats [29]. The treatments with GPI or GPNI, enteric
coated pellets which were supposed to release the nanoformulated
insulinin small intestine, in the duodenum and the jejunum, did not
significantly reduce the blood glucose levels as compared to NT in
the first 8 h (p>0.05). This may be due to the degradation of insulin
by the high proteolytic activity of pancreatic peptidases but also to
the effect of the insulin-degrading enzymes inside the cytosol of
the small intestine enterocytes which can internalize the peptide
by specific insulin receptors [30,31]. In contrast, the rat treatment
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with CPNI induced a significant decrease in blood glucose levels
as compared to the NT group. The reduction was significant at 6 h
post-treatment with as much as 50% of the initial values, with a
subsequent further decrease of up to 30% at 8 h. This result sug-
gested that, unlike the gastroresistant pellet (GP) which releases
the insulin into active small intestine, the three-layer colon-release
pellet (CP) passed this tract without being degraded and released
the NI in the distal part of the small intestine or in the colon. There
are several reasons which make the colon as a desirable tract for
insulin delivery and release: 1) the enzymatic activity, such as pan-
creatic endopeptidases, is remarkably lower and most of proteins,
including insulin, would be available to intestinal absorption; 2)
the microvilli are less developed in this tract as compared to the
small intestine and their membrane-associated peptidases are lim-
ited making such microvilli more susceptible to permeation; 3)
the P-glycoprotein is less expressed in colonic mucosa, and colon
enterocytes and M-cells easily internalize nanoparticles; 4) there
is a prolonged localization of insulin on the colonic mucosa due
to slow transit time, thinner unstirred water layer (UWL) adja-
cent to mucosa, and slow turnover of colon mucosal film [5]. The
lack of significant decrease in glycaemia of the rats treated with
CPI indicates that the delivery of insulin as such to the colon by
pellets is not sufficient to exert the hypoglycemic effect. A drug
delivery system is required to properly address and release insulin
to the colonic mucosa. Therefore, insulin nanoformulation plays
a key role in reaching this goal. It has been demonstrated that
polyethylenimine, as other cationic polymers (e.g. chitosans-CS),
is able to loosen tight junctions (T]) resulting in increased perme-
ability of intestinal epithelium cells, which leads to paracellular
permeation of molecules [32]. Many studies have already demon-
strated the ability of different kinds of CS nanoparticles to increase
the intestinal permeation of conjugated insulin through T] open-
ing [33]. In particular, Lin and colleagues suggested a mechanism
for the paracellular transport of insulin to the blood circulation
based on CS nanoparticles, whose stability and release of loaded
insulin greatly depended on the environmental pH. In this model,
the neutral pH, typical of the jejunum and the ileum, favors the
degradation of the nanocomplex resulting in the complete release
of CS and insulin. CS interaction with the T] proteins enhances the
paracellular pathway, promoting the absorption of greater amounts
of insulin [34]. An equivalent mechanism could be suggested also
for the NIreleased from pellets into the colon. Indeed, the pH values
of this tract, from 6.5 in the ascending colon to 7 in the descending
colon, could promote nanoparticle instability and cause the release
of insulin (Fig. 1). Considering that the entire nanocomplex was not
allowed to permeate across the TJ, even under the effect of paracel-
lular enhancers, a few conclusions can be drown: 1) the released NI
undergoes degradation in the colon lumen; 2) the released insulin
that is not subjected to significant proteolytic activity in this tract
of the gut and the PEI fragments both reach the mucosal surface;
3) PEl is supposed to interact with the T] and opens the paracellu-
lar pathway, thus promoting a significant insulin absorption [35].
In addition, the presence of sodium glycocholate, that is known
to promote insulin passage through the colonic mucosa by differ-
ent mechanisms, including the rearrangement of the phospholipid
bilayer and increase of the relevant fluidity, could have a synergistic
effect on the overall protein absorption.

At 48 h, NT and SCI-, OI-, NI-, and GPI-administered rats had the
blood glucose values return to initial levels while in rats adminis-
tered with CPNI the blood glucose levels remained persistently and
significantly reduced, as compared to the initial values. Such along-
lasting effect could be ascribed to the mucoadhesive properties of
the nanocomplex, involving ionic interactions between the posi-
tively charged PEI and the negative charges of the mucosal surface.
It may be hypothesized that, even if most of the nanoparticles were
degraded in the colon lumen, part of them still interacted with the

membrane-bound mucins on the intestinal epithelium, releasing
the insulin beyond UWL, in the proximity of the absorptive cells.
The UWL, forming a diffusion barrier between the luminal contents
and the epithelium, probably maintained an adequate concentra-
tion of insulin in proximity of the enterocytes, allowing a prolonged
insulin absorption over the whole period. On the contrary, most of
the other administered formulations were eliminated previously.
These results suggest a two-phase mechanism in rats administered
with CPNIL During the first phase, a massive absorption of insulin
takes place within the initial hours from the treatment (i.e. 6-8 h) as
an effect of the rapid release of the drug from the nanoparticles into
the colon lumen followed by the PEI-mediated opening of the para-
cellular route. During the second phase, a long-lasting absorption
of the insulin released in proximity of the colon epithelium by the
nanoparticles is triggered by active interaction with the negatively
charged mucus layer.

At 48 h post-treatment, a slight decrease of blood glucose lev-
els, not significantly different from that observed in NT and orally
treated rats, was observed upon administration of CPI, while in
GPNI-treated rats, glucose values were still about 70% of the ini-
tial values and significantly lower than those of controls. It is likely
that the hypoglycemic effect could be attributed to the release of
insulin by those nanoparticles which escaped luminal degradation
and reached the mucosal surface. In this case, a certain amount of
the protein, protected from the proteolytic activity due to the pres-
ence of the secretory mucin barrier [36], is still available for the
intestinal absorption. This likely occurs through the PEI-activated
paracellular pathway.

The colonic delivery of nanoformulated insulin holds a signif-
icant potential in clinical practice. This study provides the proof
of the concept that the oral delivery of insulin targeted at colonic
release and absorption may survive the hostile environments of
gastric acidity or the peptidase rich small bowel. Moreover, blood
glucose remained nearly half of the initial levels at 48 h post-
administration of CPNI, thanks to slow and continuous release of
insulin in the colon. This fact is particularly significant, since it may
indicate that a prolonged control of glycaemia may be reached
with a possible reduction in the overall insulin requirements of
the patient resulting in a possible reduction in the number of
daily injections. This would result in improved quality of life and
potential reduction in long-term complications related to unsta-
ble glycemic control. Another goal reached by this novel insulin
nanoformulation is the restoration of a physiological delivery of
insulin into the portal vein, with a proper liver metabolism. This
avoids fluctuating blood glucose levels and allows a more precise
control of glycaemia. No fluctuation was observed in blood glu-
cose levels of CPNI-treated rats, in favor of a progressive regular
fall of the glycaemia [2,6]. In addition, a low between-subjects
variability in blood glucose levels was observed in rates treated
with CPNI, suggesting a reproducible response of glycaemia to this
novel insulin nanoformulation. The clinical impact of this phe-
nomenon could be important considering that, currently, a major
limitation encountered in clinical and preclinical trials with oral
insulin delivery so far was the highly variable response of glycemic
control [37]. Furthermore, mimicking the physiological insulin cir-
culation in the portal vein and the extraction by the liver, this
formulation might obviate the drawbacks of insulin administered
subcutaneously: systemic hyperinsulinemia with subsequent pos-
sible hypoglycaemia, local lipoatrophy with consequent day-to-day
variability of subcutaneous absorption, weight gain, atherogenesis
and enhanced lipogenesis. The peripheral administration of insulin
is also implicated in the worsening of insulin resistance which
makes the adjustment of insulin dosing difficult in, for instance,
diabetes Type 2 patients.

Finally, hepatic insulin extraction after colon absorption as
opposed to that after peripheral administration might improve
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the liver inflammation and the oxidant production involved in
the pathogenesis of hepatic steatosis. Therefore, the multitasking
nanodevice described in this study for oral delivery of insulin is
promising, although further research is needed to better clarify,
for example, the efficacy in glycemic control immediately after a
meal and the variations caused by oral insulin on various others
metabolic and diabetes indicators, such as glucagon, insulin-like
growth factor 1 (IGF-1), fructosamine and glycated hemoglobin.

5. Conclusion

Oral insulin delivery remains a clinical challenge, and despite a
growing body of publications on this topic, there is still no oral
formulation for insulin. In this study, a new approach for the
oral administration of insulin is proposed targeting the colon as
the release and absorption site. The synergistic effect due to the
nanoformulation of insulin and the encapsulation in a triple-layer
pellet system for colon-release delivery resulted in a significant
and long-lasting hypoglycemic effect. The impact of our multi-
tasking delivery system for oral insulin in controlling diabetes is
clinically appealing, since it represents an oral route for insulin
administration, with a prolonged hypoglycemic activity and a more
physiological insulin metabolism. However, further research is
needed to promote this novel nanoformulation into clinical trials.
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Antibody-engineered nanoparticles
selectively inhibit mesenchymal cells
isolated from patients with chronic lung
allograft dysfunction

Aims: Chronic lung allograft dysfunction represents the main cause of death after
lung transplantation, and so far there is no effective therapy. Mesenchymal cells
(MCs) are primarily responsible for fibrous obliteration of small airways typical
of chronic lung allograft dysfunction. Here, we engineered gold nanoparticles
containing a drug in the hydrophobic section to inhibit MCs, and exposing on the
outer hydrophilic surface a monoclonal antibody targeting a MC-specific marker
(half-chain gold nanoparticles with everolimus). Materials & methods: Half-chain
gold nanoparticles with everolimus have been synthesized and incubated with MCs
to evaluate the effect on proliferation and apoptosis. Results & discussion: Drug-
loaded gold nanoparticles coated with the specific antibody were able to inhibit
proliferation and induce apoptosis without stimulating an inflammatory response,
as assessed by in vitro experiments. Conclusion: These findings demonstrate the
effectiveness of our nanoparticles in inhibiting MCs and open new perspectives for

a local treatment of chronic lung allograft dysfunction.

Original submitted 24 July 2013; Revised submitted 15 October 2013

Keywords: antifibrotic agent e bronchiolitis obliterans syndrome e chronic lung allograft
dysfunction e mesenchymal cell « targeted drug-loaded nanoparticle

Background

Gold nanoparticles (GNDPs) are among the
most intensely studied nanomaterials due to
their unique size-dependent electronic and
optical properties [1,2] combined with a great
potential in a broad range of biomedical
applications [3-11], among which the most
common is drug-delivery vehicles [12.13].
However, inordertobeusefulinbiomedicine,
GNPs need surface modification to enhance
stability in a biological environment and
functionalization to improve delivery and
target selectivity [s]. When GNDPs are used
as drug carriers, the drug can be physically
adsorbed on the metal surface [14], included
inside internal cavities [15], or reversibly
anchored through a covalent bond [16].
Furthermore, GNPs with size above 6—8 nm
are generally believed to be acceptably safe
materials [17-19].

Lung transplantation represents the
ultimate treatment option for patients
with end-stage pulmonary disease [20].
However, long-term graft and patient
survival continue to be challenged by
chronic lung allograft dysfunction, which
accounts for more than 30% of deaths
after the third postoperative year, and the
5-year survival after chronic lung allograft
dysfunction onset is only 30-40% [21.
The most frequent chronic lung allograft
dysfunction phenotype is represented by
bronchiolitis obliterans syndrome (BOS),
whose histological correlate is obliterans
bronchiolitis, characterized by a patchy
submucosal fibrosis causing total occlusion
of tracts of bronchiolar lumen [22]. Although
the exact pathogenesis of BOS is still
unknown, it is believed that an insult to
the epithelium precedes an amplification of
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both innate and adaptive immune responses. Chronic
or recurrent exposure to several inflammatory triggers
unbalance local response from graft tolerance to
allo- or auto-immunity, mainly of the Th17 pattern,
driving the typical neutrophilic inflammation of BOS
(23-25]. Activated neutrophils can further damage
the epithelium by releasing reactive oxygen species,
chemokines, alarmins and metalloproteinases [26-28].
This inflammatory phase is ultimately followed by
a fibroproliferative phase, leading to proliferation
of mesenchymal cells (MCs) whose origin, from
extrapulmonary or resident stem cells or epithelial
mesenchymal transitional cells, is still in debate
(29-31]. Although MC proliferation and extracellular
matrix deposition are physiological processes in
the reparative course, they appear excessive and
uncontrolled in transplanted lungs, thus leading to
irreversible obliteration of airway lumen [32,33]. From
a clinical point of view, BOS is characterized by a
reduction of the pulmonary function parameters and
four stages, namely BOS 0Op, 1, 2 and 3, have been
defined based on the rate of airway obstruction [22].
Unfortunately, functional diagnosis is usually made
in an advanced stage; thus, therapeutic strategies,
founded either on the prevention/treatment of the
inflammatory phase preceding fibrotic evolution or
on the use of so called ‘antifibrotic drugs’ targeting
MCs, are usually poorly effective [34]. Among the
agents with antimitogen action, everolimus, an
inhibitor of mTOR, also endowed with potent
immunosuppressive activities, has been demonstrated
to suppress the in wvitro proliferation of fibroblast
isolated from BOS patients [35-37]. Nevertheless,
both strategies  (i.e.,
inflammatory phase and antiproliferative action)

treatment prevention of
have shown poor clinical response, partly because
limited by systemic drug toxicity and by insufficient
drug accumulation at target sites [38-41]. Recently,
innovative approaches based on the administration
of aerosolized cyclosporine or tacrolimus along
with systemic immunosuppression, resulted in a
survival improvement and extended periods of
BOS-free survival [42] or in an improvement in graft
function and oxygenation [43]. Therefore, the local
administration of drugs is still a promising strategy,
possibly because it directly targets the pathogenic
effectors into airways without additional systemic
toxicity. However, many aerosolized agents may exert
toxicity towards epithelial cells, thus perpetuating
the vicious cycle of injury/repair [44]. The possibility
of targeting a local drug delivery specifically to
fibroblasts by inhalation of biocompatible GNPs
might minimize epithelial damage and systemic
toxicity compared with systemic administration of

everolimus, and may represent the best solution to
fulfill the above claims.

Based on these remarks, we have designed this
study aiming to develop a new nanovehicle-based
treatment that could be delivered by local route,
targeting MCs, the ultimate BOS effector [3145]. In
this work, we assayed the effect of GNPs loaded with
everolimus on MCs, cultured from broncholaveolar
lavage (BAL) of patients affected by different
grades of BOS. GNDPs have been functionalized
to specifically target CD44 expressed by primary
MCs, in view of avoiding possible toxic effects on
epithelial cells. In addition, a possible deleterious
proinflammatory effect of our nanovectors has been
assessed. The activation of macrophages, the first
innate defense line in lung, and neutrophils that
exert a crucial role in BOS pathogenesis, has been
evaluated and excluded.

Materials & methods

Synthesis of everolimus-loaded fluorescent
GNPs functionalized with anti-human CD44
Organic, soluble GNPs, with an average size of
approximately 6 nm, synthesized according to the
Brust protocol [46] were transferred from organic to
aqueous solution undergoing a coating procedure
with the amphiphilic polymer PMA, obtained
by condensation of poly-(isobutylene-alt-maleic
anhydride) and dodecylamine (25% anhydride,
75% C,,COOH) [47]. Nanogold coated with PMA
(500 pl, 4 pM), was reacted with l-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (20 pl, 1 M)
for 2 min, then 2,2-(ethylenedioxy)bis(ethylamine)
(80l 0.05M) wasadded and stirred for 2 h. Next, the
nanoparticle dispersion was concentrated and washed
two additional times with water. Nanoparticles were
shaken for 4 h in the presence of N-succinimidyl-3-
[2-pyridyldithio]-propionate (500 pl, 10 mg ml" in
dimethyl sulfoxide), concentrated and washed twice
with water (GNP 3-[2-pyridyldithio]-propionate
[PDPs]). Next, lyophilized monoclonal anti-human
CD44 (CD44 monoclonal antibody [mAb]; 400 pg)
dissolved in phosphate-buffered saline (PBS) EDTA
(0.5 ml) was added to the 2-mercaptoethanolamine
kit (Thermo Scientific; NY, USA) and treated to
reduce the disulfide bridges between the two heavy
chains of IgG, obtaining the half-chain antibody
portions (HCs). HC was immediately added to
100 pl of the thiol-reactive GNP-PDPs (3 pM) and
incubated at room temperature for 1 h. The residual
PDP functional groups were saturated with excess
MeO-PEG5000-SH. The excess of chemicals and
biological reagents was removed by dialysis and the
GNP-HCs were collected. For the studies with cell
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cultures, we used CD44 mAb labeled with Alexa
Fluor® (Invitrogen; CA, USA) 488 dye. Everolimus
dissolved in ethanol (50 pl, 10 pg ml") was added to
the GNP-HC solution (1 ml, 1 mg ml”) and incubated
overnight at 4°C. Finally, the nanoparticles were
concentrated at 3500 rpm for 10 min and washed
with PBS. The amount of encapsulated drug was
double-checked as described in the text.

Synthesis of fluorescent PEG-functionalized GNPs
FITC-labeled PMA (0.5 M) was obtained by
reacting 0.5 M PMA (5 ml of in CHCL,) overnight
at room temperature with 1.0 M fluoresceinamine
(0.5 ml) in ethanol. Next, it was reacted with GNPs
as described above. A GNP@PMA solution (250 pl
of 4 pM solution), was reacted with 1 M I-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide (9.5 pl) for
2 min, then 27 pl of O-(2-aminoethyl)-O-methyl-
PEG (PEGZOOO-NHZ, MW 2000, 0.1 M in water)
was added and stirred for 2 h. The excess of PEG
was removed by concentration at 3500 rpm through
100 kDa Amicon® (Sigma-Aldrich; Milan, Italy)
filters. The concentrated solution was washed twice
in the same way and the nanoparticles were then
recovered as a stock solution in PBS.

In vitro drug release

Half-chain gold nanoparticles with everolimus (GNP-
HCes; -2 mg) were placed within dialysis membranes
(30 kDa MW cut-off), able to retain the nanoparticles
and suitable for free diffusion of everolimus molecules,
and dipped in 6 ml of PBS buffer (154 mM, pH 7.4),
2% bovine serum albumin was added as a nartural
protein surfactant in order to increase apparent
solubility of everolimus up to approximately 600 mM
to reproduce sink conditions during dissolution test.
Dissolution medium was kept at 37 + 0.5°C and
magnetically stirred at 100 rpm. At predetermined
time intervals, samples (1 ml) were analyzed with ultra
violet light spectrophotometrically at 424 nm. The
remaining part of dissolution medium was entirely
withdrawn and replaced with 6 ml of fresh medium.
Each experiment was conducted in triplicate.

Patients

From October 2011 to December 2012, 33 BAL samples
were collected from 24 lung transplant recipients.
Clinical features of these lung transplantation recipients
are shown in Table 1. BOS diagnosis was made according
to published criteria (48]. Enrolled patients received a
standard triple-drug regimen consisting of cyclosporine
or tacrolimus plusazathioprine or mycophenolate mofetil
and low-dose steroids. All BOS 1 and BOS 2 patients
had been classified as nonresponder to macrolides

after a 3-month course with 250 mg azitromycin every
other day (failed to improve forced expiratory volume
in 1 s >10%). Macrolide unresponsive patients, upon
consent to treatment, were submitted to extracorporeal
photophoresis, as previously published (49]. Each patient
gave informed consent to the procedure.

Cell culture & isolation from BAL

MCs were isolated from BAL obtained following
standard recommendations [s0]. Two million cells
were seeded in high-glucose DMEM with 10% fetal
calf serum, and 100 units ml" penicillin/streptomycin
solution. Single foci of MCs formed between
7-28 days, and representing the only remained cells,
were isolated and collected. Afterwards, they were
characterized using a panel of antibodies and spread in
new culture dishes. For the experiments, cells of three
patients (BOS Op, 1 and 2), between the second and
fifth passage after isolation were used. A transformed
primary cell line, 16HBE, retaining differentiated
bronchial epithelial morphology and function [s1] was
used for the experiments as MCs. 16HBE cells were
cultured in minimal essential medium with 10% fetal
calf serum, and 100 units ml" penicillin/streptomycin
solution. For the experiments, GNP-HCes and GNP-
HCs (150 nM) were added to the culture medium of
MC:s and 16HBE and left for 2 h at 37°C in 5% CO,
incubator. As controls, the cells were incubated in full
medium with the same experimental conditions. As
further controls, MCs were treated with 1 pg/ml of
CD44 mAD (clone 2C5, R&D System; MN, USA) or
0.003 pg/ml of everolimus. Preliminary experiments
proved the unsuitability of both lower (100 nM) and
higher (200 nM) concentrations of GNP-HCes, the
first being too scarce to release enough everolimus and
the second cytotoxic.

Cell characterization by flow cytometry

Surface phenotypes of all isolated MCs at first passage
were evaluated using fluorochrome-labeled antibodies
(CD44-FITC, CD105-FITC, CD90-PE, CD34-ECD
and CD45-APC750 [Instrumentation Laboratory;
Milan, Italy]) by flow cytometry (Navios™ [Beckman
Coulter Inc; CA, USA] Flow cytometer) and data
analyzed using Kaluza® software (Beckman Coulter
Inc.). The appropriate

isotypes were used as control. I6HBE cells were assayed

mouse immunoglobulin
for CD44 expression only with the same method.

Immunocytochemical & immunohistochemical

analyses
MCs, cultured on Lab-Tek® II Chamber Slides™
(Thermo  Scientific), were fixed with 2%

paraformaldehyde for 10 min and permeabilized
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Table 1. Clinical features of enrolled patients and surface characterization of primary mesenchymal cells isolated from

bronchoalveolar lavage.

Age' Transplant Lung FU IS regimen BAL(M/L/ MC CD44 (CD34 (CD45 CD90 CD105
(years) type, function (months) N/E [%])

indication (%)
54 BLT, PAH 100 3 TAC, MMF, PRD 93/7/0/0 No
58 BLT,COPD 93 7 TAC, MMF, PRD 93/6/1/0 Yes ++ - - ++ ++
41 BLT,COPD 30 153 CyA, EVR, PRD  56/26/15/3 No
54 BLT,COPD 86 13 TAC, MMF, PRD 95/4/1/0 Yes ++ - - ++ +
47 BLT,COPD 65 (AR2) 3 TAC, MMF, PRD 26/66/8/0 Yes ++ - - ++ ++
55 BLT,IPF 100 TAC, MMF, PRD 71/28/1/0 Yes ++ - - ++ +
56 SLT,IPF 87 59 TAC, MMF, PRD 65/33/1/1 No
35¢ SLT/fibrosis 80 288 TAC, PRD 68/31/1/0 Yes ++ - - ++ ++
38* SLT/IPF 89 25 TAC, MMF, PRD 61/12/27/0 Yes ++ - - ++ ++
45 SLT/IPF 69 20 TAC, MMF, PRD 43/5/46/6 No
56 SLT/IPF 32 120 TAC, MMF, PRD 75/22/3/0 Yes ++ = - ++ +
39 BLT/BOS 93 8 CyA, EVR, PRD  87/8/5/0 No
24 BLT/CF 77 184 TAC, PRD, AZITR 95/4/1/0 No
34 BLT/Bronch 63 105 TAC, PRD, AZITR 90/8/2/0 Yes ++ - - ++ n.d.
27 SLT/LAM 85 214 CyA, EVR, PRD 29/31/38/2 No
61 BLT/COPD 68 89 TAC, MMF, PRD 96/1/3/0 No
56 SLT/IPF 81 110 TAC, MMF, PRD 90/5/5/0 No
59+ BLT/IPF 70 89 TAC, MMF, PRD 96/3/1/0 Yes ++ - - ++ ++
64 SLT/IPF 100 3 TAC, MMF, PRD 93/7/0/0 Yes ++ - - + +

(CMV)

36 BLT/CF 100 3 TAC, MMF, PRD 65/34/1/0 Yes ++ - - ++ ++
42 BLT/CF 100 41 TAC, MMF, PRD 82/14/4/0 No
38 BLT/PAH 37 162 TAC, PRD, AZITR 71/5/24/0 Yes ++ - - + +
48 SLT/IPF 82 51 TAC, MMF, PRD 91/7/2/0 No
27 BLT/PAH 59 37 CyA, EVR, PRD 53/16/30/1 No
At lung transplantation.
“These rows are the patients whose cells have been used for the experiments with nanoparticles.
-: Positive cells less than 10%; +: Positive cells between 10 and 50%; ++: Positive cells more than 50%; AR2: Acute cellular rejection grade 2; AZITR: Azithromycin;
BAL: Broncholaveolar lavage; BLT: Bilateral lung transplantation; BOS: Bronchiolitis obliterans syndrome; Bronch: Bronchiectasis; CF: Cystic fibrosis; CMV: Positive
to cytomegalovirus; COPD: Chronic obstructive pulmonary disease; CyA: Cyclosporin; E: Eosionophil; EVR: Everolimus; FU: Length of follow-up at time of
broncholaveolar lavage sampling; IPF: Idiopathic pulmonary fibrosis; IS: Immunosuppression; L: Lymphocyte; LAM: Lymphangioleiomyomatosis; M: Macrophage;
MC: Primary mesenchymal cell isolation from broncholaveolar lavage; MMF: Mycophenolate mofetil; N: Neutrophil; n.d.: Not determined; PAH: Pulmonary arterial
hypertension; PRD: Pirfenidone; SLT: Single lung transplantation; TAC: Tacrolimus.

with  0.1%  Tritcon™  (Sigma-Aldrich) X-100. Inc; CA, USA). Slides were counterstained with

Immunohistochemical analysis on human biopsies was
performed on 4-pm thick paraffin sections incubated
at 60°C overnight, deparaffinized and treated for
40 min in EDTA buffer for heat-mediated antigen
retrieval. Afterwards, the slides with cells and biopsies
were treated with blocking solution and incubated
with the primary antibodies, CD44 mAb and anti-
phospho-mTOR (rabbit monoclonal; clone 49F9 [Cell
Signaling; IL, USA]). After inhibition of endogenous
peroxidase, positive reaction was revealed using
ImmPRESS™ detection system (Vector Laboratories

hematoxylin and eosin.

GNP-HCe cell uptake

GNP-HCe uptake was evaluated by confocal
microscopy and flow cytometry. GNPs that were not
functionalized (GNP-PEGs) were used to evaluate
the uptake specificity. For confocal microscopy
experiments, cells were seeded on collagen precoated
glass slides and used at subconfluence. Entrance of
GNP-HCes and GNP-PEGs was evaluated starting
15 min through 2 h at 37°C in medium. Then,
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slides were fixed with 4% paraformaldehyde and
incubated for 10 min with 0.1 M glycin in PBS
solution. Samples were treated with a blocking
solution and slides were stained with 4’,6-diamidino-
2-phenylindole solution. Microscopy analysis was
performed using confocal laser microscope (Leica
DM IRBE [Leica Microsystems; Milan, Italy]).
For flow cytometry experiments (Navios Flow
Cytometer), cells incubated 2 h with GNP-HCes
or GNP-PEGs marked with Alexa Fluor 488 were
trypsinized and analyzed.

Cell proliferation & apoptosis assays

Proliferation and apoptosis rate were evaluated
by (BD
Pharmingen; Milan, Italy) and annexin V (Molecular
Probes, Life Technologies; Milan, Italy) by flow
cytometry.  Fluorescence of carboxy-fluorescein
succinimidyl ester was evaluated at 24, 48, 72 and
120 h, while apoptosis rate was assayed at 8, 24 and
48 h after different treatments. Proliferation and

carboxy-fluorescein  succinimidyl ester

@ — BOS 0p
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80
5 60-
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(8]

40

20

O | T T 1
100 10" 102 10° 10¢
CD44 FITC
50 ym

apoptosis were expressed as percentage of dividing and
apoptotic cells, respectively.

Macrophage & neutrophil isolation
Macrophages were isolated from patients’ BAL by
adhesion procedure. Cells recovered from BAL
were seeded in 24-well plates at concentration of
5 x 10° cells/well in Roswell Park Memorial Institute
medium containing 10% heat-inactivated fetal calf
serum for 2 h at 37°C to allow macrophage adhesion.
For neutrophil isolation a buffy-coat sample was
separated by gradient stratification with Lympholyte®
(Cedarlane Laboratories; ON, Canada). After washing
with PBS, the cells were resuspended in Roswell Park
Memorial Institute media, counted with a Biirker
chamber and used for the experiments.

Macrophage & neutrophil activation assay

The activation of macrophages was evaluated by
assaying the release of IL-8 by ELISA procedure
in the culture medium after 24 h incubation with

® o ®

100 pm 100 ym
@
100 pm 100 pm
©
100 pm

Figure 1. CD44 expression on mesenchymal cell surface, and in normal and bronchiolitis obliterans syndrome
epithelia. CD44 was detected by (A) flow cytometry and (B) immunocytochemistry on the three cell lines used in
the experiments; (i) negative control, (ii) BOS Op, (iii) BOS 1 and (iv) BOS 2. Inmunohistochemistry procedure
demonstrated that (C) normal alveolar epithelia did not express CD44, (D) while cells invading bronchiolar lumen,
indicated by the arrow, from a patient retransplanted for BOS, were positive to CD44 monoclonal antibody.

BOS: Bronchiolitis obliterans syndrome; FITC: Fluorescein isothiocyanate.
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GNP-HCes or GNP-PEGs. The amount of IL-8
in each sample was determined by ELISA. The
activation of neutrophils was assayed evaluating
the elastase release by enzymatic assay. Untreated
macrophages and neutrophils were respectively used
as control.

Statistical analysis

Statistical differences between untreated cells, cells
treated with GNP-HCes, GNP-HCs, CD44 mAbs
and everolimus were evaluated using ANOVA
analysis. All analyses were carried out with Graph
Prism 5.0 statistical program. A p-value <0.05 was
considered statistically significant.

Results

Cell characterization

MCs were isolated only from 30% of BAL of patients
and were characterized at the first culture passage.
CD44 expression ranged between 84 and 99% of
isolated cells (Figure 1A), while the positivity for
CD90 and CD105 varied more appreciably between
60-84 and 47-87%, respectively. The expression of
these markers is reported in Table 1. Cells isolated
from different patients were all negative for CD34
and CD45. No differences in marker expression
were recordable between stable and BOS patients.
The absence of the epithelial marker E-cadherin was

®

50 pm

_50um_

assessed by immunocytochemical (ICC) experiments
(data not shown). ICC also confirmed the high
percentage of CD44 positivity in all isolated MCs
(Figure 1B). 16HBE epithelial cells did not express
CD44, as proved by flow cytometry experiments
(data not shown).

CD44 expression on normal & pathologic
epithelia

To avoid possible adverse effect of GNPs
functionalized with the specific CD44 mAbs on
epithelial cells, we evaluated the presence of the
glycoprotein on the surface of bronchiolar epithelium.
Immunohistochemical experiments demonstrated
that normal, not-inflamed epithelia did not express
CD44 (Figure 1C) confirming the validity of the
selected marker. Positive reaction was evident in
cells invading the bronchiolar lumen in specimens
from a BOS patient who underwent retransplant
(Figure 1D).

Expression of the mammalian target of
everolimus, mTOR, in MCs

We found that MCs isolated from BAL of lung
transplant recipients expressed an active form of
mTOR in the cytosol (Figure 2A), stating the potential
effectiveness of the selected drug in inhibiting MC
proliferation.

©

50 pm 50 pm

50 ym

Figure 2. Expression of phospho-activated form of mTOR in mesenchymal cells. The expression was evaluated by
immunocytochemistry in (A) untreated control cells, (B) cells treated with half-chain gold nanoparticles (GNPs)
with everolimus, (C) cells treated with GNP-PEG and (D) anti-CD44 monoclonal antibody. The protein level in

(A) untreated cells was similar in all cell lines. The expression of phosphoactivated form of mTOR was highly
increased (B) 12 h after a 2-h incubation with half-chain GNPs with everolimus, (C) while no effect was detectable
with GNP-PEG in the same experimental conditions. A stimulatory effect similar to that observed in half-chain
GNPs with everolimus was present 12 h after a 2-h incubation with anti-CD44 monoclonal antibody (1:100).

(E) Negative control reaction is shown.
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Synthesis & characterization of anti-human
CD44-functionalized GNPs loaded with
everolimus

Our first goal was to synthesize an innovative
nanocarrier targeting MCs and efficiently encapsulating
and releasing everolimus, which should be optically
detectable in order to monitor their distribution.

Preliminary C

Hydrophobic GNPs (6 nm) were synthesized in organic
solvents [46] and transferred to water phase by coating
them with an amphiphilic polymer (PMA) [47]. The
resulting GNP@PMAs were further functionalized
with  N-succinimidyl-3-[2-pyridyldithio]-propionate
(52) (GNP-PDPs; hydrodynamic size = 24.7 + 1.3 nm
The

ommunication

by dynamic light scattering). resulting

GNP@PMA

GNP-PDP
N

GNP-HC GNP-HCe

@GNP

. Anti-human CD44H half chain
\X\) MonomethoxyPEG5000-SH

Everolimus

GNP-PEG

®®

Figure 3. Synthesis of fully armed half-chain gold nanoparticles with everolimus, and PEGylated gold nanoparticles. (A) Hydrophobic
GNPs were synthesized and coated with an amphiphilic polymer PMA. The resulting GNP@PMA were functionalized with
N-succinimidyl-3-[2-pyridyldithio]-propionate (GNP-PDPs). The thiol-reactive PDP functionalities were exploited for the
immobilization of heavy-chain CD44 monoclonal antibodies (GNP-HC) labeled with Alexa® (Invitrogen; CA, USA) Fluor 488 dye. As

a control, we also synthesized fluorescently labeled, PEGylated GNPs. Finally, GNP-HCs were loaded with everolimus (GNP-HCe).

(B) Transmission electron microscopy images showed that (i) GNP-HCs and (ii) GNP-HCes exhibited the same hydrodynamic size.

GNP: Gold nanoparticle; HC: Half chain; HCe: Half chain with everolimus; PDP: 2-pyridylthiopropionate.
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thiol-reactive PDP functionalities were exploited for the
immobilization of two HCs of the anti-human CD44
antibody and the residual thiol-reactive groups on the
polymer were saturated with monomethoxy-PEG-thiol
(5 kDa), which acted as a colloidal stabilizer and reduced
nonspecific interactions (GNP-HCs; hydrodynamic
size = 47.3 + 1.0 nm). As a control, we also synthesized
fluorescently labeled, GNP-PEGs (hydrodynamic
size = 29.8 + 2.4 nm). The synthetic strategy is illustrated
in Figure 3. Finally, GNP-HCs were loaded with
everolimus by incubating overnight at 4°C (GNP-HCes)
obtaining a loading efficiency of approximately 0.5 mg
everolimus per mg of GNP-HCes. The hydrodynamic
size measured by dynamic light scattering changed from
19.8 + 2.6 nm (GNP@PMAs) to 47.3 + 1.0 nm (GNP-
HCs) and 46.7 + 1.8 nm (GNP-HCes). Transmission
electron microscope images confirmed the colloidal
stability of GNP-HCs and GNP-HCes in aqueous
dispersion and showed that no apparent changes in
size and shape of the metal core were associated to the
surface modifications of nanoparticles (Figure 3). As
expected, GNP-HCs and GNP-HCes exhibited the
same hydrodynamic size, corroborating the hypothesis
that everolimus incorporated inside the polymer shell
basically did not affect the overall colloidal stability of
nanoparticles.

In vitro drug release kinetics
Figure 4 illustrates the release of everolimus from

GNP-HCes into PBS buffer (pH 7.4) containing 2%

bovine serum albumin. It could be noticed that the
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Figure 4. Curve of everolimus release from half-chain
gold nanoparticles with everolimus into phosphate-
buffered saline buffer. The loaded drug was released
in a controlled way and 90% of half-chain gold
nanoparticles with everolimus was dissolved in 8 days.
A lag phase in everolimus release, approximately 3-5-h
long, was recorded.

loaded drug was released in a controlled way and 90%
of GNP-HCes were dissolved in 8 days. Surprisingly,
the expected burst effect was not observed in this
case, but a lag phase was detected. This retard in
the everolimus release was approximately 3—5-h long
and it could be ascribed to a sort of activation of the
polymer due to the interaction with release medium;
probably a process of PMA unfolding is necessary
to permit the release of the entrapped drug. Based
on these data, the drug release mechanism cannot
be easily explained. For this reason, to interpret the
release profile a Korsmeyer—Peppas model, suitable
to describe different drug release profiles, has been

applied:
ft = at" (Equation 1)

where ft is the cumulative percentage of drug
released at time (#); @ is a constant that incorporates
structural and geometric characteristics of the drug
dosage form; n is the release exponent, indicative
of the drug release mechanism. To determine the
exponent (1), the portion of the release curve where
the amount of drug released after # <60% was used
(53]. Due to the presence of a lag time (I) in the first
section of the release profile, a modified form of
Korsmeyer—Peppas equation could be applied:

ft = a(t — 1) (Equation 2)

Fitting the data of the percentage of released drug
and considering data up to 60% (72 h), the resulting
equation is:

ft = 0.1863(t — 1)*%% (R> = 0.9895) (Equation 3)

It interesting to note that exponent value is
very close to 0.89, the value that, considering the
structural and geometric characteristics of the dosage
form, indicates a zero-order drug release. Equation
ficting drug release data points using data up to 98%
(192 h) is:

ft =0.2719(t — 1)°777° (R?> = 0.9813) (Equation 4)

that surprisingly shows a very good fitting.
Exponent value decreases with respect to the previous
one, indicating a profile bending that is symptomatic
of a moderate influence of drug amount remaining in
the nanoparticles to the drug release rate.

GNP-HCe cell uptake
TO evaluate nanoparticle uptake, experiments were

performed adding GNP-HCes labeled with Alexa
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Figure 5. Half-chain gold nanoparticles with everolimus internalization in mesenchymal cells. To evaluate
nanoparticle uptake and specificity, mesenchymal cells were incubated with GNP-HCe labeled with Alexa®
(Invitrogen; CA, USA) Fluor 488 fluorescent dye. Internalization was detected by confocal microscopy along the
z-axis and by flow cytometry. (B) Images showed that only functionalized nanoparticles were able to enter into
mesenchymal cells within 1 h. (D) Scatter plots confirmed the positivity to fluorescence only in mesenchymal cells
incubated with GNP-HCe. By contrast, (A & C) inert GNP-PEG, marked with the same fluorochrome, were not
captured by the cells even after 8 h incubation. Original magnification: 60x.

GNP: Gold nanoparticle; HCe: Half-chain with everolimus.

Fluor 488 fluorescent dye to the complete culture
medium and observing their entrance from 15 min
to 2 h. Internalization was detected by means
of confocal microscopy along z-axis and by flow
cytometry. Confocal microscopy images and scatter-
plot analysis showed that only HC-functionalized
nanoparticles were able to enter into MCs within 1 h
and remained inside, proving the uptake specificity
(Figures 5B & 5D). By contrast, inert GNP-PEGs,
marked with the same fluorochrome, were not
captured by the cells even after 8 h incubation
(Figures 5A & 5C). No differences were observed
in particle uptake by different primary cells.
For cell proliferation and apoptosis experiments,
nanoparticles were left 2 h in culture to allow their
full entrance into the cells.

Effect of GNP-HCes on MC proliferation &
apoptosis

The inhibitory effect of GNP-HCes on MCs was assayed
either by evaluating the inhibition of the proliferation
rate or the increase in the percentage of apoptotic cells.
To detect a possible toxic effect of functionalized GNPs
without everolimus (GNP-HCs) inside the cells, GNP-
HCs were used as control under the same experimental
conditions. As further control, CD44 mAb alone was used
to exclude an unspecific action of the antibody linked to
the GNP surface on cell proliferation. MCs derived from
three patients with different BOS grades (Op, 1 and 2),
were analyzed to estimate whether BOS severity could
influence GNP-HCe effectiveness. The results showed
that GNP-HCes inhibited cell proliferation in all cells

without significant differences between the three series.
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In particular, the effect of the drug was significant at 24,
72 and 120 h after incubation while, in all experiments,
proliferation rate invariably showed a tendency to increase
at 48 h (Figure 6). As a result, no significant difference
with control cells was detectable at this time point. Since
this result was recovered in all MCs, we hypothesized that
the interaction of CD44 mAb with CD44 could produce

a remarkable biological effect, inducing cell proliferation.
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Figure 6. Effect of half-chain gold nanoparticles with everolimus on
mesechymal cell proliferation and apoptosis.

*p < 0.05 versus uMC, GNP-HC, CD44 and EV.

**p < 0.01 versus uMC, GNP-HC, CD44 and EV.

p < 0.05 versus CD44.

(A) The proliferation rate was evaluated by carboxy-fluorescein
succinimidyl ester at 24, 48, 72 and 120 h after 2 h incubation with
GNP-HCe, GNP-HC, CD44 and EV. The results are referred to normal
proliferation rate of uMCs cultured in the same experimental conditions.
(B) The apoptosis was evaluated by Annexin V incorporation at 8, 24
and 48 h after 2 h incubation with GNP-HCe, GNP-HC, CD44 and EV. The
percentage of apoptotic cells is reported for uMCs cultured in the same
experimental conditions. Curves and histograms are obtained from the
means + standard error of three experiments. The error bars represent the

standard error.

EV: Everolimus;

GNP: Gold nanoparticle; HC: Half chain; HCe: Half-chain

with everolimus; uMC: Untreated mesenchymal cell.

Indeed, a slight although not significant, increase in
growth rate was recorded following the treatment of
MC with anti-CD44 mAb (Figure 6). Accordingly, ICC
experiments evidenced an increased expression of mMTOR
after 12 h incubation with functionalized GNPs (both
GNP-HCs and GNP-HCes) (Figure 2B) or anti-CD44
mADb (Figure 2D), while no change in mTOR expression
was detectable in the presence of MCs treated with GNP-
PEGs (Figure 2C). In the same experimental conditions
used for the treatment with GNP-HCes, everolimus did
not significantly affect cell proliferation. Notably, the
proliferation curve shows that the drug released by the
uptaken GNP-HCes is effective overtime, as evidenced
by the persistence of an inhibitory activity after 120 h
from GNP incorporation and confirmed by i vitro drug
release kinetic curve. MCs incubated with GNP-HCs or
GNP-HCes were analyzed for Annexin V incorporation
at 8, 24 and 48 h after GNP incubation. As further
controls, we also studied apoptosis in presence of CD44
mAb and everolimus. Figure 6B shows a remarkable and
significant increase of apoptosis: approximately 14% MC
cells were apoptotic 8 h after GNP-HCe treatment. This
percentage progressively increased up to approximately
42% after 24 h, and diminished at 48 h. The effect was
due to the release of everolimus inside the cells, since
the incubation with GNP-HCs (without everolimus)
and CD44 mAb alone induced as much apoptosis as
control untreated MCs. Of note MC treatment with
everolimus alone for 2 h was unable to induce apoptosis,
demonstrating the superiority of the drug carrier.

Effect of GNP-HCes on inflammatory cells

The uptake of fluorescent nanoparticles by inflammatory
cells was demonstrated by flow cytometry (data not
shown). The results summarized in Figure 7 showed
that, after 24 h incubation, IL-8 secretion was not
increased in the presence of GNP-HCes and GNP-PEGs
(Figure 7A). Furthermore, both GNPs with or without
functionalization did not activate neutrophils (Figure 7B).

Effect of GNP-HCes on bronchial epithelial

cell line

In order to exclude a possible toxic effect of
nanoparticles on epithelial cells, we studied the
apoptotic and proliferation rate in presence of
functionalized (GNP-HCes and GNP-HCs) and
nonfunctionalized (GNP-PEGs) nanoparticles using
the same experimental conditions and procedures.
The results obtained by flow cytometry using Alexa
Fluor 488 dye marked nanoparticles proved that
16HBE cells did not uptake either functionalized or
nonfunctionalized nanoparticles from 1-h up to 8-h
incubation. In addition, no significant differences were

recorded in proliferation (GNP-PEGs: 100.8 + 8.5;
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GNP-HCs: 93 + 10.8; GNP-HCes: 93.8 + 9.2 after
72 h from incubation and expressed as percentage vs
untreated 16HBE cells) or apoptosis rate (untreated
16HBE: 12.5 + 1.4; GNP-PEGs: 11.4 + 1.3; GNP-HCs:
12.8 + 1.3; GNP-HCes: 16.35 + 1.7 after 24 h from

incubation and expressed as percentage).

Discussion

MCs are fibroblastoid-like cells and are the main
responsible of the fibroproliferative process underlying
BOS. In our study, we isolated MCs from BAL
of BOS patients with the purpose to characterize
them and identify a useful surface target necessary
to functionalize drug-loaded GNPs. Our findings
suggest that a consistent but variable fraction of
cells express a mesenchymal phenotype but their
phenotype does not provide conclusive information
about their origin (i.e., from stromal niches, resident
fibroblast
epithelia). All primary cells were negative for CD34

transformation or a transition from
and CD45, ruling out a hematopoietic origin [54:55],
although a possible loss of expression of these two
markers early in culture cannot be excluded [sé).
Analogously, the absence of E-cadherin suggests
that transitioned epithelia is not the main origin of
these cells [577. Whatever rising, their involvement
in the fibroproliferative process has been proved by
different authors [29-31,58]. On this basis, we selected
as a possible initial marker for GNP functionalization
CD44, which was found to be highly expressed by all
primary MCs and was not detected on the surface of
normal airway epithelium. The choice of a mTOR
inhibitor was based on previously published data [36]
and on the detection of a high expression of active
phosphorylated form of mTOR in MC cytosol [59].

The synthetic strategy adopted in GNP preparation
is illustrated in Figure 3. This strategy displays several
advantages: the Fab portions of the antibodies are
presented in an optimal orientation for antigen binding
on the GNP surface; the use of an antibody fragment
with a lower molecular weight, namely the HC,
instead of the entire IgG results in a partially reduced
immunogenicity of the whole hybrid nanoconstruct,
while conserving remarkable binding affinity for the
molecular counterpart; the approach with the HC
fragment causes a reduced weight on the GNP surface,
resulting in higher colloidal stability in aqueous
environment.

In addition, the colloidal stability of our GNPs was
not significantly affected by the everolimus-loading
step inside the polymer shell, since GNP-HCs and
GNP-HCes exhibited the same hydrodynamic size
(Figure 3). Such designed GNPs were able to enter
primary MCs, while inert unfunctionalized GNPs
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Figure 7. Effect of half-chain gold nanoparticles with
everolimus on macrophage and neutrophil activation.
(A) IL-8 secretion, evaluated by ELISA test and used to
assay the macrophage activation, was not increased by
24 h incubation with GNP-HCe or GNP-PEG compared
with untreated macrophages. (B) Elastase activity,
evaluated by enzymatic assay to detect possible effects
on neutrophils by incubation with GNP-HCe or GNP-

PEG, was comparable to untreated neutrophils. The

data represents the means + standard error of three
experiments. The error bars represent the standard error.
GNP: Gold nanoparticle; HCe: Half-chain with everolimus;
OD: Optical density; uM: Untreated macrophage;

uN: Untreated neutrophil.

did not penetrate into MCs. Biological activity of
GNP-HCes was indeed clearly detectable in both
apoptosis experiments and in cell proliferation assay.
Some remarks can be drawn from these experiments.
First of all, our targeted delivery system allowed
the achievement of high intracellular drug levels,
as demonstrated by the observation that GNP-HCe
activity on primary MCs was significantly higher
than that exerted by everolimus alone in the same
experimental conditions. In addition, the experiments
of in vitro drug-release kinetics suggest a potential use
of these nanoparticles as prolonged-release vehicles
for weekly administration, allowing good patient
compliance. We could also exclude any possible
toxic effect of GNDPs inside the cells by testing GNPs
without everolimus under the same experimental
conditions. As further control, CD44 mAb alone
proved the absence of unspecific inhibitory action of
the antibody on cell proliferation. Interestingly, the
link engagement of CD44 with its specific antibody
(when MCs were incubated with either CD44
mAb-targeted GNPs or with CD44 mAb alone)
heightened the expression of phospho-mTOR by
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MCs and induced a slight but significant stimulation
of cell proliferation at 48 h (Figure 2). This is not
totally surprising since CD44 is implicated in tissue
repair and present in the stem-cell phenotype [s9].
However, this phospho-mTOR stimulatory effect
was completely overcome by GNP-HCe treatment
at 72 and 120 h, suggesting that everolimus might
also exert its effect on downstream targets [60].
These findings open new interesting scenarios on the
possibility of modulating mTOR activation and MC
proliferation by interfering with CD44 and suggest
that blocking CD44 mAb might be more effective in
targeting GNPs.

The absence of inhibitory effect on bronchial
epithelial cells that do not express CD44 state the
suitability of our treatment, avoiding unspecific toxic
effects on closely located epithelial cells.

Based on these data, GNP-HCes could represent an
interesting tool in local treatment of BOS; however,
one of the main issues in the field of nanotechnology is
the possibility that GNPs might induce inflammation
that could contribute to BOS evolution [32]. Since
resident alveolar macrophages are an important source
of profibrotic factors and neutrophils play a key role in
BOS pathogenesis [26-28,32], we assessed nanoparticle
these
phagocytes, we decided to also test nonfunctionalized
GNPs (GNP-PEGs) to

stimulatory effect. We assayed 77 vitro IL-8 production

activity on two effectors. Dealing with

evaluate an unspecific
by alveolar macrophages and elastase release by
neutrophils since IL-8/neutrophil pathway is believed
as crucial in BOS pathogenesis [61.62]. The results
demonstrated the absence of a stimulating activity of
GNPs on macrophages and neutrophils, indicating
that their use would not exacerbate the inflammatory
response.

Conclusion

We proved for the first time that specifically engineered
GNPs could significantly inhibit MC proliferation
in vitro. The functionalization opens the chance to
avoid toxic effect on epithelial cells that otherwise
would perpetuate the vicious cycle of epithelial
damage/inflammatory response/uncontrolled repair/
fibroproliferative process. Although CD44 seems a
valuable marker for GNP targeting, further studies on
MC characterization will allow us to identify other,
even more specific, antigens preventing side effects
due to CD44 engagement. As a corollary, yet relevant
finding, the absence of proinflammatory activity
of GNPs discloses the possibility to administrate
functionalized drug-loaded GNPs by aerosolization
without raising a further inflammatory response.

Future perspective

The fibrotic lung disorders include several clinical
pictures (i.e., obliterans bronchiolitis following lung
or bone-marrow transplant, primary or secondary
interstitial lung fibrosis) all characterized by an
adverse outcome due to our inability to hamper
mesenchymal cell proliferation or reverse fibrosis once
established. In recent years studies on the pathogenesis
of these disorders have downsized the role of chronic
inflammation as a trigger of the fibrosis process and
focused on epithelial injury followed by a dysregulated
process.  All
therapeutic strategies are therefore directed toward an
inhibition of MC proliferation. In this work, we directly
targeted MCs and delivered a high concentration of an

fibro-reparative newly developed

antiproliferative drug, thus increasing the efficacy of
the treatment and limiting the potential toxic effect
on near positioned cells. Future perspective studies,
already in progress in our laboratory, are the in vivo
administration by local route (i.e., inhalation) of GNPs
to test their safety on normal mice and their efficacy
on animal models of obliterative bronchiolitis. These
key experiments will disclose the possibility to plan a
new pharmacological treatment for patients affected
by pulmonary fibroproliferative disorders.
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order to monitor the in vivo distribution.

apoptosis.

Conclusion

¢ \We synthesized an innovative nanotool for the selective targeting of ultimate fibroblastoid-like mesenchymal
cells that drives fibrosis in chronic allograft dysfunction.

e These gold nanoparticles can efficiently encapsulate and release the drug and also be optically detected in

e The nanoparticles maintained colloidal stability in aqueous dispersion and showed that no apparent changes
in size and shape of the metal core were associated to the surface modifications.

e We characterized mesenchymal cells from patients with chronic lung allograft dysfunction and selected the
surface glycoprotein CD44 as marker to specifically target the new engineered nanoparticles.

¢ We proved that drug-loaded nanoparticles selectively inhibit mesenchymal cell proliferation and induce

e The inhibitory effect was extended overtime and more effective compared with treatment with drug alone.
e We also proved the absence of a stimulating activity of our nanoparticles on macrophages and neutrophils,
indicating that their use would not exacerbate the inflammatory response.

e This work opens new scenarios on the possibility to target a drug to specific cells involved in a pathological
process avoiding systemic and side effects on nearly positioned cells.
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Abstract

Eradication of virus by sanctuary sites is a main goal in HIV management. The central nervous system (CNS) is a classic model of
sanctuary where viral replication occurs despite a complete viral suppression in peripheral blood. In recent years, nanotechnologies have
provided a great promise in the eradication of HIV from the CNS. We hereby demonstrate for the first time that the structurally complex
antiretroviral drug enfuvirtide (Enf), which normally is unable to penetrate the cerebrospinal fluid, is allowed to cross the blood brain barrier
(BBB) in mice by conjugation with a nanoconstruct. Iron oxide nanoparticles coated with an amphiphilic polymer increase Enf translocation
across the BBB in both in vitro and in vivo models. The mechanism involves the uptake of nanoconjugated-Enf in the endothelial cells, the
nanocomplex dissociation and the release of the peptide, which is eventually excreted by the cells in the brain parenchyma.

From the Clinical Editor: Despite the success of cocktail therapy of antiretroviral drugs, the complete eradication of HIV remains elusive,
due to existence of viral sanctuary sites. The authors showed in this study that an antiretroviral drug complexed with iron oxide nanoparticles
and coated with PMA amphiphilic polymer crosses the blood brain barrier. Furthermore, there was significant anti-viral activity. The results
would aid further drug designs to eradicate HIV.

© 2015 Elsevier Inc. All rights reserved.

Key words: HIV sanctuaries; Enfuvirtide; Blood brain barrier; PMA-coated nanoparticles

Background

Current antiretroviral treatment regimens suppress plasma
HIV-1 RNA and DNA below detectable levels in a consistent
proportion of subjects. However, functional cure and eradica-
tion are still beyond our possibilities. One obstacle to such goals
is represented by the difficulty to achieve therapeutic antiretro-
viral concentrations within sanctuary sites where HIV-1 has been

shown to compartmentalize. Such sites include the genital tract,
the gut-associated lymphoid tissue, the lymph nodes, tissue
macrophages and the central nervous system (CNS).”™ In
particular, the CNS is considered one of the most important viral
reservoirs. This is mainly due to the presence of macrophages
that promote the inflammatory escalation with subsequent
astrogliosis and neurodegeneration, thus establishing the
so-called NeuroAIDS,” responsible for neurocognitive disorders

Abbreviations: AF660, Alexa Fluor 660; BBB, blood brain barrier; CNS, central nervous system; DLS, dynamic light scattering; ECM, endothelial cell
medium; Enf, enfuvirtide; Epf, epifluorescence; FI, fluorescence intensity; FD40, FITC-Dextran 40; FITC, fluoresceinamine; HAART, highly active
anti-retroviral therapy; ICP-OES, inductively coupled plasma optical emission spectrometry; MRP, multidrug resistance-associated protein; P,,,, apparent
permeability coefficient; PBS, phosphate buffer saline; PFA, paraformaldehyde; PMA, poly(isobutylene-alt-1-tetradecene-maleic anhydride); RBMVECS, rat
brain microvascular endothelial cells; RT, room temperature; SE, standard errors; SEM, scanning electron microscopy; TEM, transmission electron microscopy;
TEER, transendothelial electrical resistance.
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with different grades of severity (AIDS dementia complex).
From a clinical point of view, NeuroAIDS is a real challenge
since the blood brain barrier is poorly crossable by most
antiretroviral drugs.”

In the effort toward viral eradication, one of the most
promising strategies is to treat this latent-T cell reservoir, so that
resting cells may be induced to release virions and reactivate,®”
while preventing HIV-1 entry in uninfected CD4+ T cells. With
this aim it would be important to design new therapeutic
strategies to direct antiretroviral drugs in these HIV sanctuaries,
both to reduce T-cell mediated delivery of the virus into the
sanctuaries and to directly act on HIV-sensitive CD4+ cells
inside these sites (i.e. microglial cells of brain)*.

Nanotechnology is an emerging multidisciplinary field that has
the potential to offer a radical change in the treatment and
monitoring of HIV/AIDS.'%""* The potential advantages in using
nanoparticles for HIV infection treatment include the capacity to
incorporate, encapsulate, or conjugate a variety of drugs in order to
target specific cell populations, grant long-term drug release, and
penetrate into sanctuary sites. With regard to the CNS, the
employment of nanotechnology could allow antiretroviral drugs to
effectively reach this reservoir, ' thus preventing the replication of
the virus and reducing the damages induced by the infection.

In current clinical practice, the first-line antiretroviral therapy is
generally constituted by a combination of two nucleoside reverse
transcriptase inhibitors (NRTI) with a non-nucleoside reverse
transcriptase inhibitor (NNRTTI), such as a protease inhibitor or an
integrase inhibitor. Conversely, fusion inhibitors are much less
used because of some well-known limitations such as production
time and costs, difficult administration (subcutaneous injection
twice daily) and adverse effect profile. !5 Therefore, fusion
inhibitors are only used in case of resistance or failure of the
HAART. Enfuvirtide (Fuzeon™ from Roche Laboratories Inc. and
Trimeris Inc.) is a 36-amino acid peptide that targets multiple sites
in gp41, a HIV glycoprotein responsible for the fusion with CD4+
cells.'®'® Enfuvirtide (Enf) inhibits HIV-I1-mediated cell-cell
fusion and transmission of cell-free virus while it does not have
substantial activity against HIV-2.""* Because of its unfavorable
pharmacological profile, with a halflife of approximately 2 h and a
high molecular weight (4.5 kDa), Enf is particularly indicated to
provide a proof of concept of the improved access of antiretroviral
drug to HIV sanctuaries by nanoformulation. Indeed, Enf does not
penetrate the BBB because of its complex structure, and is
therefore not detectable in cerebrospinal fluid (CSF).*

Aim of our study is to demonstrate the ability of iron oxide
nanoparticles coated with PMA amphiphilic polymer (MYTS) to
enhance the permeation of a high-weighted molecule, such as
Enf, across the BBB both in in vitro and in vivo models, and
propose a mechanism for drug delivery across the endothelium.

Methods
Nanoparticle design

Magnetic nanoparticles (MNP) were synthesized by solvother-
mal decomposition in organic solvent from organometallic
precursors according to Park et al. protocol.”* MNP were
transferred to water phase using a fluorescent labeled amphiphilic

polymer (PMA).?> Fluorescent-PMA was obtained with
fluoresceinamine 1.0 M (0.5 mL in DMSO) was added to a
0.5 M PMA in CHCI3 (5 mL) and the mixture was left overnight
at RT. Part of this solution (20 pL) was added to MNP (1.5 mg
in CHCI3). The organic solvent was evaporated and sodium
borate buffer (SBB, pH 12, 20 mL) was added obtaining a stable
nanoparticle dispersion which was concentrated in Amicon tubes
(100 kDa filter cutoff) by centrifuging at 3500 rpm for 20 min.
The nanoparticles were washed twice with water resulting in green
labeled PMA-coated nanoparticles highly soluble in aqueous
media (MYTS). MYTS were reacted with an amino-linker
useful for Enf immobilization on the nanoparticles. Enf was
previously labeled with AF660 dye (Invitrogen, Carlsbad, CA)
according to manufacturer’s protocol. The final double labeled
Enf-MYTS are schematically represented in Figure 1, 4.

Characterization of the BBB in vitro model

The setting of the BBB in vitro model, based on a co-colture of
RBMVECs and astrocytes, is described in Supplementary
materials. Before each experiment, we checked the trans-BBB
electrical resistance by an EVOM2 Epithelial tissue Volt/Ohmmeter
connected to an Endohm-24SNAP cup (WPI, Germany), obtaining
a suitable value on 90% of the inserts. Moreover, the trans-BBB
apparent permeability coefficient of FITC-Dextran 40 (FD40)
was determined by measuring the flux of the molecule from the
upper to the lower chamber of three BBB systems at 1 h,2 hand
3h from the addition of 1 mg mL ' FD40 in the upper
compartment. The flux through the RBMVECsS single layer or
through the empty insert was used as control. The amount of
FD40 recovered in the lower compartment was determined
spectrofluorimetrically and the P,,, was calculated from the
mean flux (see Supplementary materials).

In vitro trans-BBB permeation

The permeation of (AF660)Enf, (FITC)MYTS or
(AF660)Enf-MYTS(FITC) across the BBB was assessed on
the in vitro model described above, using four inserts for each
experimental condition. The two formulations were added to the
upper chamber and, after 4 or 7 h of incubation, a defined
volume of ECM was collected by both the upper and the lower
chambers. The fluorescence intensity of the samples was
measured spectrofluorimetrically. For an exact comparison
between the trans-BBB permeation of free and MYTS-conjugated
Enf (5 pg mL "), the FI of the two formulations was used for
normalization, and the final amount of Enf-MYTS in the upper
chamber was 0.1 mg mL .

ICP-OES was also used to quantify the amount of MYTS iron
in the collected samples.

Reported results are representative of one of three independent
experiments.

Plasma concentration measurements in mice

Plasma concentration of free or conjugated Enf was
determined upon intravenous injection of AF660-labeled Enf
(0.2 ng g body weight) or Enf-MYTS (12.5 pg g ' body
weight) in Balb/c mice. We treated four mice per experimental
condition and repeated the experiment twice (for a total of eight
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Figure 1. (A) Schematic representation of labeled Enf-MYTS. (B) TEM images of MNP in hexane (left) and MYTS in water (right).

animals per experimental condition). The amount of injected
Enf-MYTS was calculated normalizing the fluorescence inten-
sity of conjugated Enf to that of the free peptide. After 30 min,
1 h and 6 h postinjection, blood was collected and its
fluorescence intensity was determined spectrofluorimetrically.
After subtraction of background fluorescence, determined in
samples collected from mice before treatment, the amount of Enf
was calculated by using a calibration curve with known amounts
of the compounds dissolved in control plasma samples.

Ex vivo IVIS imaging

Mice injected with (AF660)Enf or (AF660)Enf-MYTS (three
animals for each experimental group were employed in three
different experiments, for a total of nine mice) were sacrificed
1 h after injection and dissected brains were analyzed in an IVIS
Lumina IT imaging system (Calipers Life Sciences, UK), together
with the brains from three non-treated mice. Images were
acquired with a Cy5 emission filter, while excitation was

scanned from 570 to 640 nm and tissue autofluorescence was
removed by spectral unmixing.

Confocal laser scanning microscopy

For the confocal observations of brain cryosections, portions
of the same tissues analyzed by IVIS or of additional tissues
isolated from mice injected with 0.2 ug g~' body weight
(AF660)Enf, or 12.5 ug g ' body weight (FITC)MYTS,
(AF660)Enf-MYTS or (AF660)Enf-MYTS(FITC) (three ani-
mals for each experimental group), were fixed, freezed in liquid
nitrogen and cryosectioned. Cryosections were counterstained
with DAPI and NeuroTrace 530/615 fluorescent Nissl stain or
immunodecorated with anti-CD31.

For the confocal microscopy of RBMVECs (three inserts for
each experimental condition), cells on insert were fixed and
immunodecorated with anti-CD31 and DAPI.

Images were acquired by a Leica TCS SPE confocal
microscope and the intracellular distribution of AF660 and
FITC signals was analyzed by Image]J software.
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Each image is representative of at least six images obtained from
three inserts or mice brain sections for each experimental condition.

Scanning and transmission electron microscopy

For TEM analysis, MY TS were dispersed under sonication in
water (50 pg mLfl) and a drop of the resulting solution was
placed on a formvar/carbon-coated copper grid and air-dried.

RBMVECs layered on inserts and exposed or not to 0.1 mg
Enf-MYTS or MYTS, and sections of mice brains, exposed
in vivo to the same nanoformulates (12.5 ug g~ ' body weight),
were analyzed by TEM, by fixing small portions of cells-bearing
inserts (n = 3) or tissues (pieces obtained from the same brains
employed for confocal microscopy analyses) in 2.5% glutaral-
dehyde. For scansion electron microscopy analyses, other small
portions of the RBMVECs-bearing inserts were fixed and
processed as described in Supplementary materials.

Histopathology

Brain, liver, kidneys, spleen and lung samples obtained from
three Balb/c mice, whose brains were analyzed by confocal
microscopy, were fixed in 10% buffered formalin for at least
48 h and embedded in paraffin. Three pm sections were cut,
stained with hematoxylin and eosin and examined blindly.

Statistical analysis

All mean values + SE reported in Results section and in
Supplementary materials were compared by Student’s ¢ test.

Results
Nanoparticle characterization

MNP and the final Enf-MYTS, synthesized as described in
Methods and Supplementary materials, were characterized in
size and shape by DLS and TEM (Figure 1, B). MNP had a
hydrodynamic diameter of 18.8 nm + 2.1 in hexane. After the
phase transfer, MNP maintained the original average crystal size
(8 nm by TEM), and the final nanoparticle shape was uniformly
spherical, with a hydrodynamic diameter of 23.9 + 2.0 nm
(MYTS in water) as determined by DLS. After drug conjugation,
the nanoparticle size increased up to 35.2 £ 2.2 nm. The pH
value of the suspension was around 5.5 and the zeta potential
obtained at this pH value was —29.58 + 1.90 mV, likely
suggesting a high stability of Enf-MYTS with minimal
aggregation in water medium at this pH. Indeed a zeta potential
value higher than 30 mV is generally required for a colloidally
stable nanoparticle dispersion.*®*’

Nanoconjugated enfuvirtide crosses the in vitro BBB model

The efficiency of MYTS in increasing the trans-BBB
permeation of Enf was first evaluated on an in vitro BBB
model consisting of a double layer of astrocytes and RBMVECs.
Before treatment, the integrity of our experimental model was
validated by measuring TEER and by determining the trans-BBB
apparent permeability of the Dextran 40. In all BBB models
devoted to the subsequent experimental phase, we recorded a
mean TEER value higher than 400 Q) cm?. BBB selectivity to the

Dextran 40 labeled with FITC (FD40) was assessed in some
additional inserts by measuring the trans-BBB flux over 3 h
(Figure S1). The resulting Py, (0.10 £0.03 x 1077 ecm s,
mean = SE, n = 6) confirmed the production of a very tight
barrier. SEM observations showed the presence of a uniform
layer of endothelial cells (Figure S2A), and TEM images clearly
demonstrated that cells were connected by well-structured tight
junctions (Figure S2B).

The permeability of Enf, MYTS and Enf-MYTS across the
BBB model was determined by labeling the peptide and the
nanoparticle with AF660 and FITC, respectively (Figure 1, 4).
The nanoparticle suspensions were added in the upper chamber
of the experimental apparatus and their passage through the BBB
model was assessed after 4 and 7 h of incubation by measuring
their fluorescence intensity (FI) into the lower chamber. We
found that only a small fraction of free Enf was able to cross the
BBB in vitro: after 4 h, Enf FI in the lower chamber was about
0,15 % of Enf FI added in the upper chamber, and the percentage
increase of FI in the lower chamber over the subsequent 3 h of
incubation was 30% (Figure 2, A4). Conjugation of Enf to the
nanoparticle did not significantly affect its FI in the lower
chamber within the first four hours, but it was able to greatly
increase its permeation across the BBB (by over 170%) between
4 and 7 h of incubation (Figure 2, A). Surprisingly, the
percentage increase of the FITC FI in the lower chamber
calculated between 4 and 7 h, which is associated to MYTS
permeation across the BBB, was only 10%, and therefore much
lower than that of the conjugated peptide in the same time span
(Figure 2, B). The great difference between the % increase in
lower chamber of AF660 (conjugated to Enf) and FITC
(conjugated to MYTS) after incubation with the Enf-MYTS
nanocomplex strongly suggested that the two components did
not have the same fate when crossing the BBB, and that they
likely dissociated into the barrier to be processed separately. The
permeation of MYTS through the BBB was also assessed by
measuring the iron content in the solution collected by the lower
chamber by ICP-OES: we found that the percentage increase of
iron recorded between 4 and 7 h was only 1.84 + 0.04 (mean +
SE, n = 8) for both MYTS and Enf-MYTS.

Then, we measured the FI of the three formulations in the
lower chamber of the BBB apparatus after 24 h of incubation.
We observed that the Enf trans-BBB permeation was enhanced
between 7 and 24 h of incubation by 175% (Figure 2, A), likely
because of increased leakage of the RBMVEC barrier over the
time. However, the effect of the nanocomplexation on the
permeation of Enf across the BBB was still remarkable: the
percentage increase of AF660 FI in the lower chamber between 7
and 24 h of exposure to Enf-MYTS reached 745% (Figure 2, A).
By contrast, the percentage increase of FITC FI in the lower
chamber was about 20% for both MYTS and Enf-MYTS
(Figure 2, B), thus underlining a discrepancy between the FI
recorded for Enf and MYTS after incubation of the BBB with
Enf-MYTS. The percentage increase of iron content in the lower
chamber between 7 and 24 h was still negligible and comparable
for both conjugated and unconjugated nanoparticles (1.89% +
0.03, mean + SE, n = 8).

In parallel, we performed a confocal microscopy analysis of
the upper side of the insert after 7 h of incubation with Enf or
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Figure 2. Percentage (%) increase of FI of free or conjugated (AF660)Enf (A) or (FITC)MYTS (B) in the lower chamber of the BBB in vitro system calculated
between 4 and 7 h, and 7 and 24 h, from the addition of labeled Enf, MYTS and Enf-MYTS into the upper chamber. Mean + SE of 4 replicates; **P < 0,001
and *P < 0,05, Enf-MYTS vs Enf (Student’s # test) (C) Confocal laser-scanning micrographs (single optical sections) of RBMVECs after 7 h of incubation with
free Enf or Enf-MYTS. Enfand MYTS are labeled with AF660 (red) and FITC (green) respectively; nuclei are stained with DAPI (cyan) and endothelial cells are
immunodecorated with anti-CD31 antibody (blue); scale bar: 10 um. (D) Overlay of the signal intensity plots of Enfand MYTS along a one-pixel line covering a
cytoplasmic portion of the cells.
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Figure 3. Analysis of brains isolated from non-treated mice (NT) or mice exposed for 1 h to free or conjugated AF660-labeled enfuvirtide. (A) Epf images of
isolated brains, where Epf intensity is expressed as radiant efficiency. (B) Averaged Epf intensity of isolated brains where Epf values have been normalized on
fluorescence intensity of injected solution in order to keep into account the differences in intrinsic fluorescence emission for each preparation; mean + SE of 9
different brains for each experimental condition; *P < 0,01 (Student’s 7 test). (C) Confocal laser-scanning micrographs (single optical sections) of brain
cryosections; images from control animals (NT) or from animals treated with free or nanocomplexed enfuvirtide (red) have been overlaid on the corresponding
images reporting nuclei (blue) and neuronal cytoplasm (yellow), counterstained with DAPI and NeuroTrace 530/615, respectively (right column); brightfield
(BF) images are reported on the left; dashed lines highlight the vessel boundaries; bar: 10 um.

Enf-MYTS. Figure 2, C shows that while free Enf was not
internalized by the RBMVECSs, the conjugation of the peptide
to the nanoparticles allowed it to deeply enter into the cells,
confirming the enhanced permeability of Enf when nanocon-
jugated. The merge image of the cells incubated with
Enf-MYTS revealed that the AF660 and the FITC fluorescence

were mostly non-overlapping (Figure 2, C and D). These
image data, combined with the great difference in the
trans-BBB permeation rate observed between the two
components, strongly suggested that a dissociation of the
peptide from the nanoparticle might have occurred in the
endothelial layer.



L. Fiandra et al / Nanomedicine: Nanotechnology, Biology, and Medicine 11 (2015) 1387—-1397 1393

Figure 4. Confocal laser-scanning micrographs (single optical sections) of brain cryosections from non-treated mice (NT) or mice exposed for 1 h to
(AF660)Enf, (FITC)MYTS or (AF660)Enf-MYTS(FITC); conjugated or free AF660-Enf (red) and FITC-MYTS (green) have been overlaid each other and with
CD-31 stained endothelial cells (blue); brightfield (BF) images are reported on the left; bar: 10 pm.

In vivo brain targeting and trans-BBB delivery of nanoconju-
gated enfuvirtide

Trans-BBB permeation of MYTS-conjugated Enf was then
assessed in vivo in Balb/c mice intravenously injected with free Enf
or with the same peptide conjugated to nanoparticles. We decided
to follow the bioavailability and biodistribution of Enf, by labeling
the peptide with AF660 whose efficiency as in vivo probe had been
previously reported in mice.***° Firstly, plasma concentration of
free or conjugated Enf was monitored at 30 min, 1 h and 6 h after
injection in eight different animals for each experimental
condition, to verify the effect of nanoconstruct on peptide
bioavailability. We observed a maximal concentration of both
free or conjugated drug in the blood stream within 1 h postinjection
and a strong decrease over the following hours, up to negligible
levels at 6 h postinjection. Moreover, Enf concentration in plasma
appeared reduced by conjugation to MYTS and therefore less

available for the potentially infected organs, including brains
(Figure S3). Other mice were injected with Enf or Enf-MYTS (nine
for each experimental condition) to be sacrificed at 1 h
postinjection, together with three untreated animals (controls).
Fluorescence imaging of dissected brains revealed a significant
accumulation of both free and nanoformulated Enf in this organ at
1 h postinjection, as pointed out by the strong Epf signal not
observed in the brain of non-treated mice (Figure 3, 4), feasibly
due to the peptide content in the blood circulation of brain.
Neverthless, Epfintensity associated with nanoformulated Enf was
stronger than that of free Enf (Figure 3, 4, B), thus suggesting a
higher accumulation of the nanoformulated peptide in this organ
despite its lower bioavailability. To determine if the observed
increased concentration of Enf in the brain was really associated to
an increased permeation of the drug across BBB by effect of the
nanocomplexation, we analyzed the interaction of Enf and
Enf-MYTS with BBB cells and their localization in the
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Figure 5. Histopathological analysis of brain, spleen, lung, liver and kidney dissected from non-treated (NT) mice, or from mice injected with MY TS, Enf and

Enf-MYTS. Hematoxylin-eosin, OM x40.

perivascular space. Cryosections of mice brains excised 1 h
postinjection of Enf or Enf-MYTS were analyzed by confocal
microscopy. Figure 3, C shows enhanced fluorescence intensity in
brain capillaries in samples treated with the nanoconjugated Enf
when compared to the free peptide, where instead fluorescence was
only slightly higher than control autofluorescence. In addition,
nanocomplexation of Enf induced a spreading of fluorescence
outside the boundaries of the vessel.

To confirm the efficacy of MYTS in driving Enf into the
endothelial cells of brain capillaries and finally exerting an
efficient trans-BBB permeation of the drug, we injected mice
with MYTS, Enf or Enf-MYTS (three mice for each experimen-
tal condition) and analyzed the localization of the different
compounds in brain sections after 1 h from injection, by means
of the differential labeling of Enf and MYTS with AF660 and
FITC, respectively (Figure 4). Immunodecoration of the
endothelial cells with anti-CD31 antibody revealed a huge
intracellular accumulation for MYTS. As expected, the ability of
free Enf to enter BBB endothelial cells and reach brain
parenchyma was negligible, while conjugation of the peptide
to the nanoparticles allowed it to cross the barrier. Merge
between Enf and MYTS signals in samples treated with
Enf-MYTS clearly showed that only the peptide was able to
diffuse outside the BBB, while nanoparticles were restricted to
the vessel endothelium. This result, in agreement with in vitro
observations, further suggested the dissociation of the nanocom-
plex within endothelial cells, with subsequent excretion of Enf.

The systemic toxicity of administered formulations was then
assessed by histopathological examination of brain, liver,
kidneys, spleen, and lungs isolated 1 h after Enf, MYTS or

Enf-MYTS injection. Analysis was performed on organs
specimens from three different animals for each experimental
condition. No histological lesions were observed in the analyzed
organs (Figure 5).

Fate of MYTS in RBMVECs

The mechanism of MYTS entry and trafficking into the
RBMVECs was investigated by TEM analysis on BBB-bearing
inserts after 4, 7 or 24 h from the addition of Enf-MYTS in the
upper chamber. Figure 6, 4 shows that, at 4 h of incubation,
nanoparticles were either attached to the plasma membrane of the
endothelial cells or internalized in the cytosol. The lack of
membrane invaginations and the presence of free nanoparticles in
the cytoplasm suggest that a non-endocytotic mechanism is
involved in the internalization of MYTS by RBMVECs, as
confirmed also by TEM images of brain samples exposed in vivo to
the nanocomplex (Figure S4). Macropinocytosis rafts were also
visible where a large number of nanoparticles came in contact with
the cellular membrane. Once internalized, MYTS accumulated
into large cellular compartments (Figure 6, 4 and B), and after
24 h of incubation, they were also detected into lysosomes
(Figure 6, C). The same result was obtained by incubating the cells
with the unconjugated MYTS.

Discussion

The BBB is the boundary that isolates brain tissues from the
substances circulating in the blood and at the same time allows
water and small lipophilic molecules to freely access the brain in
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Figure 6. TEM images of RBMVECS in a BBB in vitro model exposed to 0.1 mg Enf-MYTS for 4 h (A), 7 h (B) and 24 h (C). MYTS are localized in big cell
compartments (white arrows), in lysosomes (black arrows) or free into the cytosol (boxes); asterisk indicates a macropinocytosis raft; bars: 100 nm.

accordance with their concentration gradients. Within this
barrier, the brain microvascular endothelial cells, phenotypically
different from the endothelial cells of the peripheral circulation,
hamper the filtration of therapeutic drugs, preventing them to
reach the pathological tissues behind them. To permeate through
the BBB, molecules need to be lipid soluble with a molecular
weight <400 Da. Heavier and larger molecules, which are
unable to diffuse through the BBB because of their size, weight
and/or polarity, could cross the BBB only if transported by
receptor-mediated transcytosis using ligands that bind specific
BBB receptors. Therefore, drugs permeability across the BBB
represents a clinical and biological challenge.

It is well established that a double correlation between HIV
infection and the brain exists: HIV replication plays a major role
in neurological diseases, and CNS is one of the main viral
reservoir. During the acute phase of infection, HIV-1 rapidly
infiltrates the CNS; there the viral replication can occur despite a
complete drug-induced suppression of the virus in the peripheral
blood. Noteworthy, while about 50% of HIV-infected patients
are affected by neurological disease, evident morphological

alterations in CNS are observed in at least 80% of AIDS patients
autopsies.>” The acclaimed model for HIV-related injury of CNS
involves the release from infected or activated glial cells
(microglia and astrocytes) of numerous neurotoxic viral or
cellular factors, which lead to neuronal damage and death, and of
chemoattractants able to promote infiltration of infected and/or
activated monocytes.*

In NeuroAIDS prevention, nanotechnology has been intense-
ly explored with the aim to develop novel and promising drug
delivery systems, and several experimental attempts have been
carried out in last years in order to enhance the BBB permeability
toward antiretroviral drugs. Indeed, BBB has been demonstrated
to be impermeable to 98% of antiretroviral drugs.”' In 2006, Kuo
and colleagues have incorporated two antiretroviral drugs,
zidovudine and lamivudine, into polymeric polybutylcyanoa-
crylate (PBCA) nanoparticles, showing a 8-20 and 10-18 fold
increase in BBB permeation, respec‘[ively.3 % However, polyme-
ric nanoparticles are not suitable as carriers for polar or ionic
drugs, and degradation of PBCA can produce toxic formalde-
hyde by-products.®' Other biocompatible polymers, such as
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polylactide, have been studied as novel nanocarriers for CNS
drug delivery, but a transient inflammatory response has been
reported.®' Conjugation of the protease inhibitor saquinavir with
transferrin-conjugated quantum dots has shown improved BBB
penetration in vitro, by exploiting an active transport mechanism
mediated by transferrin receptors; nevertheless, in vivo results
are still missing.'* Other nanocarriers such as liposomes are
inefficient for loading with water-soluble drugs.”’

In our study we have designed and developed a novel
nanodrug consisting of an iron oxide nanoparticle coated with a
suitable amphiphilic polymer and functionalized with the
antiretroviral peptide enfuvirtide. Although rarely used in
clinical practice, we selected Enf for two main reasons. First, it
has proven effective as a non-selective inhibitor of HIV-1 fusion
with cells, able to preclude virus entry regardless its co-receptor
tropism. The blockade of virus entry into cells is relevant in view
of the use of drugs that purge the latent reservoir, damming the
circulating HIV-1 pool of virus that should not re-infect new
cells. Secondly, Enf is one of the most structurally complex
antiretroviral molecules, therefore ideal for testing the efficacy of
our nanoconstruct as a drug delivery system to the brain.

So far, the use of iron oxide nanoparticles as antiretroviral
carriers has been poorly investigated in vivo. *!'n the present work,
our polymer-coated iron oxide nanoparticles (namely MYTS) have
proven to be promising as CNS drug delivery system for
antiretroviral drugs, by taking advantage of their intrinsic
propensity to cross the BBB. We observed in vitro an increased
permeation of nanoformulated Enf across BBB up to 170% upon
3 h of incubation. Moreover, conjugated Enf showed increased
epifluorescence intensity in mice brain, as a result of its huge CNS
accumulation. Electron microscopy images suggested that endo-
cytosis is not likely responsible for the internalization of MYTS in
the endothelial cells, even though the presence of a large number of
nanoparticles on the cell surface activated the production of
macropinocytosis membrane ruffles. Rather, the presence of free
nanoparticles in the cell cytoplasm strongly suggests that their
internalization mainly occurred by a passive diffusion, probably
mediated by the absorption of the amphiphilic coating on the cell
membrane. In previous studies, it has been assumed that polymer
aggregates carrying hydrophobic groups should have the same
affinity for brain endothelial cell membranes of pluronic block
copolymers*>, whose absorption on cell membrane induces a
structural alteration of the lipid bilayer.>* Membrane fluidization
allows the pluronics micelles to enter the microvessel endothelial
cells and deliver their cargo into the intracellular environment.**
Once into the cell, MY TS were sequestered by huge endosome-like
compartments and then directed to lysosomes. Our data indicate
that Enf dissociated from MYTS in the endothelial cells to be
efficiently excreted into the outside environment. The dissociation
mechanism requires further studies to be elucidated, but it could
involve the degradation of the PMA shells bearing the peptide.
PMA degradation feasibly started into the more mature endosomal
compartments, as an effect of the increased acidity and enzymatic
activity of their inner environment, to be then completed within
lysosomes. Concerning Enf efflux, it is known that foreign
substances are usually rejected by the BBB through an efflux
mechanism based on transporters such as P-glycoprotein and
multidrug resistance-associated protein (MRP).** The brain-directed

efflux of Enf could occur via MRP4, a protein expressed on the
abluminal membrane of the brain capillary endothelial cells, which
were proven to mediate the excretion of different drugs, including
some antiretrovirals.*® Histopathological analysis of brain, spleen,
lung, liver and kidneys dissected from mice upon Enf treatment,
confirmed that this antiretroviral drug does not exert toxic effects.
Moreover, the lack of any organ lesion in the presence of circulating
MYTS is a clear evidence of the systemic safety of these
nanoparticles at the experimental dosage, further supporting their
great potential as drug delivery system across the BBB.

In conclusion, this is the first documented experience of a
nanotechnological engineering of the complex antiretroviral
drug enfuvirtide, which confers to this large peptide the
capability to cross the BBB. Whether and how the propensity
of Enf nanoconjugate to cross the BBB could affect the viral
replication in the CNS sanctuary remain to be established, and
further studies will be performed to assess the antiviral efficacy
of Enfafter trans-BBB permeation. However, at present, our results
represent an important step forward toward HAART-mediated HIV
eradication from the CNS reservoir. Since MY TS nanoparticles can
be loaded with multiple drugs of different classes, the present study
suggests a straightforward approach for targeting various phases of
viral replication in the CNS.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nan0.2015.03.009.
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Understanding the behavior of multifunctional colloidal nanoparticles capable
of biomolecular targeting remains a fascinating challenge in materials sci-
ence with dramatic implications in view of a possible clinical translation. In
several circumstances, assumptions on structure—activity relationships have
failed in determining the expected responses of these complex systems in a
biological environment. The present Review depicts the most recent advances
about colloidal nanoparticles designed for use as tools for cellular nanobio-
technology, in particular, for the preferential transport through different target
compartments, including cell membrane, cytoplasm, mitochondria, and
nucleus. Besides the conventional entry mechanisms based on crossing the
cellular membrane, an insight into modern physical approaches to quantita-
tively deliver nanomaterials inside cells, such as microinjection and electro-
poration, is provided. Recent hypotheses on how the nanoparticle structure
and functionalization may affect the interactions at the nano-bio interface,
which in turn mediate the nanoparticle internalization routes, are highlighted.
In addition, some hurdles when this small interface faces the physiological
environment and how this phenomenon can turn into different unexpected
responses, are discussed. Finally, possible future developments oriented to
synergistically tailor biological and chemical properties of nanoconjugates

to improve the control over nanoparticle transport, which could open new
scenarios in the field of nanomedicine, are addressed.

nanoparticles, IONPs), and photolumines-
cence (e.g., semiconductor quantum dots,
QDs). The complex interactions between
nanoparticles and the cellular environ-
ment have been thoroughly examined,
such that the knowledge of these relation-
ships remains of fundamental attractive-
ness. This is the reason why the scientific
community involved in nanomaterials
evolution has raised numerous questions
in order to understand the dynamic forces
and the molecular components that shape
these interactions. At the moment, several
research groups are focusing on the crea-
tion of properly “designed” nanoparticles,
as an essential prerequisite for each indi-
vidual nano-biomedical and nano-bio-
technological application. With a general
impression of the biological interfaces
that nanoparticles meet when interacting
with living cells (i.e., membrane, cyto-
plasm, nucleus, and internal organelles),
researchers have now the possibility to
define how these interactions remodel
the fundamental forces that govern the
behavior of colloidal nanoparticles in a
complex biological system. In addition,
other works highlight the importance of

1. Introduction

1.1. Understanding Nanoparticle Properties at the Cellular Level

In the last decade, colloidal nanoparticles have been established
as an emerging tool for the study of biological processes with
an increasing number of possible applications in biotechnology
and medicine.'3] Depending on their constitutional materials,
nanoparticles have different chemical-physical properties such
as high electron density and strong optical absorption (e.g.,
gold nanoparticles, AuNPs), magnetic moment (e.g., iron oxide

correlating nanoparticle fluid dynamics to their physicochem-
ical features, which adds a basic but, at the same time, capital
information to predict potential toxicological risks of such
materials. Such correlations would help us to construct new
materials and thus find the optimal mechanism of intracellular
delivery of different nanoparticle platforms, evaluating and
reducing their toxicity to the minimum level.*°!

These basic issues, which can be collected in a unique con-
cept that can be referred to as nano-bio interface, give rise to a
very intricate system to investigate, as the nano-bio interface
consists in a plethora of dynamic components. Most available
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studies correlate these interactions with surface properties of
nanomaterials, including size, shape, and curvature, rough-
ness, porosity, and crystallinity.*®l Other works deal with the
properties of the solid-liquid interface originated when nano-
particles are suspended in the surrounding medium, including
for instance the effective surface charge,”!% the state of aggre-
gation and the stability of the suspension over time and at dif-
ferent cellular pH values. Moreover, the solid-liquid contact
zone with biological substrates might be influenced by the
nature of surface ligands and chemical functionalization of
nanoparticles.’12 In particular, the contact with hydrophobic
or charged regions of cells determines the nanoparticle prefer-
ential pathway of interaction with the cellular external environ-
ment and, later on, the formation of stable or transient com-
plexes with their binding molecules and the route of internali-
zation and metabolism of nanoparticles.['’]

Another nanoscale engagement with biological processes
is the identification of the biomolecular “protein corona” that
provides the biological identity of nanomaterials.l'¥ To better
understand this concept, we should try to envision that when
nanoparticles, which have higher free energy than the corre-
sponding bulk materials, are suspended in a biological fluid,
they are rapidly coated by a selected group of biomolecules to
form a molecular corona essentially consisting in a layer of
adsorbed proteins that represent the main biomolecular com-
ponents of that fluid. Is this protein corona what the external
biological environment actually “sees” when interacting with
a suspended nanoparticle. As will be discussed below, this
process leads to the formation of a near-monolayer of biomol-
ecules, usually termed “hard” corona, which tightly, yet revers-
ibly, binds to the nanoparticle surface. In addition, an exchange-
able layer of biomolecules is formed as an outer shell over the
hard corona; this process is more dynamic and reversible and
this is the reason why it is called “soft” corona.'>1® Interest-
ingly, from several specific analyses, it has been observed that
only few molecules available in biological medium are found in
the hard corona and they hardly correspond to the most abun-
dant proteins in plasma. It is worth emphasizing that the pro-
tein corona is not only relevant in passive cellular adhesion and
internalization (passive targeting), but is also relevant when
antibodies or target molecules are immobilized on the nano-
particle surface with the aim of achieving a targeting action
directed toward a selected molecular receptor (active targeting).
In these cases, the corona may affect these specific interactions
much more thoroughly than expected.'”! For this reason, the
surface modification with “bioinvisible” polymeric moieties
(e.g., pegylation) is often required to reduce the formation of
nonspecific bindings of biomolecules,'® thus making more rel-
evant the role played by the active targeting component.

1.2. Designing the Nanoparticle “Framework”: A Progressive
Evolution

Outcomes from studies of nano-bio interface have largely
influenced nanomaterials design for biomedical applications.
To date, three generations of nanoparticles can be recognized,
which have been engineered to this purpose (Figure 1). The
first generation is represented by nanomaterials functionalized
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through basic surface chemistries to assess biocompatibility,
enhance cellular uptake, and reduce toxicity. The second gen-
eration is focused on nanomaterials with optimized surface
boundaries that improve stability and targeting in biological sys-
tems.1%-2%1 These studies were characterized by two important
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Figure 1. The evolution of nanomaterials and their biological challenges.

tasks: “stealthiness” and active targeting. The aim of developing
“stealth” nanoparticles is to maximize blood circulation half-
life to enhance the continuous delivery of nanoparticles into
the target tissue via a leaky vasculature, exploiting the so-called
tumor “enhanced permeability and retention” (EPR) effect. To
gain this goal, chemistry has been evolved by adding an amphi-
philic polymer coating capable of minimizing nonspecific inter-
actions, such as polyethylene glycol (PEG), to the nanoparticle
surface. In this context, the overall PEG chain length and its
density on the surface strongly affect the nanoparticle stability
over time.["¥ In addition, the main advantage of having a ligand
bound to a nanoparticle, as opposed to the free molecule in
solution, is that the nanoparticle surface creates a region of
highly concentrated ligands, which is generally associated to an
increase in the avidity for the membrane receptor resulting in
clustering effects at the cell surface.2¥

The third generation of nanomaterials, defined “envi-
ronment-responsive,” is in continuous evolution. These
dynamic nanoparticles take advantage of a combination of
physical, chemical, and biological properties, either deriving
from intrinsic features or arising from the interaction of the
nanoparticles with a specific environment they are in con-
tact with, in order to maximize their effect into targeted sub-
cellular compartments.[>2 Cellular delivery based on these
more sophisticated nanomaterials remains a great challenge
in the design of effective nanodrugs, while an understanding
of how cells traffic their constituents to the appropriate place
inside or outside the cell could provide valuable information
to improve the targeting efficiency and to reduce the toxicity
of the system.

Based on the above considerations, in this review we wish
to provide a general overlook on the interaction processes at
the nano-bio interface that mediate cellular internalization
routes of nanoparticles and on their relevant outcomes. Next,
we will describe recent advances in developing strategies for
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nanoparticle  sub-cellular targeting and
delivery. Finally, we aim to shed a light on
the future developments and long-term
implications of these findings. This overview
would enable researchers to restructure the
assembly of composite nanovectors that is
expected to afford the highest possible spe-
cific efficiency in targeted delivery of drugs
and diagnostic agents.

2. Interactions of Nanoparticles
with Mammalian Cells

2.1. Delivery Through the Cellular Membrane

At the cellular level, there are several bio-
logical barriers that nanoparticles must face
to reach their destination: cell membrane
is the first. Indeed, the hydrophobic nature
of plasma membrane lipid bilayer prevents
the diffusion of polar complexes larger than
1 kDa.””] Conveniently, nanoparticles are on the same size
order of large proteins and of typical cellular and extracellular
components, so that they can efficiently penetrate living cells by
exploiting the ordinary cellular endocytic mechanisms.

Although small and positively charged nanoparticles can
enter cells by passive diffusion through the plasma mem-
brane,?l most of them are internalized by active processes,
which could be subdivided into two broad categories: phago-
cytosis (or “cell eating”) and pinocytosis (or “cell drinking”).
Phagocytosis is conducted by specialized cells, including mac-
rophages, monocytes, and neutrophils, whereas pinocytosis is
more general and may occur in all cell types by at least four
basic mechanisms: macropinocytosis, clathrin-mediated endo-
cytosis (CME), caveolae-mediated endocytosis, and clathrin- and
caveolae-independent endocytosis. Clathrin is a coat-protein
exploited by the cell to assist the formation of endocitic vesicles
to safely transport selected molecules within and between the
cells, whereas caveolae are caveolin-1-enriched invaginations of
the plasma membrane that form a 50-100 nm subdomain of
lipid rafts. All of these processes have been already reviewed in
detail (Figure 2).(2930)

Obviously, the pathway of entry is a crucial factor in ori-
enting the subcellular trafficking and thereby the fate of a nano-
material. 3! Different inhibitors capable of interfering with the
nanoparticle uptake can be used to study which pathways are
preferentially chosen by the cell to internalize a certain nano-
particle. Example of such inhibitors include sucrose, which
alters clathrin-mediated endocytosis, chlorpromazine, which
disrupts the clathrin-coated pits, nystatin, which inhibits lipid-
raft-dependent endocytosis, and dynasor, which interferes with
dynamin-mediated pathways.[32-33]

In recent years, great efforts have been spent to clarify the
mechanisms behind cell-nanoparticle interactions. In order
to try to elucidate the transport pathway of nanoparticles
in epithelial cells, He et al. studied endocytosis, exocytosis,
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Figure 2. Cellular internalization models: A) phagocytosis; B) macropinocytosis; C) clathrin-mediated endocytosis; D) caveolae-mediated endocytosis;

E) clathrin-independent and caveolin-independent endocytosis.

and transcytosis processes using MDCK epithelial cells and
unmodified poly(lactide-co-glycolide) (PLGA) nanoparticles.
By means of various endocytosis inhibitors, the authors dem-
onstrated that nanoparticles could be endocytosed via multiple
pathways involving both lipid raft and clathrin mechanisms,
but not macropinocytosis.l*¥l Binding and uptake of the same
PLGA nanoparticles in Caco-2 cells proved to be either energy-
dependent or independent and nanoparticles underwent mul-
tiple pathways including clathrin-mediated uptake, lipid raft/
caveolae-mediated endocytosis, and macropinocytosis, thus dis-
playing nonspecific endocytosis routes.?¥

However, the use of targeting functionalities introduced in
the nanoconstruct usually affects the internalization route. In
a recent study, Huang et al. described the interaction between
tumor cells and selenium (Se) nanoparticles functionalized
with transferrin (Tf) as a targeting ligand. Tf significantly
enhanced the cellular uptake of drug-loaded Se nanoparticles
through clathrin-mediated and dynamin-dependent lipid-raft-
mediated endocytosis in cancer cells over-expressing Tf recep-
tors, concomitantly increasing their selectivity toward cancer
cells compared with normal cells.?

In accordance with the cellular equilibrium principles, as any
type of molecules, nanoparticles can enter and distribute within
cells by energy-dependent pathways.>>37 At the interface
between nanomaterials and biological systems, nanoparticle
uptake depends from several factors related to the nanoparticle
properties, including size, shape, surface charge, and coating.
Actually, size is a hot topic because a common predominant
point of view about what dimension promotes cellular uptake
is missing. However, it should be discussed that some types of
nanoparticles that, due to their size, can cross the membrane in
a receptor-mediated way under normal conditions, in a biolog-
ical environment can be subjected to destabilizing forces and be
endocytosed by the cells as aggregates.[®3% The effect of shape
on cellular uptake is principally due to two different causes:
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1) the specific functional groups protruding from the nanopar-
ticle with directionalities that are affected by the surface geom-
etry and 2) different surface geometries often lead to dissimilar
uptake profiles, which may be due to the orientation of the
nanoparticle at the cellular interface.*”) The resulting variety
of endocytic pathways can induce in turn different options to
process the nanoparticles by the cell, usually dependent on the
cell type and phenotype. For example, rod shape causes a lower
uptake compared to spherical nanoparticles because the nano-
particle wrapping by the membrane requires a far longer pro-
cess in the case of elongated shape.*!! Finally, surface coating
has a significant impact on nanomaterials translocation into
cells especially in terms of charge. Verma et al. propose a model
in which nanoparticles coated with amphiphilic molecules in
an ordered ribbon-like alternating arrangement should be able
to penetrate the cell membrane, whereas nanoparticles bearing
molecules presented in a random arrangement are taken up by
the endocytosis pathway.*l In a simplified model, due to the
negative charge of phospholipids bilayer, nanoparticles with
a surface charge of the same sign of the membrane basically
present no contact, nanoparticles with a neutral surface show
a minimal interaction with cells, while strong interaction is
achieved using positively charged nanoparticles.)] However,
further complexity originates from the patchiness and het-
erogeneity of the cell membrane,*! which is a 6-nm-thick soft
interface consisting of a lipid bilayer incorporating variable
distributions of proteins, lipids, and glycosylated architectures
often containing portions on the extracellular side exploited by
the cell to communicate with the external environment.% Sev-
eral cell features can affect the nanoparticle process of uptake.
One such feature is the cell-type: uptake differences between
polarized and non-polarized cells were recovered, caused by the
respective different endocytic properties of their apical and baso-
lateral side. In fact, while in non-polarized cells nanoparticles
are mainly internalized via macropinocitosis, in polarized cells,
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the same nanoparticles can be incorporated
both by macropinocitosis and clathrin-medi-
ated endocytosis.[*>*] Nanoparticle entry is
also dependent on the contingent state of the
cell. For example, cells can be closely packed
in a compact barrier rather than isolated or
fluctuating in a medium. Also relevant is
how old are cells and in which phase of the
cell cycle they are,*? because, in each phase,
protein and lipid expression can change sig-
nificantly resulting in a dramatic alteration
of the membrane structure and thus of nano-
particle interaction.

2.2. Influence of Protein Adsorption on the
Biological Identity of Nanomaterials

The above arguments suggest that the inter-
action between nanomaterials and cells is
of fundamental importance to understand
and predict the fate of a composite hybrid
nanoconstruct in a biological system. We
mentioned that physicochemical properties
of nanoparticles, as well as surface chem-
istry and functionalization, play a pivotal
role in determining the modification of the
physiology of interacting cells.?® Indeed,
they can affect uptake (amount, ratio and
mechanism), transportation (accumulation, localization and
exclusion), and cytotoxicity (necrosis, apoptosis and reduced
cell proliferation). This section is dedicated to discuss how
the biological identity of a nanoparticle determines the physi-
ological response, including signaling, kinetics, transport and
accumulation.*’]

As soon as a nanomaterial is introduced into a biological
environment, proteins and other molecules from that media
rapidly adsorb on its surface forming a biomolecular layer,
essentially consisting of proteins.'>'®l This phenomenon,
mostly referred to as “protein corona,” alters the size and inter-
facial composition of that nanomaterial, giving it a biological
identity that is distinct from its originally intended structure
(Figure 3).

The structure of the protein corona is described by five
parameters: i) thickness and density, ii) identity and quan-
tity, iii) arrangement, orientation, iv) conformation, and
v) affinity. Altogether, these parameters define the interac-
tion of a nanomaterial within a specific biological environ-
ment. The thickness and density of the corona determine
the overall size of the nanomaterial while the identity and
number of adsorbed proteins affects the array of possible bio-
logical interactions according to their binding strengths. The
orientation determines the accessibility of potential binding
and/or catalytic domains, while protein conformation influ-
ences the activity of a protein and its interaction with other
molecules. Finally, protein affinity to the nanomaterial sur-
face regulates whether it adsorbs, remains bound, or dissoci-
ates during biophysical interactions or translocation to a new
biological compartment.

elimination.
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Figure 3. The formation of a protein corona occurs when a nanomaterial is soaked into a physi-
ological environment. Biomolecules with high affinity (green) and low affinity (red) form a thin
layer of molecules on the nanomaterial surface, which can be tightly bound (“hard” corona)
and/or reversibly adsorbed (“soft” corona), or both. The formation of the protein corona is
one of the key factors managing the cellular response in terms of uptake, accumulation, and

The mechanism of protein absorption is mostly regulated by
changes in Gibbs free energy:

AGads = AI'Iads —TAGads <0 (1)
where AG,q,, AH,q, and AS,4 are free energy, enthalpy, and
entropy, respectively, during adsorption, and T is the tem-
perature. There are a number of interactions that contribute
to favorable changes in enthalpy (AH,s < 0), or entropy
(AS,4s > 0), including the formation of covalent and noncova-
lent bonds, rearrangement of interfacial water molecules, or
conformational changes in either the protein or the nanomate-
rial surface.

Protein adsorption does not necessarily involve direct inter-
action with the colloid surface, but may occur instead via
protein—protein interactions, which could be either specific
(complementary amino acid sequences) or nonspecific (confor-
mational changes that expose charged or hydrophobic domains
in a protein that interacts with other proteins). This highlights
the fact that biological impact might be driven both by the com-
position of the biomolecular corona and by distortions con-
ferred to the conformation of the proteins following adsorption
on the nanoparticles. One example where the mechanism has
been disclosed involves nanoparticle-induced protein unfolding
leading to initiation of the nuclear factor-xB (NF-kB) pathway
and inflammation.®!

Several recent works suggest that adsorbed proteins are not
uniformly bound to the nanoparticle surface and the strength
of the interaction is dependent on the protein affinity toward
that material.**°% Specifically, molecules adsorbed with high
affinity form the “hard” corona, consisting of tightly bound
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proteins that do not easily desorb, while molecules adsorbed
with low affinity assemble the “soft” corona, consisting of
loosely bound proteins. The general hypothesis defines that
the hard corona binds directly with the nanoparticle surface,
whereas the soft corona interacts preferentially with the hard
corona via weak protein—protein interactions. Moreover, the
corona probably consists of multiple layers: since most of
plasma proteins have very small hydrodynamic size (range
3-15 nm), the average corona usually detected on nanoparticles
is too thick to be accounted for by a single layer of adsorbed
proteins.[1>>1]

At present, we can understand the complex role of the pro-
tein corona at the cellular level and we have means to investi-
gate its possible outcomes when using nanomaterials in vivo.
As a result, it has been suggested that the biological identity of
a nanoparticle actually determines its interactions with biomol-
ecules and biological barriers in a physiological environment.
For example, there is a strong positive correlation between the
plasma protein binding capacity of a nanomaterial and the rate
at which it is taken up by cells in vitro.”? As a consequence,
in vivo, nanoparticles that readily capture plasma proteins
tend to interact strongly with tissue-resident macrophages of
the reticuloendothelial system (RES), leading to a rapid blood
clearance,[* whereas, in vitro, are often associated with cellular
toxicity to some extent.”* In addition, a set of plasma proteins
called opsonins promotes the phagocytosis of nanomaterials by
macrophages. Adsorption of the major plasma opsonin IgG
enhances the recognition and uptake of a number of nano-
particles by macrophages both in vitro and in vivo. In a recent
work, it has been demonstrated that the interaction of adsorbed
IgGs with CD64 (a high affinity IgG-Fc receptor) initiates the
phagocytosis of carboxyl- and amino-functionalized polystyrene
nanoparticles by human macrophages.

In certain cases, adsorbed plasma proteins do not act exclu-
sively as opsonins. Cell uptake can occur in the absence of
plasma proteins: this process, often referred to as “serum-
independent uptake,” presumably results from direct recogni-
tion of the nanoparticle surface by cell-membrane receptors.
Serum-independent cell uptake is typically observed in vitro
using serum-free cell cultures. For instance, knocking down the
expression of scavenger receptor A in RAW 264.7 cells signifi-
cantly lowers the uptake of anionic silica nanoparticles.>!

In a recent study,P’! the protein corona of lipid nanoparticles
was investigated and the most enriched constituents were iden-
tified to be apolipoproteins (Apo A-I, Apo C-II, Apo D, and
Apo E).P As the total apolipoprotein con-
tent is relevant, nanoparticles with protein
corona exhibit a propensity to target PC3
prostate carcinoma cell line that expresses
high levels of scavenger receptor class B type
1 receptor, which mediates the bidirectional
lipid transfer between low-density lipopro-
teins, high-density lipoproteins, and cells,
thus enhancing the total amount of nano-
particles inside the cell. By contrast, the pres-
ence of serum can dramatically reduce the
efficiency of cell uptake. For instance, uptake
of oxidized silicon microparticles by human

umbelical vein endothelial cells (HUVEC) in  B) electroporation.
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serum is remarkably lower than in a serum-free medium.F’!
A possible strategy to overcome the effect of serum protein
adsorption on cellular uptake, in this case, may reside in intro-
ducing targeting ligands onto the nanoparticle surface. These
molecules enhance the specific cellular uptake concomitantly
reducing nonspecific binding of proteins from the environ-
ment. However, in the presence of a biological milieu, it is likely
that the interface they form with their biological target is much
more complex than predicted, which may roughly explain
the partial lack of success that sometimes occurs in targeting
strategies.[!”]

Despite much progress has been made toward a compre-
hensive knowledge of biomolecular corona, several key prob-
lems still remain that need to be addressed. The macroscopic
composition of molecules that form the hard corona could be
investigated with a combination of complementary techniques,
including: i) dynamic light scattering (DLS), differential centri-
fuge sedimentation (DCS), and size exclusion chromatography
(SEC) to assess the shell thickness; ii) colorimetric assays to
argue the protein density; iii) poly(acrilamide) gel electropho-
resis (PAGE), liquid chromatography/mass spectroscopy (LC/
MS) to determine the protein identity; iv) circular dichroism
(CD) and computational simulations to predict the average pro-
tein conformation; v) surface plasmon resonance (SPR) and
isothermal titration calorimetry (ITC) to quantify the affinity
toward specific receptors. However, to fully understand the
complex relationships between the properties of the corona and
the biology of nanoparticles, more detailed information on the
composition, structural organization, and dynamics of these
phenomena is needed.®! A key challenge in the next future will
be to determine the structure of the hard—soft corona interface
in detail, for which researchers will require more sophisticated
technologies and methods than those used at present in the
field. All of these approaches could support the efforts to cor-
relate and even predict aspects of the biological interactions of
new materials, which are by now hidden behind a small layer
of proteins.

2.3. Electroporation

Electroporation is a physical technique based on an electrical
pulse for the active internalization of intrinsically charged
extracellular materials into the cell cytosol through a temporary
permeabilization of plasma membrane (Figure 4). This method

Figure 4. Physical methods to deliver colloidal nanoparticles inside cells: A) microinjection;
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is commonly used to transfect cells with nucleic acids, pro-
teins, and peptides,® and it has been adopted also for the con-
trolled incorporation of different kinds of nanoparticles.®¥ The
nanoparticles used for this approach should have appropriate
size, because of the small pores generated, and good dispersion
and stability in cell culture media to prevent the formation of
aggregates.

Electroporation allows for a specific delivery in adherent and
non-adherent cells and it is highly reproducible compared to
other passive-targeting techniques, but it suffers from inability
to tailor a specific cell type. In addition, it is not amenable for
in vivo targeting and is used only in in vitro experiments with
cells. Nanoparticles that are not able to cross the cell membrane
can be internalized into the cellular cytosol with electroporation
in a controlled and highly reproducible manner, which enables
sensing and imaging of cell parameters. In a recent example,
electroporation was exploited for the fast delivery of silver
nanoparticles (AgNPs) into living cells for use as an intracel-
lular signal amplification device for surface-enhanced Raman
spectroscopy (SERS).[°12 Unfortunately, as well as other active
delivery approaches, the cell physical manipulation is highly
invasive and often results in compromising the cellular via-
bility.%! Pack et al. showed that the diffusion and brightness
of standard silica nanoparticles in solution were not affected by
the electrical discharge necessary for electroporation and inves-
tigated their distribution in cell compartments after passive
uptake following electroporation.[6

Electroporation is recommended for tagging cells or bacteria
with nanoparticles when much higher loading efficiency is
requested than it can be achieved by standard incubation. A typ-
ical example is the case in which high concentrations of incor-
porated nanoparticles as signal emitters are required to track
labeled cells in vivo.[°>-%7] Exploiting photoluminescent or mag-
netic properties of QDs and IONPs, respectively, it is possible
to monitor the fate of transplanted cells, their targeting to solid
tumors and to localize metastases. In addition, magnetic nano-
particles can be further utilized as mediators to modulate the
cell membrane electroporation induced by an applied current,
for cell tracking under various imaging modalities, and for facil-
itated drug delivery.®® The optimal condition to obtain a suitable
level of poration efficiency maintaining good cell viability should
be carefully adjusted depending on cell types and nanoparticle
size. Moreover, Lee et al. investigated the effect of nanoparticle
polarity on gene transfection in Hela cells: this study suggested
that anionic nanoparticles were more efficient as genetic mate-
rial transporters compared to the cationic ones.[*”!

2.4. Microinjection

Microinjection is an alternative physical technique that allows
nanoparticles to be injected directly inside the cytoplasm of the
cells, without any residence time in the culturing medium. This
novel approach avoids any possible effect related to receptor-
mediated endocytosis. The interaction between cells and bare
nanoparticles is straightforward and their access is consistent
(Figure 4). In this way, the overall cellular response is not
affected by the presence of proteins bound to the nanoparticles
prior to the uptake. It is possible to deliver very small sample
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volumes using a fine-tipped glass micro-capillary, thus guiding
the cellular targeting with a fluorescent microscope. Microin-
jection enables nanoparticle delivery to the interior of the cell
in a monodisperse form and it is the only technique that allows
the target cell to be directly visualized first. On the other hand,
it requires each cell to be individually selected, manipulated,
and then injected. Thus, not all cells in a field of view will be
successfully microinjected due to physical constraints, so it
requires a well-trained operator. Moreover, microinjection is a
very efficient technique but is also very expensive.

In a first seminal work, Dubertret et al. used QDs to revolu-
tionize biological imaging: they injected into Xenopus embryos
these fluorescent nanocrystals coated with a phospholipid
block-copolymer to follow different evolutionary stages in
embryogenesis.”? With this study, they demonstrated that QDs
microinjected into cells allow fluorescence-based in vitro and in
vivo studies. Candeloro et al. microinjected Ag and Fe;O, nano-
particles inside Hela cells.l”!] The aim of this work was to inves-
tigate the cytotoxic effects due to the interaction of nanoparticles
with cells and the authors observed that microinjection allows
that the effects observed were only due to the nanoparticles
themselves and not to the solvents or the technique used. In
fact, they put in evidence a different behavior of the cells treated
with nanoparticles in comparison with the control cells. This is
supposed to be generated by an emerging oxidative stress due
to the nanoparticles. Derfus et al. also used microinjection as a
means of introducing QDs into the cytoplasm.’? The authors
used this technique to see a subcellular localization of QDs.
QDs were endowed with an inert coating of PEG: in one case, a
nuclear localization signal (NLS) peptide was added, in another
case, a mitochondria localization sequence (MLS) peptide was
used in place of NLS. The use of peptide localization sequences
and PEG coating combined with microinjection allowed the
delivery and subcellular localization of QDs in living cells.
Medintz et al. used cellular microinjection of QD-fluorescent
protein assemblies as an alternative strategy for intracellular
delivery that could bypass the endocytic pathway.”3! QDs func-
tionalized with two different peptides were injected directly into
COS-1 cells and this study demonstrated that cellular uptake is
favored by the presence of cell-penetrating peptides within the
QD-protein conjugates. Muro et al. investigated the intracel-
lular stability and targeting of QDs that present three different
surface chemistries using microinjection, electroporation, and
pinocytosis to deliver them into the cytoplasm.”# In particular,
QDs endowed with different surface chemistries were injected
into Xenopus laevis embryos and their behavior was observed for
a prolonged time. The authors concluded that the QD intracel-
lular aggregation behavior is strongly dependent on the surface
chemistry in all the delivery methods they used.

3. Delivering Nanoparticles to Selected Cellular
Compartments

3.1. Targeting the Cellular Membrane

The interaction between nanobioconjugates and the cellular
membrane starts with the particle adhesion to a cell-surface
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Figure 5. Properties of nanoparticles in correspondence of the cellular membrane: A) size-effect; B) multivalency effect; C) surface curvature effect;

D) multibranched affinity ligand.

lipid bilayer or with a recognition event between a biomolecule
exposed from the nanoparticle surface and a target receptors or
a specific protein on the cell. Nanoparticle contact and mem-
brane wrapping are dependent on different factors, such as
the nanoparticle size and shape, the density and distribution
of ligands on the nanoparticle surface. It has been established
that particle adherence requires specific or nonspecific binding
interactions to overcome the resistive forces that hinder par-
ticle uptake.?l On the other hand, the “wrapping time” by
membrane is determined by the particle size and shape,
rate of receptor diffusion and elasticity of the cell membrane
(Figure 5).00

One of the most commonly used approaches to target the
cellular membrane is based on the bio-recognition between
a receptor and antibody-bound nanoparticles.?*”>~771 Impor-
tantly, the nanoconjugation was shown to affect both the
mechanism of internalization and distribution inside the cell
and the rate of endocytosis in a cell line characterized by a dif-
ferential expression of a receptor.’® For example, it was found
that gold nanoparticles conjugated with cetuximab were able to
promote faster endocytosis of epidermal growth factor receptor
(EGFR) compared to unconjugated antibody, due to enhanced
clustering of EGFR induced by nanoconjugation. Moreover, it
should be noticed that ligand tailoring on the nanoparticle sur-
face by conjugating different amounts of antibody did not affect
significantly the endocytosis pattern.’” Interestingly, the com-
bination of two different antibodies, that is, farletuzumab and
cetuximab, conjugated to AuNPs, drastically improved targeting
efficiency of cancer cells expressing both folate receptor o and
EGFR via dual targeting.””! To further understand the poten-
tial of nanoconjugation in improving the targeting efficiency
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of specific molecular scaffolds, the selective targeting by using
nanoparticles engaging two distinct receptors expressed in the
same cell, namely androgen receptor and a novel G-protein cou-
pled receptor, was shown to facilitate cell death in treatment-
resistant cancer at nanomolar nanoparticle concentrations. Anti-
androgen AuNPs were found to bind androgen receptor with 5
to 11 times higher affinity compared with free anti-androgen
antibody and to bind androgen receptor with affinity superior
to endogenous androgens, providing opportunities for further
increased treatment efficacy via drug co-conjugation.B? Kim
et al. have developed a nanoprobe for multimodal simultaneous
targeting of three different proteins: nucleolin, integrin o f3;,
and tenascin-C. The nanoprobe, consisting of a cobalt ferrite
core coated with a silica shell containing Rhodamine B isothio-
cyanate, was conjugated with AS1411 and TTA1 aptamers, as
well as RGD peptide. Five different cancer cell lines, including
C6 (brain tumor), NPA (thyroid papillary cancer), DU145 (pros-
tate cancer), Hela (cervical cancer), and A549 (non-small lung
carcinoma), and two normal cell lines, including CHO (Chi-
nese hamster ovary cell) and L132 (epithelial lung cell), were
tested. Compared with the single cancer probe, the multitarget
nanoprobe showed dramatically enhanced cancer targeting effi-
ciency in all five cancer cell lines, whereas none of the multi-
target conjugates demonstrated detectable fluorescence inten-
sity in the normal healthy cells, and there was no significant
difference in fluorescence when compared with single target
probes, demonstrating the specificity of each of the multi-target
conjugates. These findings demonstrate that the multi-target
cancer probe with additional aptamers or other novel sets of
cancer probes can be used to diagnose a variety of cancers as a
master probe. 8%
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The presence of a targeting ligand is not always necessary
for cellular labeling, as it was shown by Yan and co-workers.
Having screened 474 clinical specimens from patients with
nine types of cancer, the researchers established that mag-
netoferritin (M-HFn) nanoparticles generated by encapsu-
lating IONPs inside a HFn shell were able to target transferrin
receptor 1 (TfR1) without any additional recognition ligands
on their surface, with high sensitivity (98%) and specificity
(95%).I81

An interesting alternative strategy for cell membrane tar-
geting was proposed by Stephan et al., in which liposome-like
nanoparticles were directly bound to the plasma membrane of
T cells, taking advantage from the fact that most cells have high
levels of reduced thiol groups on their surfaces. The particles
with a drug-loaded core and a phospholipid surface layer with
exposed thiol-reactive maleimide headgroups were incubated
with the cells to allow maleimide-thiol coupling, followed by
in situ conjugation to thiol-terminated polyethylene glycol to
quench residual reactive groups of the particles. The authors
found that such a targeting did not induce toxicity or affect
intrinsic cell functions. The particles followed the characteristic
in vivo migration patterns of their cellular vehicles, endowing
their carrier cells with substantially enhanced function using
low drug doses that, by contrast, exhibited no effect when
administered by traditional systemic routes.®?

Another kind of molecules able to interact with the cellular
membrane via cationic groups, bringing about direct cellular
entry due to so-called “proton sponge effect,” is such polymers
as polyethyleneimine (PEI) and polyamidoamine.[8384 A careful
control of the cationic density created by the polymers should
be due in this case, as these interactions may compromise the
cell membrane integrity, potentially leading to hole formation,
membrane thinning or erosion and, thereby, cytotoxicity.®!
Nel et al. have found that the cytotoxicity can be significantly
reduced or even prevented by using shorter length polymers for
nanoparticle fabrication.® By contrast, conjugation of PEI with
a targeting molecule such as folic acid allowed for the efficient
receptor targeting and cellular uptake of nanoparticles into spe-
cific cancer cells.[8¢

Hydrophobicity and roughness also have a great influence on
the interaction of nanoparticles with cellular membrane. Nano-
particles that are more hydrophobic than the surface mem-
brane are more readily engulfed than their less-hydrophobic
counterparts. Moreover, the number of contact sites between
membrane and particle surface play an important role in nan-
oparticle wrapping. Therefore, such parameters as radius of
curvature and ligand density influence the particle-membrane
interaction.®”#% Chan et al. thoroughly studied the efficiency
of ErbB2 tyrosine kinase receptor targeting and cellular uptake
efficiency using AuNPs and AgNPs, in 2-100 nm range, con-
jugated with Herceptin (Her).B® The authors found the inter-
nalization of Her-GNPs to be highly dependent on size, with
the most efficient uptake occurring within the 25-50 nm size
range. Due to their inability to promote multivalent binding,
smaller nanoparticles dissociate from the receptors before being
engulfed by the membrane owing to a low-binding avidity. In
contrast, extremely large nanoparticles possess a much higher
antibody density on the particle surface, which, in turn, requires
the involvement of more distant receptors causing a reduction
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of membrane wrapping necessary for nanoparticle internaliza-
tion.[®8 On the other hand, Johnson and co-workers have found
a dependence of cellular uptake into EGFR* A431 cancer cells
on surface tailoring of nanoparticles, where the number of
Clone 225 antibodies bound to gold coated iron oxide nanoroses
was varied from 1 to 74, corresponding to either submonolayer
or multilayer coverage. The nanoroses conjugated with 54 anti-
bodies were found to show the most efficient cellular uptake
(about 7000 nanoparticles per cell), compared to a much lower
cellular uptake of spherical AuNPs, conjugated by the same
protocol. The small overall hydrodynamic diameter, the high
antibody density on the surface, and the orientation of the anti-
bodies with respect to each other which is influenced by high
local surface curvature do bring about, in turn, to the high cell
uptake by antibody conjugated nanoroses.®’]

Finally, the structure of targeting molecules and their valence
also greatly contribute to the effectiveness of cellular targeting.
In contrast to using low-affinity ligands for nanoparticle con-
jugation, the use of multivalent ligands can lead to enhanced
affinities, engaging numerous receptors simultaneously to
provide enhanced interactions. For example, Brown et al. have
found how to improve the affinity of nanoparticles to a lung
cancer cell line using liposomes conjugated with a H2009.1
tetrameric peptide: nanoparticles displaying this multivalent
tetrameric peptide exhibited 5-10-fold higher delivery efficiency
compared to liposomes displaying the lower affinity mono-
meric H2009.1 peptide, even when the same number of pep-
tide subunits are displayed on the liposome.[*"]

3.2. Cytosolic Delivery

Nowadays, the identification of more effective strategies for a
low toxic drug administration remains the main challenge in
pharmacology and clinical practice.”!l Therefore, increasing
efforts are made to design and synthesize nanostructures able
to efficiently deliver drugs to target tissues and to penetrate into
the cellular environment.”?! Before entering the cell, a nanopar-
ticle has to cross the cell membrane. As mentioned previously,
there are different strategies to overcome cell membrane barrier
in order to deliver nanoparticles directly inside the cytoplasm
avoiding the classical endocytotic pathway, including microin-
jection and electroporation. An additional approach exploits
a passive diffusion through the phospholipid bilayer, which
is usually achieved using cell-penetrating peptides (CPPs).?!
CPPs present a great variety in terms of amino acid composi-
tion and 3D structure, with examples of cationic, anionic, and
neutral sequences showing variable degrees of hydrophobicity
and polarity. Over a hundred CPPs have been discovered so
far, mostly bearing a net positive charge. Several peptides act
as CPPs, including the transactivator of transcription (TAT
peptide), an 11-amino-acid peptide of the HIV-1 TAT protein
(YGRKKRRQRRR), the transcription factor from Antenna-
pedia, and the VP22 protein from Herpes Simplex Virus 90. It
was demonstrated that the amino acidic regions responsible for
penetration in the cellular environment are either amphipathic
sequences or arginine-containing stretches of 30 amino acids.[*?!
On the other hand, the peptide secondary structure is of
crucial importance for cell-penetration. Peptides conformation
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can significantly change depending on whether they are free
in solution, near the membrane interface, inside the mem-
brane, or bound to a vehicle, thus affecting the mode of uptake.
Finally, the heterogeneity of the cell membrane, including lipid
composition, density, and dynamics, depends on different fac-
tors, such as the cell type, the specific region of the membrane,
and a variety of signaling pathways. This results in different
levels and modes of uptake depending on the conditions of
each individual experiment.[*l

Endocytosis and direct translocation through the cellular
membrane are the major mechanisms used by CPPs to gain
entry into the cell. Endocytosis pathway has been reported
above, therefore, we will stress here the non-endocytic (i.e.,
energy independent) pathway. This may include different
mechanisms that have been described, including inverted
micelle formation, pore formation, the carpet-like model, and
the membrane thinning model. The first stage in all of these
mechanisms includes an interaction of the positively charged
CPP with negatively charged components of membrane (hep-
aran sulfate and phospholipid bilayer), which occurs involving
stable or transient destabilization of the membrane associated
with folding of the peptide on the lipid membrane. The inter-
action between hydrophobic residues, such as tryptophan, and
the hydrophobic part of the membrane was shown to take part
in the “inverted micelle” mechanism. The translocation via
pore formation is explained by two alternative models: 1) the
barrel stave model, possible for helical CPPs, suggesting a for-
mation of a barrel by which hydrophobic residues are close to
the lipid chains, and hydrophilic residues form the central pore;
2) the toroidal model, suggesting the lipids bending in a way
to ensure CPP proximity to the headgroup: in this way, both
CPP and lipids form a pore. Finally, in the carpet-like model
and in the membrane thinning model, interactions between
negatively charged phospholipid and cationic CPPs result in a
carpeting and thinning of the membrane, respectively, facili-
tating the peptide translocation. Whatever the mechanism actu-
ally involved, one should take in mind that the translocation of
the CPP is achieved when CPP concentration is above a certain
concentration threshold.[%]

Gold nanospheres conjugated with 17-amino acid o-helix
peptides (P-GNS) show a different cell-penetrability upon
changing just one amino acid in the peptide sequence. More-
over, the cytotoxic activity of an anti-cancer drug doxorubicin
(DOX) conjugated to the P-GNS may strongly depend on the
peptide sequence and penetrating capability.”® Pegylated PLGA
nanoparticles modified with poly(arginine) enantiomers were
found to exhibit significantly increased cellular uptake and
transportation of insulin, thus improving the intestinal absorp-
tion of that protein.l’] Nanoparticles unable to cross the cellular
membrane are internalized by endocytosis mechanisms but
remain entrapped inside the endosomal-lysosomal compart-
ments, the main intracellular barrier that nanoparticles have
to overcome to diffuse into the cytosol.”®! However, it is widely
accepted that an endocytosis process is involved in internaliza-
tion of CPPs and CPP-conjugates, including CPP-nanoparticle
conjugates, probably due to their large dimensions. Although
the detailed mechanism of entry has not been fully elucidated,
it is recognized that is dependent on CPP sequence, cell-type,
size, shape, and charge of cargo moieties.”? Despite continuous
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improvements in direct membrane translocation of CPPs and
their cargoes, endosomal entrapment remains a major limita-
tion to CPP-mediated cytoplasmic delivery.’”? An important
step forward in the cytosolic delivery of CPP-functionalized
nanoparticles has been done by Delehanty and co-workers, who
have developed a peptide sequence (JB829-JB826) that stimu-
lates the initial endocytosis of peptide-QDs and then causes the
QDs release to the cytosol within 48 h.[9%100]

In the following, we describe a few strategies that have been
explored to enhance nanoparticle endosomal escape. The first
approach is based on a mechanism involving the formation
of a cationic ion pair, which was originally proposed by Xu
et al. to facilitate endosomal escape of nucleic acids.°!] Endo-
some was destabilized by ion pair formation between cationic
lipids and anionic lipids within the endosome membrane.'%?]
Liposomes are the main example of nanoparticles able to
escape from endosomes by this mechanism.!%l However,
pegylation, adopted to improve the systemic delivery, inhibited
ion-pair formation.'% Thus, liposome-polycation-DNA (LPD)
nanoparticles coated with a sheddable PEG were developed.
PEG was arranged in the brush mode on the nanoparticle sur-
face to protect the nanoparticle from the reticulo-endothelial
system (RES) for an initial period of time and to favor the pen-
etration into the tumor by EPR effect. After tumor penetration,
nanoparticles were internalized by a ligand-induced endocy-
tosis process, the shedding of PEG from LPD nanoparticles
occurred by exposing the positive charges of the nanoparticles
and allowing the charge—charge interaction with the endosomal
membrane, which resulted in membrane fusion and endo-
somal escape.[10>106]

Successful escape of nanoparticles from endosome and
release of the payload into the cytoplasm is usually obtained by
the so-called “proton-sponge” effect (Figure 6).°%! pH-buffering
agents are widely exploited to promote cargo release, due to
the acidic nature of endosomal-lysosomal vesicles. Macromol-
ecules with low pK, amine groups, such as poly(ethyleneimine)
(PEI), chitosan, poly(t-lysine) (PLL), poly(allylamine),
poly(amidoamine) (PAMAM), dendrimers, and some cationic
lipids, promote a proton-sponge effect under acidic condi-
tions.[1-1%] Nanoparticles forming complexes with these mac-
romolecules are internalized by the cell, then endosome buff-
ering leads to the vesicle lysis, releasing the nanoparticles into
the cytosol. For example, charge-reversal copolymers could shift
their charge between positive and negative in a pH-dependent
fashion.[197:198.110] Charge conversion can occur at the endosome
or lysosome stages (pH 5.6), next these copolymers facilitate
the endosomal escape of nanoparticles enhancing the proton-
sponge aptitude.

This nanoparticle escape mechanism has been reported in
a recent work, in which PEG- and PEI-functionalized zinc(II)
phthalocyanine (ZnPc)-loaded mesoporous silica nanoparticles
(MSNs) exhibited a high escape efficiency from the lysosomes
to the cytosol due to the proton-sponge effect of PELMY How-
ever, the mechanism of the proton-sponge effect as been ques-
tioned, as it has been demonstrated that there are no changes
in lysosomal pH after PEI accumulation even in the presence
of endosomal escape.''?l Whatever the real mechanism that
determines the endosomal escape after treatment with PEI or
other similar macromolecules, this kind of strategy has a low
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Figure 6. The “proton-sponge effect”. A) Cationic particles bind with high affinity to lipid groups on the plasma membrane and are endocytosed. Once
these nanoparticles enter into a lysosomal compartment, the unsaturated amino groups are capable of sequestering protons that are supplied by
the v-ATPase (proton pump). This process keeps the pump functioning and leads to the retention of one CI~ ion and one water molecule per proton.
Subsequent lysosomal swelling and rupture leads to nanoparticle release in the cytoplasm. B) Estimation of the lysosome disruption capability of
MSNs/ZnPc, PEleMSNs/ZnPc, by confocal microscopy. Representative confocal images showing colocalization of MSNs/ZnPc and PEIeMSNs/ZnPc
(red) with late endosomes/lysosomes (green) after 24 h of exposition to nanoparticles. Scale Bar, 10 ym. Reproduced with permission.""l Copyright

2012, Elsevier Ltd.

efficiency in comparison with viral alternatives. This is prob-
ably due to the fact that an insufficient amount of nanocar-
rier actually accumulates in each endosome, thus preventing
the achievement of the necessary buffering capacity in vivo.
Moreover, cationic nanomaterials are usually associated to high
toxicity and immunogenicity, which limit their clinical imple-
mentation.l'%! One promising approach to bypass these prob-
lems resides in the development of “synthetic viruses.” These
structures are consist of elements that mimic the delivery func-
tions of viral particles and surface domains that prevent unde-
sired biological interactions and enable specific cell receptor
binding.[1!3]
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An alternative strategy to overcome endosomal accumulation
takes advantage of the use of membrane-destabilizing macro-
molecules. These compounds mimic the action of viral hemag-
glutinin, which is a pH-sensitive and membrane-destabilizing
protein that helps viral vectors to disrupt the endosome and
enter the cytoplasm.'' Hemagglutinin acts by shifting from
an ionized and hydrophilic conformation to a hydrophobic and
membrane-active conformation in response to the environment
changes from neutral to acidic, and this results in destabiliza-
tion of the endosomal wall. Several peptides and polymers that
simulate the function of hemagglutinin were synthesized. The
incorporation of membrane-destabilizing peptides is another
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strategy to utilize the low pH environment
of endosomes-lysosomes.''™ Among mem-
brane destabilizing peptides, GALA (glutamic
acid-alanine-leucine-alanine), a pH-sensitive
fusogenic peptide, is the most studied. A
multifunctional envelope nanodevice func-
tionalized with GALA and an 8-arginine tail
was developed, which led to an endosomal
release of siRNA resulting in an efficient
knockdown.!''’! Krpetic et al. reported on the
intracellular trafficking of gold nanoparticles
functionalized with Tat-peptide, showing
their ability to overcome intracellular bound-
aries: unusually, the particles were initially
found in the cytosol, in the nucleus and in
mitochondria, and later within densely filled
vesicles, from which they could be released
again via an endosomal escape mechanism
by penetration of the vesicle membrane fol-
lowed by membrane rapture.['16117]

In addition to the ability to escape from
endosomes, the ideal nanocarrier should be
capable of releasing the drug into the cyto-
plasm. The design of polymeric micelles
able to respond to the changes of intracellular environment
has represented a promising strategy. To this purpose, an effec-
tive approach has been to incorporate cleavable links into the
polymer structure, either to cause a structural change of the
delivery systems, or to direct conjugate drug molecules, which
could be released upon cleavage of the links.['18]

Intelligent macromolecules or nanoparticles for drug delivery
have been developed using acetal bond, that is the most widely
used among pH-sensitive bonds due to its rapid degradation in
endosomes.!'1123] Nanoparticles containing acetal bonds are
supposed to be degraded in endosomes, thus releasing their
cargo. Hydrolysis of acetal bond is a hydrogen-consuming reac-
tion, which also promotes cargo escape from endosome by
increasing endosomal osmotic pressure. Endosomal escape of
nanoparticles could be also achieved by stimulating membrane
lysis through a hydrophobic modification of cationic poly-
mers.[124123] Finally, membrane penetration can be promoted by
means of a phage-mimetic carrier that takes advantage of the
presentation of the scavenger receptor class B type I, a natural
membrane channel that mediates the intracellular delivery of
hydrophobic molecules,!'?l or exploiting isolated naturally pro-
duced exosomes for siRNA delivery into the cytosol.l'”]

3.3. Nuclear Preferential Transport

The nucleus is surrounded by a double membrane called
nuclear envelope (NE). The communication between the
nucleus and the cytoplasm is mediated by the nuclear pore
complexes (NPCs). NPCs are specialized channels that allow
passive diffusion of ions and small molecules (<40 kDa).
Whereas the nucleus-cytoplasmic traffic of large molecules
(>40 kDa) is regulated by specific nuclear import and export
systems, 12871321 the transport of these macromolecules
requires a signal- and energy-dependent mechanism. The
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Figure 7. Nuclear preferential transport pathway. Nanoparticles with specific NLS peptide bind
to an importin in order to achieve preferential transport inside the cell nucleus.

active transport is basically mediated by a specific molecule,
usually referred to as the nuclear localization signal (NLS),
which comprises a basic amino acid-rich short sequence. The
energy-dependent step is mediated by a heterodimer of pro-
teins called importin ¢ (Imp-c) and importin  (Imp-f). Imp-a
binds the NLS sequence, while Imp-f3 is responsible for the
increase in the affinity of Imp-a toward the NLS and medi-
ates the transfer of the cargo-Imp-a complex across the NPC.
After passing through an NPC, the cargo of Imp-a is released
inside the nucleus upon binding of the monomeric guanine
nucleotide RAs related nuclease protein Ran-GTP to Imp-f3
(Figure 7). Once the dissociation of Imp-f3 and its cargo protein
has occurred, Imp-f3 is recycled and sent back to the cytoplasm
bound to Ran-GTP. The conversion of Ran-GTP to Ran-GDP
releases the Imp-f protein that, in this form, is able to bind
new cargoes. Ran-GDP is indeed transported into the nucleus
by its own specific nuclear transporter in order to replenish its
nuclear concentration.[!3]

These NLSs are divided in classical NLSs and non-classical
sequences. Classical NLSs consist of one or two sequences of
arginine and lysine: the most frequent classical monopartite
NLS (PKKKRKV!3?) has been found in the SV40 large tumor
antigen (T-ag), while an example of bipartite NLS consisting of
two sequences of basic amino acids separated by a spacer of
10-12 residues (KRPAATKKAGQAKKKK'"?) was isolated from
the Xenopus nucleoplasmin.

It has been shown that not only NLS peptide is used for
nuclear transport, but also the HIV TAT peptide is able to
transport cargoes across both the plasma membrane and the
nuclear membrane. TAT peptide-mediated nuclear transport
has different import properties if compared to NLS. Cardarelli
et al. demonstrated that the dominant mechanism in live cells
is the passive diffusion, whereas Truant et al. demonstrated that
Imp-c is both necessary and sufficient for the nuclear translo-
cation of TAT in the absence of Imp-f3 in vitro.[13:132
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Table 1. Nuclear localization signals (NLSs) for nuclear transport and types of nanoparticles

involved.
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The second fundamental application of
nuclear targeting is to produce nanoparticles/
carriers for nuclear drug delivery. This func-

Nanoparticle type Origin of peptide Peptide sequence Refs. tion is very important because a large number
Polymeric micelles and iron oxide Monopartite PKKKRKV 142-149 of drugs exert the main cytotoxic action at
Polymeric micelles and iron oxide Nucleoplasmin NLS ~ KRPAATKKAGQAKKKK 129,150 the nucleus. Yu et al. have prOduced glyCOI
CdSe/ZnS QDs, Gold SV40 large T NLS CGGGPKKKRKVGG 138-142 Chl,tosanlzl,;nlcelles for 'dOXOI'U.bICll’l nuclear

' delivery,'?l whereas Misra et al. developed
Liposomes, Gold, QDs SV4ONLS PIKKRRY 140,151 doxorubicin-loaded PLGA nanoparticles for
Silica, Silver, CdSe/ZnS QDs TAT peptide YGRKKRRQRRR 132,137,141 this purpose.[l“] A poly(2-(pyridin-2-yldisul-

The different classes of NLSs have been attached to different
cargoes with the aim to enhance the nuclear transport and
delivery: some examples are summarized in table (Table 1).

Also the cell cycle plays an important role in nuclear tar-
geting. In non-dividing cells, vehicles must enter the nucleus
through the NPCs. By contrast, in dividing cells, the majority
of vehicles are supposed to enter the nucleus during mitosis.
In a seminal study on the dependence of the efficiency of the
delivery vehicle from the cell cycle, the highest level of transfec-
tion was obtained with cells that started in the G2 phase.[34
However, more recently, it has been demonstrated that NLS
sequence is necessary for nuclear proteins/nanoparticles reten-
tion after mitosis.[3°]

In order to enter the nucleus, nanoparticles have to cross the
NPC and, for this reason, nanoparticles and vehicles must have
specific requirements, including small size, cationic charge,
proper shape, and surface functionalization.'*®l Moreover,
they should be able to bind specific receptors on the plasma
membrane, escape endosomal and lysosomal digestion, and
help importins to cross the nuclear pore complex and to limit
toxicity.

Nuclear targeting is exploited mainly for imaging (in diag-
nostic) and drug/gene delivery (in therapy). Nanoparticles can
be effectively imaged by several techniques, including, for
instance, surface-enhanced Raman scattering (SERS) spectros-
copy, magnetic resonance imaging (MRI), and fluorescence.
The use and the choice of one of these techniques depend
on the variety of materials and on their physical and chem-
ical skills. Gold and silver nanomaterials have unique optical
properties, including the localized surface plasmon resonance
(LSPR), which are leveraged in SERS. We can find examples of
AuNPs and AgNPs functionalized with NLS or TAT for nuclear
targeting and visualization/detection in single living cell.['37-13]
The AuNP LSPR adsorption is size-dependent: when nano-
particles are smaller than 3 nm, they lose their LSPR char-
acter, but they acquire photoluminescence properties. These
kinds of nanoclusters are called gold quantum dots (GQDs),
which might be very useful in cellular imaging. For example,
by taking advantage of a combination of small size and intense
emission, GQDs were functionalized with SV40 NLS and used
for nuclear targeting and intracellular imaging.'*% More in
general, the brightness and the photostability of QDs, allow
tracing the trajectories of individual QDs in living cells, using
both confocal and internal reflection microscopes.'*!1 The bio-
functionalization of IONPs can be used to enhance the tissue
contrast in MRI. For example, Xu et al. functionalized Fe;O4
SPIO with NLS to attempt nucleus targeting.}+?
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fanyl)ethyl acrylate (PDS) delivery system, a

novel redox stimulus-responsive nanoparticle
system conjugated with RGD peptide, was designed to enhance
the nuclear drug delivery of doxorubicin.[44

It is also possible to combine two or more applications in
the same construct to create a multifunctional nanoparticle.
Liu et al. developed multifunctional nanoparticles that targeted
cell nuclei, delivering the drug and at the same time detecting
cell nucleus by a dual imaging modality including MRI and
fluorescence.l'*!

Finally, the literature reports several examples of different
nanoparticles that have been used for studying nuclear mecha-
nisms of targeting and uptake, with special focus on the effect
of nanoparticle morpho-structural characteristics, including
charge and size, on nuclear uptake, 2% but also for investigating
the cytotoxicity caused by the chemical nature of nanoparticles.
For instance, Austin and co-workers revealed the difference
between AuNPs and AgNPs for nuclear targeting during cell
cycle [139146]

3.4. Mitochondrial Targeting

Mitochondria can be considered the powerhouse of the cell
because they act as the site for the production of high-energy
compounds (e.g., ATP), which are the vital energy source for
several cellular processes. Mitochondria play important roles in
a variety of vital cellular processes, most of which are related
to cell disease. For this reason, targeting of this organelle may
present a few important benefits.*”! The relationship between
mitochondrial DNA (mtDNA) mutations and human myopa-
thies indicates that the delivery of nucleic acids plays a vital role
that will be analyzed. Another important reason for targeting
the mitochondria arises from its ability to propagate reactive
oxygen species and oxidative stress signaling,!'>? which is one
of the main causes of cellular toxicity.

In order to attempt the identification of mitochondria-
specific targeting is necessary to stand out the main compart-
ments in which they are divided, that is, the outer mitochon-
drial membrane (OMM), the inner membrane space (IMS), the
inner mitochondrial membrane (IMM), and the mitochondrial
matrix. There are several strategies for the targeting of mito-
chondria.’™! In a first example, the electrochemical poten-
tial maintained across the IMM is exploited for the confined
delivery using some molecules, also referred to as delocal-
ized lipophilic cations (DLCs), that are particularly effective in
crossing the hydrophobic membrane layers and, hence, that
preferentially accumulate in mitochondria. Studies on diben-
zylammonium cation in isolated mitochondria and on the
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fluorescent dye rhodamine in cultured cells suggest that DLCs
actively accumulate in mitochondria in a potential-dependent
manner. Indeed, DLCs, including the commercial Mitotracker,
tetraphenylphosphonium (ITPP), and 5,5-6,6"-tetrachloro-
1,1’,3,3’-tetra-ethylbenzimidazolcarbocyanine  iodide (JC-1),
are commonly used as mitochondria-specific dyes for staining
and studying mitochondrial physiology.l'>?l Another strategy,
used to selectively target mitochondria, takes advantage of the
mitochondrial protein import machinery, which is naturally
utilized by cells for the delivery of nuclear-encoded mitochon-
drial proteins. These proteins are directed to the mitochon-
dria post-translationally through cleavable N-terminal peptide
sequences. Mitochondrial targeting sequences (MTSs) are basi-
cally 2040 amino acids in length with structural motifs recog-
nized by the mitochondrial import machinery. When an MTS
is recognized by a specific receptor on the outer membrane,
the attached protein is transported into the IMS by threading
through the pore of the outer mitochondrial membrane. Once
entered the matrix, the MTS is cleaved in one or two proteo-
Iytic steps by mitochondrial processing peptidases, and, with
the help of matrix-localized chaperones, such as mhsp70, the
protein refolds into its mature form.l™3 This approach has
been used successfully with a variety of molecules like proteins,
nucleic acids, and endonucleases. The use of vesicle-based
transporter for the mitochondrial targeting has also shown
good efficiency in transporting large or impermeable cargoes,
such as drug molecules. This strategy is based on the use of
surface-bound cationic peptides to deliver a liposome-based car-
rier for macromolecular delivery to the mitochondria.l'>¥

Various tailoring nanocarriers for the intracellular trans-
port of biological cargoes, including DNA, proteins, and drug
molecules have been actively investigated.'>! To target the
acidic endosomal/lysosomal compartments, nanovectors with
pH-cleavable linkers were reported to improve payload bio-
availability. In 2011, Zhou et al. reported a set of tunable, pH-
activatable micellar (pHAM) nanoparticles based on the
supramolecular self-assembly of ionizable block copolymer
micelles.">® Despite these significant advances, specific trans-
port and activation of nanoparticles in different organelles
during endocytosis in living cells is not well documented.

From a medical point of view, targeting of mitochondria
using engineered nanovectors is gaining interest in chemo-
therapy, as mitochondria are key regulators of cell death and
their functions are often altered in neoplasia. For this reason,
the development of mitochondria-targeted drugs represents a
promising approach for eradicating chemotherapy-refractory
cancer cells.'>* Promising strategies are based on electrostatic
interactions between the engineered nanoparticles and the
mitochondrial membrane, which has a membrane potential in
the 130-150 mV range that is lower than other membranes in
the cell and can be exploited by grafting cationic species, such
as triphenylphosphonium (TPP) cations, to the surface of the
nanocarrier.’>3 In particular, cationic TPP has been applied
in various studies for mitochondrial targeting of antioxidants
with the aim of protecting them from oxidative damage.!’”)
Peptide ligands provide an alternative method for targeting
mitochondria. For instance, Yamamoto and co-workers made
an approach by conjugating a peptide-based mitochondrial
targeting sequence to QDs.'”] The sequence was attached to
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n-trioctylphosphine oxide-capped QDs in a multi-step process
by a thiol-exchange method. In order to generate carboxyl-QDs,
a 3-mercaptopropanoic acid was used and then coupled with a
cysteine to get free sulthydryl groups on the surface of QDs.
The amino group of the mitochondrial targeting sequence
Mito-8 (NH,-MSVLTPLLLRGLTGSARRLPVPRAKIHWLC-
COOH) was then attached using sulfo-SMCC. Results showed
that QD520-Mito8 exhibited a strong mitochondrial localization
in living cells compared to QDs modified with a control pep-
tide, which was assessed by mitochondrial staining using con-
focal microscopy.!*>”!

Another interesting application of nanoparticles for mito-
chondrial targeting has been recently explored by Chou et al.,
who have demonstrated the induction of cell death by physical
trapping of mitochondria using bacterial-derived magnetic
nanoparticles (BMPs) labeled with cytochrome ¢ (Cyt ¢)-specific
binding aptamers, combined with an applied external static
magnetic field.'>! Cyt-C has an important role in the life-
supporting function of ATP synthesis. In this way, the authors
demonstrated that the method might be useful for targeted cell
therapy, with the advantage of conferring remote control over
subcellular elements by means of a magnetic field.

Finally, Chamberlain et al. reported the targeting of doxoru-
bicin into mitochondria using mitochondria-penetrating pep-
tides (MPPs) formed by cationic sequences that can deliver car-
goes into the mitochondrial matrix (Figure 8).1°8! Doxorubicin,
an inhibitor of DNA topoisomerase II (Topoll), is used in the
treatment of a wide range of cancers, and its principal mecha-
nism of action is the generation of Topoll-mediated lesions in
nuclear DNA leading to cell apoptosis.'®®! A mitochondrially
targeted version of doxorubicin (mtDox) was synthesized by
coupling the primary amine of the sugar motif to a succinic
anhydride conjugated to the N-terminus of the MPP. This com-
pound was shown to maintain the ability to inhibit Topoll and
to induce damage to mtDNA selectively. At the same time, the
potency of mtDox is somewhat diminished compared with the
parent drug in sensitive cells, which may indicate that Topoll
is not as essential in mitochondria as in the nucleus. For that
reason, mtDox may also find application in the study of the
enzyme mtTopoll.

In another work, mitochondria-targeted nanoparticles based
on PLGA-b-PEG and a lipophilic triphenyl phosphonium
(TPP) cation were used for the delivery of a therapeutic pay-
load, specifically, a zinc phthalocyanine photosensitizer.'>”!
The action of these nanoparticles upon light activation inside
the mitochondria was shown to produce reactive oxygen spe-
cies (ROS), which caused cell death via apoptosis and necrosis.
The authors demonstrated that tumor antigens generated from
the treatment of breast cancer cells with theses nanoparticles
activate dendritic cells (DCs) upon light stimulation to produce
high levels of interferon-gamma (IFN-y). The advantages of
this activation process are: 1) activated DCs can be produced
in bulk quantities, 2) ex vivo culture conditions can be care-
fully controlled, and 3) DC quality can be controlled before the
cells are administered to the patient. These results open the
possibility of using mitochondria-targeted nanoparticles, light-
activated cancer cell supernatants as possible vaccines and the
approach has the potential to be readily transferred to the clin-
ical practice.
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Figure 8. Mitochondial targeting by mitochondria-penetrating peptides. A) Structure of doxorubicin (Dox) conjugated to a mitochondria-penetrating
peptide (MPP) (mtDox conjugate). B) Subcellular localization of mtDox. Top row: Dox (green channel) demonstrates strong nuclear staining as
monitored using its intrinsic fluorescence and no colocalization with Mitotracker 633 (red channel) as shown in overlay image (right). Middle row:
mtDox (red channel) shows a high level of mitochondrial accumulation with a staining pattern that matches Mitotracker 633 (green channel). The
high degree of colocalization can be visualized in the bottom row close-up images. Reproduced with permission.['® Copyright 2013, ACS American

Chemical Society.

4. Perspectives: Future Developments in
Nanoparticle Delivery

In the last decade, a lot of research work has been devoted to
the development of nanoconjugates able to penetrate the cells
both for drug delivery application and intracellular targeting.
Although nanotechnology combined with bioscience has been
developing rapidly with new bioconjugation approaches to be
discovered, the guided nanoparticle delivery inside the cell
remains a challenging task.[19-163] Recently, a new modern
approach, so-called Halo Tag technology, has been designed to
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provide new options for rapid, site-specific labeling of proteins
in living cells and in vitro, and based on the efficient formation
of a covalent bond between the Halo Tag protein and synthetic
ligands (Figure 9a).16*16¢l Besides being used in biology for
protein expression studies, this technology has been gaining
a lot of interest in nanobiotechnology as well. At the moment,
there are only few examples reporting the Halo tag use in nan-
oparticle studies. In a recent research from our group, Halo
tag was used as nanoparticle capture module, taking advan-
tage of a new covalent bond formation by site-specific reaction
with a chloro-alkane linker immobilized on the surface of an
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Figure 9. Orientation controlled site-specific labeling of proteins via a) Halo tag covalent bond

formation, and b) tyrosine selective conjugation.

IONP. Expressing Halo Tag in fusion with a small peptide of
11 amino acids (U11) with a high affinity for urokinase plas-
minogen activator receptor (uPAR), we were able to success-
fully label cancer cells in an orientation-controlled manner.l?*!
Similarly, Ting and co-workers used Halo tag-conjugated QDs
for labeling of specific membrane proteins in living cells. In
this case, the protein of interest was genetically fused to a
13 amino acid recognition sequence and subsequently conju-
gated with 10-bromodecanoic acid for site-specific attachment
of a lipoic acid ligase enzyme.['*”) Another useful, highly effi-
cient, and chemoselective strategy for the conjugation of small
molecules, peptides, and entire proteins involves the tyrosine
“click” reaction of 4-phenyl-3H-1,2,4-triazoline-3,5(4H)-diones
(PTAD) derivatives (Figure 9b). While tyrosine residues are
commonly found in proteins, surface accessible tyrosines only
seldom occur and provide attractive opportunities for minimal
labeling. The reaction is selective for the phenolic side chain
of tyrosine and occurs in buffered aqueous media over a broad
pH range without the requirement of added heavy metals or
other reagents, resulting in a C-N linkage, which is signifi-
cantly more stabile to extreme pH, high temperatures, and
in human serum for extended periods of time in comparison
with the more popular maleimide-based methods.[1%8]

Beyond their use as tumor targeting platforms, nanoparticles
are attracting much interest as potential cancer vaccines.
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Recently, several reviews describing some
recent advances in nanoscale systems
designed for cancer immunotherapy, as well
as the potential for these systems to trans-
late into clinical cancer vaccines, have been
reported.'*>17% For instance, Cameron et al.
have used small AuNPs decorated with Tn-
antigen (truncated core 1 mucin-type) gly-
cans in a “multicopy-multivalent” manner,
giving rise to a nanoparticle with a surface
that mimics much more closely the surface
of cancer cells. Immunological studies suc-
cessfully proved that these nanoparticles
were able to generate strong and long-lasting
production of antibodies that were selective
to the Th-antigen glycan and cross-reactive
toward mucin proteins displaying Tn, thus
demonstrating the possibility to use gly-
cosylated AuNPs as an anticancer vaccine
even in the absence of a typical vaccine pro-
tein component.'>17% In another example,
Barchi et al. have used AuNPs coated with
both the tumor-associated glycopeptides
antigens containing the cell surface mucin
MUC4 with Thomsen Friedenreich (TF)
antigen attached at different sites and a
28-residue peptide from the complement-
derived protein C3d to act as a B-cell acti-
vating “molecular adjuvant.” As a result, the
authors obtained nanoparticles that could act
both as immunogens and immune system
stimulants, showing statistically significant
antibody response in mice to each glycopep-
tide antigen.'’1172] Finally, it was also found
elsewhere that nanoparticle shape and size greatly influence the
immune response both in vivo and in vitro.”3l In conclusion,
although several advantages in subcellular targeting by nano-
conjugates have been observed, many challenges still need to
be overcome to increase the targeting efficiency and reduce the
overall cytotoxicity. For this reason, an ad hoc design of nano-
conjugates, including studies on their morphological properties
and choice of the proper targeting ligands, is needed to drive
the uptake efficiency and pathway of entry. These studies are
expected to take advantage of modern simulation methods,
which could provide researcher with new predictive tools for
the de novo design of more efficient, high-affinity molecular
nanoconjugates.'’4175] Moreover, the combination of targeting
and therapeutic functions to create an “ideal” theranostic nano-
platform for tumor treatment will be of great utility in the pur-
pose to improve tumor treatment efficiency on earlier stages.

5. Conclusions and Outlooks

In the present review, we have provided the most recent
advances and challenges on the use of nanoparticles designed
ad hoc for cellular nanobiotechnology. In particular, we have
pointed out different strategies for delivering nanoparticles
through the targeting of different cellular compartments such
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as cellular membrane, cytoplasm, nucleus, and mitochondria,
which are intended to meet the medical needs emerging by
the modern challenges in the diagnosis and therapy of highly
threatening human diseases.

Besides the well-documented internalization mechanisms
based on the crossing of cellular membrane, we have described
also the physical approaches that have been used to deliver
nanoparticles inside the cellular matrix. A few examples using
advanced techniques, such as microinjection and electropora-
tion, have been illustrated. However, at present, incubation
remains by far the preferred strategy to investigate the biolog-
ical interactions between nanoparticles and cells reproducing
the ordinary living conditions avoiding invasive destabilization
of the cellular environment. From this rapid overview, it appears
how the nanoparticle nature and functionalization could affect
the interaction at the nano-bio interface, which, in turn, medi-
ates nanoparticle internalization routes. In addition, we have
discussed some hurdles occurring when this small interface
faces the physiological environment and how this phenomenon
can turn into different unexpected responses. Eventually, we
have concluded with a picture of future perspectives on new
possible improvements and developments, which could open
new directions towards potential applications in nanomedicine.

Once fully mapped, the relationships between synthetic nan-
oparticle chemistry, molecular recognition, and cellular biology
will converge and could enable researchers to predict the physi-
ological response of colloidal nanoparticles. These concepts
will also help the researchers to design “ideal’” and rational
conjugate nanosystems, which could be used as nanovector to
ensure the efficient and selective delivery of a specific agent
to a specific cellular compartment, with the aim of an in vitro
screening of its efficacy and possible toxicity, prior to an in vivo
validation. Disclosing these relationships will require an exten-
sive research and we would expect that also new experimental
techniques and strategies will be the major driving forces
directing the progress in the future of nanomedicine.
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Accepted: 26 October 2016 : gy o5omes, which are membranous nanovesicles, are actively released by cells and have been attributed
Published: 17 November 2016 : to roles in cell-cell communication, cancer metastasis, and early disease diagnostics. The small size
. (30-100 nm) along with low refractive index contrast of exosomes makes direct characterization and
phenotypical classification very difficult. In this work we present a method based on Single Particle
Interferometric Reflectance Imaging Sensor (SP-IRIS) that allows multiplexed phenotyping and digital
counting of various populations of individual exosomes (>50 nm) captured on a microarray-based
solid phase chip. We demonstrate these characterization concepts using purified exosomes from a HEK
293 cell culture. As a demonstration of clinical utility, we characterize exosomes directly from human
cerebrospinal fluid (hCSF). Our interferometric imaging method could capture, from a very small hCSF
volume (20 uL), nanoparticles that have a size compatible with exosomes, using antibodies directed
against tetraspanins. With this unprecedented capability, we foresee revolutionary implications in
the clinical field with improvements in diagnosis and stratification of patients affected by different
disorders.

Exosomes are a class of membranous extracellular vesicles (EV) that originate from inward budding of the endo-
somal compartment within a cell'. The interest of scientists and physicians in EVs has grown dramatically over
the past decade in response to the discovery that these vesicles transfer mRNA, miRNA, and protein from the cell
of origin to recipient cells?, serving a new route for cell-to-cell communication. Presence of exosomes in circu-
lating bodily fluids, including blood?, urine* and saliva®, suggests that minimally-invasive diagnosis of a number
of diseases can be achieved through detection of these vesicles®™. In particular, EVs are considered valuable for
liquid biopsies in cancer diagnosis since they carry molecular and proteomic cargo from their tumour cell of
origin'®. In human CSF, EVss are rich reservoirs of biomarkers for neurological disorders and there is increas-
ing evidence that deregulation of EVs secretion play a pathological role in neurodegenerative diseases such as
Alzheimer’s disease (AD) and Frontotemporal dementia (FTD)!-15,

The limited utility of exosomes in diagnostics is mainly due to difficulties in specifically characterizing them
using a scalable phenotyping method. Exosomes have diameters in the range from 30-100 nanometers, i.e.,
which is too small to be accurately sized by conventional methods such as optical microscopy and flow cytometry
(FC) without labels. Alternatively, immunocapturing of exosomes on antibody coated beads!® facilitates analysis
by FC. However, such indirect detection is not quantitative and measurements are further complicated due to
aggregation of exosome-bead complexes. A number of references report on the direct visualization of exosomes
with electron microscopy'” but this technique is not suitable for large scale application due to its complexity and
low-throughput. Western blot is currently used to verify that isolated vesicles are indeed exosomes through char-
acterization of exosomal proteins. However, even the analysis for a single antigen demands large amounts of puri-
fied exosomal proteins isolated by extensive and time-consuming (hours to days) procedures. Such requirements
limit the throughput and substantially increase the cost for multi-parameter measurements.
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The efforts in development of new tools for analysis of exosomes have led to a number of innovative tech-
nologies with potential clinical applications. Two recently commercialized nanoparticle detection technologies
are typically utilized in characterization of exosomes: Nanoparticle Tracking Analysis (NTA) (NanoSight) and
conductivity measurements across a porous membrane (qNano by Izon Science Ltd). NTA is the most commonly
used method for determining size distribution and concentration of isolated exosomes in suspension where par-
ticle size is calculated based on Brownian motion'®. In order to overcome the limitations of conventional NTA
to determine the cell of origin and to distinguish between different vesicles types (i.e. EVs, lipids and protein
aggregates), a short wavelength (405-nm blue-violet) laser and a high sensitivity camera to detect fluorescent
particles!? are incorporated to the optical system. In this modality, combining NTA with fluorescence measure-
ments, only exosomes labeled with specific fluorescent antibodies are detected, thus allowing their phenotype to
be determined. Despite this improvement, challenges persist due to the difficulty in multiplexing and large vol-
ume requirements. TRPS measures the size and concentration of a nanoparticle suspension through conductivity
changes through a porous membrane®, but no information is provided on the nature of the protein expressed on
the surface. Both techniques provide valuable information but they cannot identify and simultaneously pheno-
type exosomes, which is an important limitation, as the actual presence of certain surface proteins would allow
the identification of exosomes originating from different cell sources.

There are several emerging new techniques for label-free detection of exosomes. Recently, a real-time,
label-free sensing of single exosomes in serum using antibody functionalized micro-toroid optical resonators
has been introduced?!. Although highly sensitive, such high-Q optical resonators have significant challenges of
identifying size of captured particles in a complex solution and difficulty of multiplexing.

Another real-time, label-free exosome assay based on surface plasmon resonance (SPR) has been demonstrated?2.
The plasmonic sensor comprises of an array of periodic nanoholes patterned in a metal film. Binding to the sen-
sor surface is monitored through change in optical transmission due to change of refractive index at the sensor
surface. The technology offers high sensitivity and enables continuous and real-time monitoring of molecular
binding. However, this sensor technology does not provide any information about the size of the captured target
to indicate if the signal is due to capture of intact vesicles or soluble proteins.

The study presented in this paper demonstrates a label-free detection platform for routine analysis of
exosomes using antibody-based exosome arrays and interferometric digital detection of individual nanoparticles
(NPs). The technique enables the fractionation of populations of exosomes that exhibit specific surface proteins
allowing better understanding of EV heterogeneity. By comparing the phenotype and size of EVs present in body
fluids of healthy donors and patients with different diseases, the platform is expected to accelerate the translation
of exosome studies from research into clinics. The technology proposed in this article, based on interferometric
imaging, can detect individual nanovesicles on a capture surface in a microarray format and, potentially, assess
their size. The principle of Single Particle Interferometric Reflectance Imaging Sensor (SP-IRIS) technology is
the enhanced contrast in the scattering signal from nanoparticles that is generated using a layered substrate. The
technology has so far mostly been applied to the simultaneous detection of multiple viruses in serum or whole
blood?. By employing affinity-based capture, size discrimination, and a digital detection scheme to count single
virus particles, a robust and sensitive virus/nanoparticle sensing assay was established for targets in complex sam-
ples. The SP-IRIS platform has been previously shown to count and size individual viruses from complex solu-
tions at low concentrations down to 5 x 10° PFU/mL in serum®. In this work, we demonstrate that the SP-IRIS
platform can count and phenotype multiple types of exosomes from a single sample. The contrast of the detected
nanovesicles in the SP-IRIS image can be used to estimate the relative size of the nanovesicles, while their spatial
location in the array provides information on the exosomes’ phenotype. The novelty of this work is that a single
instrument provides the size and multi-phenotype information from the same exosome preparation.

Materials and Methods
Materials. Phosphate buffered saline (PBS), Trizma base (Tris), HCI, ethanolamine, ammonium sulphate,
and Tween-20 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Copoly(DMA-NAS-MAPS) (MCP-2)
was purchased from Lucidant Polymers Inc. (Sunnivale, CA, USA). SP-IRIS printed microarrays were provided
by nanoView Diagnostics Inc.

Monoclonal antibodies against the human tetraspanins CD63, CD81, CD9, and CD171 were purchased from
Nexgenarrays LLC (Boston, MA). Pure whole molecules IgG from Goat (R&D Biosystems) or Rabbit (Jackson
Immunoresearch, West Grove, PA, USA) were used as negative controls.

Artificial cerebrospinal fluid was composed of NaCl (120 mM), NaHCO; (25 mM), KCI (2.5 mM), NaH,PO,
(ImM), CaCl, (2.5), MgCl, - 6 H,O (1 mM), Glucose (20 mM) and Human Serum Albumin (0.4 mg/mL), all
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Exosome isolation from human biological samples. HEK 293 (Human Embryonic Kidney 293)
cell line were cultured in Minimum Essential Medium (MEM, Life Technologies) supplemented with 10%
Fetal Bovine Serum (EuroClone S.p.A.), 1% Penicillin/Streptomycin solution (Carlo Erba Reagents), 2mM
L-glutamine (Carlo Erba Reagents), 1% MEM non-essential Amino Acids solution (Carlo Erba Reagents), at
37°C in 5% CO,/95% air. Cells were grown to complete confluence and incubated in serum-free medium for
72h. Conditioned media were pooled and centrifuged to obtain exosomes according to a standard protocol?.
Briefly, conditioned media were collected and spun at 300 x g for 10 min three times. The supernatants were then
sequentially centrifuged at 1200 x g for 20 min and again at 10,000 x g for 30 min followed by ultracentrifugation
at 110,000 x g for 60 min (T-8100 rotor) (Sorvall). All centrifugations were performed at 4 °C. The 110,000 x g
pellet was then resuspended in PBS (5 uL per Petri 100 mm dish) and then serially diluted for NTA and SP-IRIS
analyses.
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Human cerebrospinal fluid (hCSF) samples were obtained from patients affected by neuropsychiatric disor-
ders, selected from the Fatebenefratelli Biobank. All experiments were performed in accordance with the rules of
the local ethycal committee of Fatebenefratelli Hospital (Brescia Italy) that approved the study (Prot. N. 2/92/p/
rm; Prot. N. 52/2014; Prot. N. 44/2016).

Informed consent was obtained from all subjects. For Western blot analysis exosomes were isolated from
1.8 mL hCSF by serial centrifugation as described above; for further characterization, the 110,000x g pellet
obtained from 12 mL of hCSF was loaded into a continuous 0.25-2 M sucrose gradient and after 16 h of centrifu-
gation at 200,000 x g (TH-641 rotor) (Sorvall), fractions were collected from the top of the gradient, diluted with
PBS and spun at 110,000 x g for 70 min. All centrifugations were performed at 4 °C. The pelleted fractions were
analyzed by Western Blot using the TSG101 monoclonal antibody (4A10) (Abcam), the Flotillin-2/ESA antibody
(BD Biosciences), the cystatin C polyclonal antibody (Upstate Biotechnology), and monoclonal calnexin antibody
(Transduction Laboratories).

Nanoparticle Tracking Analysis (NTA). Nano-Sight LM10 instrument (Malvern, Worcestershire, UK)
was used to analyze suspensions containing vesicles. The diluted samples were illuminated by a monochromatic
laser beam at 532 nm to register a 60 second video taken with a mean frame rate of 30 frames/s. The NTA software
(version 3.0, NanoSight) was used to analyze EVs samples, optimized to first identify and then track each particle
on a frame-by-frame basis, and its Brownian movement is tracked and measured from frame to frame. Particle
size was determined applying the two-dimensional Stokes—Einstein equation based on the velocity of particle
movement. From each video, the mean, mode, and median EVs size was used to calculate samples concentration
expressed in nanoparticles/mL.

Coating of microarray silicon chips with copoly-(DMA-NAS-MAPS). Silicon chips were coated
according to the protocol described by M. Cretich et al.?. Briefly, silicon chips were immersed in a copoly-
(DMA-NAS-MAPS)? solution (1% w/v in 0.9 M (NH,),SO,) for 30 min. The chips were then rinsed with water,
dried under nitrogen and cured for 15 min under vacuum at 80 °C.

Brief description of the SP-IRIS platform. SP-IRIS measurements were carried out using a NVDX10
reader (Nexgenarrays LLC, Boston, MA). The reader automatically acquires interferometric images of the
microarray. Nanoparticles bound to the surface of the sensor appear as bright diffraction limited spots that are
quantified using the NVDX10 analysis software. NVDX10 software counts nanoparticles captured on the anti-
body spots within a user defined particle contrast window. For exosome analysis the size window was selected as
1-20% to include particle sizes from 50-200 nm.

Digital detection of exosomes either from HEK cell line and hCSF using SP-IRIS.  Capture anti-
bodies against human CD63, CD81, CD9, CD171 together with negative controls IgG (Goat or Rabbit, pure
whole molecules) were arrayed on copoly-(DMA-NAS-MAPS)-coated SP-IRIS patterned silicon chips, with
100 nm oxide layer thickness, using a SciFlexArrayer S5 spotter from Scienion (Berlin, Germany). Antibodies
were printed at 1-2 mg/mL in 4 replicates, using PBS as printing buffer; the volume of spotted drops was 265 pL.
Printed chips were placed in a humid chamber and incubated overnight at room temperature. Then they were
blocked with 50 mM ethanolamine solution in 1 M TRIS/HCI pH 9, for 1 h, washed with pure water and dried
under a nitrogen stream. Antibody arrays were first characterized by quantifying the immobilization density
of the antibody probes using label-free film thickness measurement using IRIS?”. IRIS images were taken and
analyzed by Nexgenarrays LLC (Boston, MA) QC10 software. The QC software reports the probe density for the
immobilized antibodies on the array. According to NanoSight quantifications, vesicles standard preparations
were diluted in PBS to a concentration of 6.75E + 10 and 0 particles/mL and then 20 uL of each sample was incu-
bated overnight in static conditions on printed chips. Similarly, 20 uL of hCSF was incubated overnight at room
temperature without any dilution. After incubation, chips were washed on a shaker with PBST (PBS with 0.05%
Tween-20), PBS and pure water, rinsed in pure water and dried. Label-free SP-IRIS post-incubation scans were
acquired and compared to previous corresponding detections using NVDX10 analysis software. The effective
vesicle binding to the capture antibodies was obtained subtracting the signals measured after and before sample
incubation. Net values from four spot replicates were averaged. Statistical analysis was performed with GraphPad
Prism software.

SEM analysis of SP-IRIS substrates incubated with exosomes. For SEM imaging of captured
exosomes the chips were fixed and stained after regular washing procedure but before final drying step. First, the
exosomes were fixed with 0.1% gluteraldehyde in PBS for 15 minutes, then rinsed in Millipore water and dried.
The chips were then stained in 1% osmium tetroxide in PBS for 30 minutes, then washed three times in Millipore
water and dried under pure nitrogen stream. The stained chips were imaged using side scatter detector on a Zeiss
Supra 55vp.

AFM analysis of SP-IRIS substrates incubated with exosomes. AFM measurements were performed
on an NT-MDT instrument (SMENA head) working in tapping mode, in air and using a NSG-10 tip (240kHz
resonant frequency, 11.8 N/m force constant). Images of 20 x 20 um were acquired at 1024 points (19.5 nm step)
to assure a proper mapping of the EVs. Images acquired at 2048 points showed an increase of nanoparticle size
of less than 10%. The software Nova Px 3.4.0 and Gwyddion 2.44 were used for data analysis: for each acquired
image, after its planarization, a proper mask was constructed to mark particles higher than 15nm. The instrument
was calibrated with a grating of 19 £ 1 nm height, thus the height accuracy of the nanoparticles mapped in the
images is approximately 1 nm.
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Figure 1. Schematic representation of the SP-IRIS detection process. (A) SP-IRIS detection principle,
monochromatic LED light illuminates the sensor surface and the interferometriclly enhanced nanoparticle
scattering signature is captured on a CMOS camera. (B) Demonstrates SP-IRIS signal for polystyrene
nanoparticles with a diameter from 50-200 nm which can be used to infer size of captured EVs. (C) Image of
the SP-IRIS chip. (D) Low-magnification interferometric image showing microarray of immobilized capture
probes. (E) SP-IRIS image of a capture probe. NVDX analysis software recognize capture spot and detects
nanoparticles captured.

Results and Discussion

Exosomes detection with SP-IRIS, SEM and AFM.  The lack of high-throughput methods to assess EVs’
phenotype and determine their size and concentration in biological fluids inhibits progress in the validation and
clinical use of this class of biomarkers. Standardization and consolidation of methods and protocols that display
high feasibility, reliability and reproducibility would speed up the translation of basic scientific findings in clini-
cally relevant applications. In this work we demonstrate the use of an innovative technological platform termed
Single Particle Interferometric Reflectance Imaging Sensor (SP-IRIS) for the high-throughput characterization of
exosome concentration, relative size distribution and phenotyping in biological fluids?®. The detection principle
for SP-IRIS is based on the enhanced contrast in the scattering signal from particles captured on a silicon sub-
strate with a thin silicon dioxide layer (Fig. 1).

To detect and size nanoparticles, IRIS shines light from visible LED source onto nanoparticles bound to the
sensor surface, which consists of a silicon dioxide layer on top of a silicon substrate. Interference of light reflected
from the sensor surface is modified by the presence of particles producing a distinct signal that correlates to the
size of the particle (Fig. 1A,B). The detection of low-index dielectric particles with diameters of 50 nm to 200 nm
is shown in Fig. 1B* demonstrating that the SP-IRIS signal correlates with the size of the particle.

In this work, EV's are captured on the surface of silicon chips through antibodies targeting exosomal markers.
The chip’s glass surface is similar to that of a standard microarray slide and is coated with a functional poly-
mer, copoly-(DMA-NAS-MAPS)?, on which antibodies, specific for exosome surface antigens, are spotted in a
microarray format. In Fig. 1 the analysis steps are shown. The process can be divided into three phases: antibody
spotting, exosome capturing and image analysis (Fig. 1C-E). To demonstrate exosome capture and digital count-
ing, exosomes purified by ultracentrifugation from HEK 293 cell line cultures and characterized by NanoSight
(Supporting Information, Figure SI1) were captured on anti-CD81 capture antibody spots. Dots of different con-
trast were clearly distinguished from the background after the chips were incubated with the HEK 293 exosome
sample. EV's that, upon incubation, became visible on the spot surface, as shown in Fig. 2, were individually
counted by an automated software and surrounded by circles which correspond to an area with contrast higher
than the background and represent countable unlabeled individual exosomes (Fig. 2C-F). In the analysis phase
particle counts are plotted as a function of their contrast and the distribution is shown in Fig. 2E,F.
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Figure 2. Exosome capture, digital counting, and relative sizing. (A,B) Anti-CD81 capture probe image
acquired before and after incubation with purified HEK293 cells derived exosomes. (C,D) Zoom-box of
particles detected pre- and post-incubation. (E-F) Particle contrast histogram pre- and post-incubation.

Figure 3. Nanoparticle capture validation with SEM. (A) SP-IRIS image of exosomes being captured by
anti-CD81 antibody. (B) Exosomes visualized by SEM of the same field-of-view for comparison. Scale bar is 1
micron.

To demonstrate that high contrast dots correspond to exosomes, scanning electron microscopy (SEM) and
atomic force microscopy (AFM) images of the chip were taken and aligned with SP-IRIS images collected in
dry conditions at end-point. In Fig. 3, a portion of capture antibody spot against CD81, after incubation with
exosomes purified from HEK cell line (5.27E + 10 particles/mL) and analyzed in SP-IRIS, is compared to the
same area observed in SEM. Nanoparticles (NPs) detected with SP-IRIS (Fig. 3A) are circled and correlate with
the circles on the SEM image (Fig. 3B). SP-IRIS and SEM showed perfect correspondence for particles larger than
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Figure 4. Exosomes purified from HEK cell line, captured with anti- CD81 antibody on silicon chip and detected
by SP-IRIS (A) and AFM (B,C). (A) SP-IRIS Image of the anti-CD81 spot incubated with a suspension of exosomes
(6.75E + 10 exosomes/mL), the red circles highlight the countable nanoparticles. (B) AFM image of the same
spot area: the blue dots identify particles larger than 15nm,; the yellow circles show in image (B) perfectly match
the particles detected by SP-IRIS in image (A). (C) Zoom in area of the anti-CD81 spot shown in the green frame
highlights the particles larger than 15nm in height detected by AFM and SP-IRIS. Particles smaller than 15-10nm
are detectable only with AFM as they are below SP-IRIS detection limit.

65nm, while smaller particles are detectable only with electron microscopy, which is consistent with detection
limits of both analytical techniques. The particle sizes detected by SP-IRIS ranged between 65-85nm as measured
using the SEM image. No particles were detected with either SP-IRIS or SEM on CD81 antibody spot incubated
with exosome depleted HEK293 culture media (Supporting Information, Figure SI2).

In Fig. 4, a part of anti-CD81 spot is analyzed by SP-IRIS and aligned with an AFM image of the same area.
SP-IRIS images were acquired before (Supporting Information, Figure SI3) and after (Fig. 4A) incubation with
exosomes purified from HEK cell line. Red circles in Fig. 4A correspond to vesicles detected after sample incuba-
tion. Figure 4B shows the same spot area imaged with AFM.

In a number of publications®*, the height of exosomes measured by AFM is as low as 10-20 nm. The size of ves-
icles on images performed on dry chips (nanoparticles are surrounded by air) may be an underestimation of the real
size due to the drying process. Particles with a height profile in excess of 15nm in the AFM image are considered
exosomes and lateral dimension was measured to be between 80-140 nm +/— 20 nm. In the image of Fig. 4B the
particles higher than 15nm, marked in blue coincide with the spots of higher contrast, surrounded by yellow circles,
detected by SP-IRIS (red circles). The close up of the area in the green square, shown in Fig. 4C provides a higher
resolution AFM image of the surface. SP-IRIS detects vesicles that appear to be higher than 15 nm (Supporting
Information SI4), whereas smaller particles go undetected in SP-IRIS. No particles were detected on CD81 antibody
spot incubated with exosome depleted HEK293 culture media (Supporting Information, Figure SI5).

SP-IRIS phenotyping of exosomes purified from HEK cell.  Three capture antibodies against the exo-
somal biomarkers CD81, CD63 and CD9 were arrayed on the same chip together with a negative control IgG
in order to evaluate the vesicle tetraspanin expression profile (Supporting Information, Figure SI6). Exosomes
purified from HEK cell line and the EV depleted supernatant (SN, as negative control) were analyzed with NTA
(Supporting Information, Figure SI1) to determine the particle concentration in each sample. Exosomes were
diluted in PBST at 5.27 and 2.64E + 10 particles/mL. In Fig. 5, the histogram reports the number of vesicles, per
square millimeter, detected by SP-IRIS. The results indicate higher expression of CD81 tetraspanin compared
to CD63 and CD9. As expected, the EVs depleted SN showed no binding to CD81 and CD9, but low binding
to CD63. No significant particles were counted on control IgG spots. The relative size of the exosomes captured
by CD81, CD9, and CD63 was measured using SP-IRIS through particle contrast quantification (Supporting
Information, Figure SI6). Based on polystyrene nanoparticle response (Fig. 1B), the estimated mean diameter
of the exosomes is 55-65 nm. Also much larger particles were observed whose diameter is comparable to that
measured by AFM and SEM.

By establishing a dilution curve with exosome standards the user can determine the EVs concentration for
different surface phenotype using a single microarray. The exosomes detected by the tetraspanin probes showed
similar size distribution as inferred by the measured contrast distribution of the particle in the SP-IRIS image
(Supporting Information, Figure SI6).

Dilution curves of exosomes purified from HEK cell line and assay limit of detection. Exosomes
purified from HEK cell line and EV depleted supernatant (SN, negative control) were characterized by NTA
(Supporting Information, Figure SI1) in order to evaluate the particle content in each sample. Several dilutions
ranging from 6.8E 4- 10 to 9E 4 09 particles/mL were incubated on silicon chips where capture antibodies against
CD81 and CD63 as well as Rabbit IgG (R IgG, as negative control) were arrayed. As NTA was unable to detect any
particle in the SN, this sample was used as control.
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Figure 5. Exosome Phenotyping. Exosomes, isolated from HEK fibroblast cells and EV depleted supernatant,
captured with antibodies against CD81, CD63, CD9 and IgG negative control and detected by SP-IRIS.

Figure 6. Dilution curve of exosomes purified from HEK cell line and detected with SP-IRIS. A good
correlation can be observed for both capture antibodies CD63 (yellow line, R? 0.97) and CD81 (blue line, R
0.93); no particles were detected on the negative control R IgG (red line). The bright area around the regression
line corresponds to the 95% confidence interval. Based on line equations, limits of detection (LOD) were
calculated, resulting in 5.07E 4 09 particles/mL for CD63 antibody and 3.94E - 09 particles/mL for CD81
antibody.

Figure 6 shows the dose-response curves for particles counted on each antibody by SP-IRIS. The regression
area around each line corresponds to 95% confidence interval of the data. As expected, no particles were detected
on the negative control R IgG. A linear correlation was observed between exosome concentration and particle
counts with excellent correlation coefficients (R?) for both capture antibodies: CD81 (0.93) and CD63 (0.97). By
using the equations of the extrapolated lines, detection limits were calculated for both tetraspanins: 3.94E + 09
and 5.07E + 09 particles/mL, respectively for CD81 and CD63.

Detection limit comparison between SP-IRIS target specific capture and NTA warrants further investigation.
NTA measures non-specifically all particles in a solution, while SP-IRIS is only measuring the subpopulation
based on the capture antibody target on the sensor’s surface. It has been reported in the literature that exosome
preparations by pelleting through ultracentrifugation contain a heterogeneous population of exosomes with
different proteomic and molecular composition®!. Further experiments are required using exosome standard
with known surface marker composition to allow direct comparison of analytical sensitivity between NTA and
SP-IRIS.

SP-IRIS detection and quantification of exosomes in human cerebrospinal fluid (hCSF). As
exosomes are vesicles released by every kind of cell, they have been found in several human biological fluids,
such as urine, saliva, blood as well as cerebrospinal fluid (CSF)*2. Determining the concentration and size of
exosomes in human CSF (hCSF) is not trivial, because the available sample volume is usually too small to allow
analysis either with NTA or ELISA. In this work, hCSF has been used to demonstrate the potential of clinical
utility of the technique. A conventional way to characterize exosomes in hCSF requires serial centrifugations in
a density gradient followed by a characterization by Western blot. We first characterized exosomes in hCSF by a
conventional approach and the results are shown in Fig. 7A,B. The exosomal proteins TSG101 and flotillin were
present in the exosomal fractions and not in CSF depleted of exosomes (Neat CSF) while cystatin C (CysC), a
soluble protein which is also secreted in association with exosomes'!, was present in both fractions. Conversely,
calnexin, an endoplasmic reticulum residential protein, was absent from both fractions indicating the absence
of cell fragments contamination (Fig. 7A). Furthermore TSG101 was used as a marker to identify the fractions
containing exosomes in a sucrose gradient. The results of Fig. 7B confirm that the 1.13 and 1.14 g/mL sucrose
fractions are enriched in exosomes.
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Figure 7. (A) Western blot analysis of exosomes isolated from 1.8 ml of hCSF and neat hCSF: the exosomal
markers TSG101 and flotillin marked the exosomes fraction and not neat CSF, cystatin C marked both fractions
and calnexin was not detected. (B) Sucrose gradient fractions of exosomal preparations from hCSF were
immunoblotted with the TSG101 monoclonal antibody. TSG101 marked the exosomes-positive fractions
(corresponding to 1.13 and 1.14 g/mL sucrose). HEK cells lysate was used as positive control. Western blot gels
have been cropped to show only the relevant protein bands. Complete figures can be found as Supplementary,
Figure SI7.

Figure 8. SP-IRIS label-free assay on human hydrocephalus CSF sample and artificial CSF. The expression
of the typical exosomal biomarkers CD81 CD63 as well as the neural adhesion protein CD171 is significantly
different than in the artificial CSF, negative control. An additional negative control, a non correlated IgG, shows
a low level of non-specific binding. Each multiplexed chip was run in duplicate independent replicate tests.

While the analysis reported above, required 1.8 mL of hCSE, only 20 uL of sample were required by SP-IRIS.
The 20 uL of hCSF were incubated over-night, without any dilution, on chips multiplexed with antibodies against
tetraspanins (CD81 and CD63) as exosome markers and CD171, a cell adhesion molecule highly expressed by
neuronal cells commonly used to capture exosomes of neural sources from blood*?, together with a control IgG
antibody. As negative control, an artificial CSF was used. SP-IRIS images after hCSF incubation were compared
with pre-scan acquisitions and the data analyzed by NVDX10 Analysis Software. Figure 8 reports the results of
the SP-IRIS label-free assay on hCSE. Signals on CD81 and CD63 are different, indicating that not all tetraspanins
are expressed equally. Also CD171 showed higher binding in hCSF than negative control sample.

Considering the average particle densities on CD81 and using the calibration curves previously obtained for
each capture antibody (Fig. 6), an average concentration of about 2E + 10 particles/mL in hCSF was extrapolated.

Conclusions

The characterization and quantification of circulating as well as cell culture-derived exosomes based on expres-
sion of specific exosomal biomarkers (e.g. tetraspanins, annexins and heat shock proteins) is currently performed
by running size and concentration measurements on vesicles and immunoproteomic analyses in parallel and
then correlating the results. Size and concentration measurements are performed with Electron Microscopy,
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Nanoparticle Tracking Analysis (NTA) (NanoSight) or qNano (Izon Science Ltd). However, these techniques can
only be used to characterize pure EVs as they do not discriminate nanoparticles of different origin, for instance
exosomes from protein aggregates or lipids of the same size. Even though they can objectively define the EV's
size range and concentration, they are restricted in their ability to simultaneously phenotype them. Therefore,
phenotyping is done in parallel using immunoproteomic techniques like immunoblotting or by a novel, high res-
olution, flow cytometric analysis where exosomes are captured on antibody-coated latex beads®. This latter type
of analysis allows the simultaneous evaluation of multiple parameters on single exosomes by a multicolor labeling
strategy. However, conventional flow cytometry and Western Blotting demand large amounts of proteins isolated
by extensive and time-consuming standard isolation procedures.

Therefore, direct counting, sizing and phenotyping of EVs will streamline both analysis and characterization.
SP-IRIS platform can perform phenotyping and, potentially, sizing at the single exosome level without the need
to correlate two separate measurements, which could be inaccurate, especially when done on non-purified sam-
ples because exosomal marker targets could be in soluble form not associated with nanoparticles. SP-IRIS can
enumerate, estimate particle size, and phenotype exosomes from purified samples from cell culture, or directly
from just 20 uL of a clinical sample such as hCSE. A detection limit of 3.94E + 09 particles/mL was achieved for
purified nanoparticles from HEK 293 cell lines, as quantified using NTA. Exosome quantification by NTA is
non-specific and therefore concentration of nanoparticles measured is an overestimate of the exosome concentra-
tion. Therefore, further experiments need to be done to understand the detection limits differences. In addition,
we demonstrated that SP-IRIS can potentially phenotype exosomes directly from hCSE employing a very small
sample volume.
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Many cells of the nervous system have been shown to release exosomes, a subclass of secreted vesicles of
endosomal origin capable of transferring biomolecules among cells: this transfer modality represents a
novel physiological form of intercellular communication between neural cells. Herein, we demonstrated
that progranulin (PGRN), a protein targeted to the classical secretory pathway, is also secreted in asso-
ciation with exosomes by human primary fibroblasts. Moreover, we demonstrated that null mutations in
the progranulin gene (GRN), a major cause of frontotemporal dementia, strongly reduce the number of

{ffg t‘g/‘:‘g;(ﬁl:in released exosomes and alter their composition. In vitro GRN silencing in SHSY-5Y cells confirmed a role of
GRN PGRN in the control of exosome release. It is believed that depletion of PGRN in the brain might cause

neurodegeneration in GRN-associated frontotemporal dementia. We demonstrated that, along with
shortage of the circulating PGRN, GRN null mutations alter intercellular communication. Thus, a better
understanding of the role played by exosomes in GRN-associated neurodegeneration is crucial for the
development of novel therapies for these diseases.

Null mutations

Human primary fibroblasts
Exosomes

Extracellular vesicles

© 2016 Elsevier Inc. All rights reserved.

1. Introduction Until now, 7 disease-causing genes have been discovered (Riedl

et al,, 2014; van der Zee and Van Broeckhoven, 2014), including

Frontotemporal lobar degeneration (FTLD) is the second most
common cause of dementia after Alzheimer’s disease (AD) mainly
affecting individuals younger than 65 years and accounts for 5%—
15% of all dementias (Neary et al., 1998; Ratnavalli et al., 2002; Ried]
et al.,, 2014). The term FTLD defines a heterogeneous group of dis-
orders characterized by a degeneration of the frontal and anterior
temporal lobes and that differs at the clinical, genetic, and patho-
logical level (Mackenzie et al., 2014; The Lund and Manchester
Groups, 1994). Genetic factors are the only cause of FTLD so far
identified and up to 50% of patients have a family history of disease
(Goldman et al., 2007; Rademakers et al., 2012; Sieben et al., 2012).
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GRN (Baker et al., 2006; Cruts et al., 2006), which is one of the most
frequent genetic determinants. In fact, in patients with familial
FTLD, the GRN mutation frequency can be up to 26% (Benussi et al.,
2009, 2010; Chen-Plotkin et al., 2011; Gijselinck et al., 2008;
Schlachetzki et al., 2009; Yu et al., 2010). The most common GRN
mutations worldwide are the GRN p.Arg493X (c.1477C>T)
(Rademakers et al., 2007), the Belgian GRN p.0 (c.138+1G>C) (Cruts
etal., 2006; van der Zee et al., 2006), and the GRN p.Leu271LeufsX10
(c.813-816delCTCA), which was shown to be the most frequent
mutation in Italy (Benussi et al., 2008, 2009, 2010; Bagnoli et al.,
2012; Tremolizzo et al., 2009). All the known GRN mutations
cause disease through the loss of functional progranulin protein
(PGRN) or haploinsufficiency (Baker et al., 2006; Cruts et al., 2006),
leading to the reduction of circulating progranulin in GRN-mutated
subjects (Ghidoni et al., 2008a, 2012a, 2012b; Finch et al., 2009;
Sleegers et al., 2009).
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It has been demonstrated that some pathogenic proteins
involved in neurodegenerative disorders can be released from cells
in association with exosomes (Emmanouilidou et al., 2010; Février
etal., 2004; Ghidoni et al., 2011; Gomes et al., 2007; Perez-Gonzalez
et al., 2012; Rajendran et al., 2006), a specific subclass of small
secreted vesicles (30—120 nm in diameter) derived from the
intraluminal membranes of multivesicular bodies of the endocytic
pathway (El Andaloussi et al., 2013; Vlassov et al., 2012). Exosomes
are biologically active entities, important for intercellular commu-
nication and transfer of specific molecular constituents, including
nucleic acids such as micro RNAs and noncoding RNAs, lipids, and
proteins, from one cell to another (Rajendran et al., 2014; Raposo
and Stoorvogel, 2013; Valadi et al., 2007). Herein, we analyzed
PGRN protein trafficking and release in human primary fibroblasts
both in physiological and pathological (i.e., presence of GRN null
mutations) conditions. Moreover, we performed in vitro GRN
silencing in SH-SY5Y cells to further study the effect of loss of
progranulin on exosome release.

2. Methods

2.1. Human primary skin fibroblasts and SH-SY5Y cell culture and
treatment

Skin fibroblasts primary cultures were selected from the tissue
repository of the IRCCS Istituto Centro San Giovanni di Dio Fate-
benefratelli (approved by the local ethical committee, CEIOC Prot. N.
2/92/p/rm) on the bases of their GRN genotypes: we cultured cells
derived from 16 donors, 8 being carriers of null mutations in GRN
gene (GRN mut) (n = 5 p. Leu271LeufsX10; n = 1 p. GIn341X; n = 1
p. Thr276SerfsX7; n = 1 p. ¢.709-3C>G carriers), 8 age- and gender-
matched cognitively intact subjects (CTR) (mean age 4 standard
deviation: GRN mut = 55.8 + 9.6 years; CTR = 58.6 + 4.2 years;
p = 0.4, Student t-test; % of female: GRN mut = 62.5%; CTR = 75%;
p = 0.5, Fisher exact test). Establishment of fibroblast cultures,
growth, storage conditions, and lysis protocol for Western blot
analysis are described elsewhere (Benussi et al., 2003). The
different fibroblast cell cultures (600.000 cells/plate), each at the
same passage number, were grown to 80% confluence and incu-
bated in serum-free medium for 72 hours. For Western blot ana-
lyses, we loaded—for each fibroblast cell line—exosome pellets
obtained from medium conditioned from 2 plates.

The study was approved by the local ethical committee (Prot. N.
52/2014).

Cells proliferation and viability were measured by the trypan
blue exclusion method and MTT (3, (4,5-dimethylthiazol-2)2,5
difeniltetrazoliumbromide) assay. Briefly, fibroblasts were plated at
density of 3 x 10> cells and harvested immediately after cells
attachment and after 3, 5, and 7 days in vitro. An equal volume of
trypan blue dye (Sigma, USA) was added to the cell suspension to a
final concentration of 0.04% 5 minutes before counting; all dead
trypan blue positive cells were excluded. MTT (300 pL; 0.5 mg/mL
phosphate-buffered saline [PBS]; Sigma-Aldrich, Steinheim,
Germany) was added to each well of culture plate, incubated for
3 hours in a humidified atmosphere at 37 °C in 5% CO2. Then,
MTT-containing medium was removed, and the insoluble formazan
blue was dissolved in 100 pL. DMSO. The absorbance of the samples
was measured at 570 nm using a spectrophotometer (Bio-Tek
Power Wave XS Spectrophotomer, Fisher Scientific).

SH-SY5Y cells were cultured at 37 °C, 5% CO2 in DMEM medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% FCS (Sigma,
St Louis, MO, USA), 2-mM L-glutamine (Invitrogen, Calrsbad, CA,
USA) 100 Ul/mL penicillin, and 100 pg/mL streptomycin (Invitrogen,
Carlsbad, CA, USA) in humidified atmosphere.

2.2. RNA interference

RNA interference setup was performed as follows: 75 x 10> SH-
SY5Y cells were seeded in a 24-well plate and grown overnight.
Then, commercially available predesigned double-strand small-
interfering RNA (siRNA) against PRGN mRNA sequence (Ambion,
Austin, TX, USA) was added in serum-free Optimem (Invitrogen,
Carlsbad, CA, USA) at 100-nM final concentration, using as vehicle
SilentFect liposome formulation (BioRad Laboratories, Hercules, CA,
USA). To prove specific silencing, a negative control siRNA was
used (CT-), comprised of a 19-bp scrambled sequence with 3’ dT
overhangs that has no significant homology to any known human
gene sequence (Ambion, Austin, TX, USA). Forty-eight hours after
silencing, serum-free media were collected and processed for
exosome isolation as described. For large-scale exosome prepara-
tion, RNA interference was scaled up and performed in at least 2
T75 plates, starting from around 6 x 10° cells/plate.

2.3. Exosome isolation from cell culture media

Conditioned media from human primary fibroblasts and
SH-SY5Y cells were pooled and centrifuged to obtain exosomes
according to the standard protocol (Thery et al., 2006). Briefly,
conditioned media were collected and spun at 300x g for 10
minutes for 3 times. The supernatants were then sequentially
centrifuged at 1200x g for 20 minutes (P2 fraction) and 10,000x g
for 30 minutes (P3 fraction) followed by ultracentrifugation at
110000x g for 60 minutes (P4 fraction) (T-8100 rotor) (Sorvall). The
110000x g pellet was then resuspended in 12.5 pL of RIPA lysis
buffer (150-mM NaCl, 1.0% IGEPAL CA-630, 0.5% sodium deoxy-
cholate, 0.1% SDS, and 50 mM Tris, pH 8.0) or loaded into a
continuous 0.25—2 M sucrose gradient: after 16 hours of centrifu-
gation at 200000x g (TH-641 rotor) (Sorvall), fractions were
collected from the top of the gradient, diluted with PBS, and spun at
110000x g for 70 minutes. All centrifugations were performed at
4 °C. The pelleted fractions were then analyzed.

2.4. Western blotting

Western blot analyses were performed using the progranulin
anti-PCDGF polyclonal antiserum (Invitrogen), the antitumor
susceptibility gene 101 (TSG101) mouse monoclonal antibody
(4A10) (Abcam-Cambridge, UK), antilysosomal-associated mem-
brane protein (LAMP1) (Abcam) mouse monoclonal antibody
(Abcam-Cambridge, UK) and anti—alpha-tubulin monoclonal anti-
body (Abcam, Cambridge, UK). Human recombinant progranulin
(R&D Systems, Inc, Minneapolis, MN, USA) was produced in mouse
myeloma cell lines. For the enzymatic deglycosylation of pro-
granulin, 1-pL (50,000 U) of peptide-N-glycosidase F (PNGase F)
enzyme (New England Biolabs-Ipswich, MA, USA) was added to
each sample and incubated 1 hour at 37 °C. Sample aliquots
incubated without the deglycosylation enzyme were used as con-
trols. Means of densitometric measurements, normalized on respect
to the lowest densitometric signal for each experiment, were
compared by Student t-test in normally distributed continuous
variables. When normality was not confirmed, the Mann-Whitney U
test was used. Two-tailed p value equal or less than 0.05 was
considered statistically significant. All calculations were performed
using SPSS 22.0 for Windows.

2.5. Immunoelectron Microscopy
Exosomes isolated from fibroblast culture media by differential

centrifugation as described previously were suspended in 2%
paraformaldehyde (Merk). Exosomes preparations were used for
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electron microscopy and immunoelectron microscopy examination
using a modified previously described protocol (Thery et al., 2006).
Five microliter of exosome preparation was placed on 200-mesh
formvar-carbon—coated nickel grids for 20 minutes at room
temperature (RT), and then grids were washed in 1x PBS solution
pH 7.4. For morphological examination, grids were fixed in 1%
glutaraldehyde diluted in PBS for 5 minutes at RT. After 2 washings
of 2 minutes each in distilled water, grids were negatively stained
by sovrasaturated uranyl-acetate aqueous solution for 10 minutes
at RT. The excess fluid was gently removed using Whatman no.1
filter paper, and grids were observed under transmission electron
microscope (EM 109, ZEISS, Oberkochen, Germany). To verify the
exosomal nature of vescicles and the presence of progranulin, a
double immunogold labeling was performed using as primary
antibodies either monoclonal 4A10 antibody (Mouse anti-TSG101,
Abcam) as marker of exosomes or polyclonal antibody PCDGF
(Rabbit anti-PGRN C-term, Zymed) as markers for progranulin.
Immunoreaction was evidenced with the secondary antibody 6-nm
gold-conjugated GAM (Goat Anti-Mouse, Aurion) and 10-nm gold-
conjugated GAR (Goat Anti-Rabbit, Aurion), respectively. Briefly,
grids were submerged in blocking buffer (PBS and/or bovine serum
albumin [BSA] 5%) for 15 minutes at RT and then incubated with
primary antibody 4A10 (1:50) and PCDGF (1:12.5) diluted in PBS
and/or 1% BSA for 2 hours at RT. After 3 washings of 3 minutes each
in PBS and/or 0.1% BSA, grids were incubated with appropriate
secondary antibody 6-nm gold GAM or 10-nm gold GAR diluted
1:10 in 10% BSA for 30 minutes at RT. After 3 washings of 3 minutes
each in PBS and/or 0.1% BSA, grids were fixed, washed, and
counterstained for viewing under electron microscope as reported
previously for morphological studies.

2.6. Surface-enhanced laser desorption/ionization time-of-flight
mass spectrometry

Three microliter of the polyclonal anti-PCDGF (0.25 pg/uL)
antiserum was incubated in a humidity chamber for 3 hours at RT to
allow covalent binding to the PS20 ProteinChip Array (Bio-Rad
Laboratories, Inc.). Unreacted sites were blocked with Tris-HCl
0.5 M, pH 8 in a humid chamber at RT for 30 minutes. Each spot
was washed first 3 times with PBS containing 0.5% (v/v) TritonX-
100 and then twice with PBS. The spots were coated with 5 pL of
sample and incubated in a humid chamber at RT for 3 hours. Each
spot was washed first 3 times with PBS containing 0.1% (v/v)
TritonX-100, twice with PBS, and finally with deionized water. One
microliter of sinapinic acid (Bio-Rad Laboratories, Inc.) was added to
each spot. Mass identification was made using the ProteinChip
SELDI System, Enterprise Edition (Bio-Rad Laboratories, Inc.).

2.7. Nanoparticle tracking analysis

Suspensions containing exosomes from CTR and GRN mut
fibroblasts as well as from SH-SY5Y treated and/or untreated
(liposome only) cells were analyzed using a Nano-Sight LM10 in-
strument (Malvern, Worcestershire, UK). A monochromatic laser
beam at 532 nm was applied to the dilute suspension of vesicles and
avideo of 90 seconds duration was taken with a mean frame rate of
30 frames/s. Each particle movement was analyzed by nanoparticle
tracking analysis (NTA) software (version 2.2, NanoSight), which
identify and track vesicles on its Brownian movement. The velocity
of particle movement is used to calculate particle size by applying
the 2-dimensional Stokes-Einstein equation. NTA postacquisition
settings were optimized and kept constant between samples, and
each video was then analyzed to give the mean, mode, and median
vesicle size together with an estimate of the concentration.

2.8. Sandwich fluorescence immunoassay

Copoly(DMA-NAS-MAPS) was synthesized as described in
Cretich et al. (2004). Silicon chips were coated according to the
protocol described in Cretich et al. (2011). Briefly, silicon chips were
immersed in a copoly(DMA-NAS-MAPS) solution (1% w/v in 0.9 M
(NH4)2S04) for 30 minutes. Then, the chips were rinsed with water,
dried under nitrogen, and cured for 15 minutes under vacuum at
80°C. Capture antibody against hCD63, clone H5C6, and Cy3-labeled
streptavidin (as positional reference) were arrayed on copoly(DMA-
NAS-MAPS)-coated silicon chips using a SciFlexArrayer S5 spotter
from Scienion (Berlin, Germany). Antibodies were printed at 1 mg/
mL in 64 replicates; the volume of spotted drops was 400 pL. Printed
chips were placed in a humid chamber and incubated overnight at
RT. Then, they were blocked with 50-mM ethanolamine solution in
1-M TRIS/HCI pH 9 for 1 hour, washed with water, and dried under a
stream of nitrogen. Exosome samples (20 pL of PBS-suspension per
chip) were incubated for 2 hours at RT. After incubation, chips were
washed with PBS under stirring, rinsed in water, and dried under a
nitrogen stream. Subsequently, all chips were incubated for 1 hour,
with the biotin-labeled detection antibody against hCD63 at
1 pg/mL in incubation buffer (50-mM Tris/HCl, 150-mM NaCl, and
0.02% Tween-20). Chips were then washed with PBS for 10 minutes,
rinsed with water, and incubated for 1 hour with Cy3-labelled
streptavidin (SA-Cy3) at 2 pg/mL in PBS. Chips were washed with
PBS and water for 10 minutes each, rinsed with water, and dried
under a nitrogen stream. Fluorescence was detected by a ProSca-
nArray scanner (PerkinElmer, Boston, MA), and silicon chips were
analyzed using 70%, 80%, or 90% photomultiplier gain and laser
power. The fluorescence intensities of replicate spots were averaged.

3. Results

3.1. Glycosylated progranulin is released in association with
exosomes

Enzymatic deglycosylation with PNGase F (N-glycosidase)
enzyme of human recombinant progranulin followed by immuno-
proteomic analysis, using surface-enhanced laser desorption/ioni-
zation time-of-flight mass spectrometry, showed that progranulin
is N-glycosylated: after PNGase F enzyme digestion, we detected a
shift in the molecular weight of progranulin from 72,861 Da to
62,898 Da that was evident also by Western blot (Fig. 1A). The
full-length progranulin was also present mainly as a glycosylated
form in human fibroblasts lysates from healthy control subjects: as
observed using the recombinant PGRN, after PNGase F treatment of
human fibroblast lysates, PGRN was detected as a band of 60 kDa,
corresponding to the expected MW of the native form of the protein
(Fig. 1B).

To explore if progranulin is released in association with
exosomes, we isolated these vesicles from conditioned media of
primary human fibroblasts from healthy donors through serial
centrifugations and density gradient centrifugation. TSG101 was
used as marker protein to identify exosome-containing fraction and
PGRN antibody to detect if progranulin is transported by exosomes
(Fig. 2A). Western blot analysis showed that exosomes are enriched
in the 1.17 g/mL fraction and revealed the presence in these vesicles
of progranulin (Fig. 2A). Moreover, ultracentrifuge-purified exo-
somes were analyzed by using Western blot assay after PNGase F
treatment: exosomes contain mainly the glycosylated form of
progranulin (Fig. 2B). Electron microscopy ultrastructural exami-
nation of fraction enriched in exosomes released from fibroblasts
showed the presence of both single (Fig. 2C) and aggregated
vesicles (Fig. 2D). Exosomes appeared as 40- to 100-nm diameter
vesicles surrounded by a lipid layer with a cup-shaped morphology.
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Fig. 1. Deglycosylation of human progranulin as a result of treatment with PNGase F. (A) SELDI-TOF MS on PS20 chip array and Western blot assay detected a molecular mass shift
from 72,861 Da to 62,898 Da of glycosylated recombinant PGRN (rPGRN) after deglycosylation reaction. (B) After PNGase F treatment of human fibroblast lysates, PGRN was detected
as a band of 60 kDa in Western blot, corresponding to the expected MW of the native form of the protein. Abbreviations: PNGase F, peptide-N-glycosidase F; SELDI-TOF MS, surface-

enhanced laser desorption/ionization time-of-flight mass spectrometry.

Immunoelectron microscopy revealed that progranulin, recognized
by 10-nm gold-particle 4A10 antibody (Fig. 2E, red arrows), colo-
calized with vesicles immunodecorated with 6-nm gold particles
recognizing TSG101 antibody, a specific marker for exosomes
(Fig. 2E, blue arrows).

3.2. Low progranulin levels in GRN-mutated human fibroblasts

To evaluate the impact of GRN gene mutations on protein
expression and trafficking, we analyzed PGRN protein levels in
lysates (Lys), conditioned media (CM) and exosomes (Exo) of GRN
mut (n = 5 p. Leu271LeufsX10; n = 1 p. GIn341X; n = 1 p.
Thr276SerfsX7; n = 1 p. ¢.709-3C>G carriers) and control subjects

(CTR) fibroblasts. PGRN levels were significantly decreased in
lysates of GRN mut cells with respect to controls (% of PGRN level +
SEM. CTR: 15.27 + 3.09; GRN mut: 2.71 + 0.65; p < 0.001 with
respect to CTR; Mann-Whitney test) (Fig. 3A and C). As shown in
Fig. 3A, PGRN levels were significantly decreased in CM of GRN MUT
fibroblasts with respect to controls (% of PGRN level 4+ SEM. CTR:
7.05 £+ 1.66; GRN mut: 1.28 + 0.32; p < 0.001 with respect to CTR;
Mann-Whitney test) (Fig. 3C). In parallel, a strong reduction of
PGRN was observed in exosomes released by GRN mut cells (% of
PGRN level + SEM. CTR: 6.14 + 0.69; GRN mut: 1.60 + 0.27; p <
0.001 with respect to CTR; Mann-Whitney test) (Fig. 3A and C). We
then calculated the ratio between PGRN level measured in CM
versus lysates (CM/Lys) and in exosomes versus lysates (Exo/Lys):

Fig. 2. Exosomes released by human primary fibroblasts contain glycosylated progranulin. (A) Immunoblotting of sucrose gradient fractions with exosomal preparations from
conditioned media of human primary fibroblasts using antibodies directed against TSG101 and PGRN. TSG101 marked the fraction positive in exosomes, and PGRN was enriched in
this fraction. (B) PNGase F enzymatic deglycosylation of PGRN glycoforms demonstrated that progranulin in this fraction is N-glycosylated. Electron microscopy: ultrastructural
examination of fraction enriched in exosomes released from fibroblasts showed the presence of both single (C) and aggregated vesicles (D). Exosomes appeared as 40- to 100-nm
diameter vesicles surrounded by a lipid layer with a cup-shaped morphology. Immunoelectron microscopy: ultrastructural examination of the same fraction revealed that pro-
granulin, recognized by 10-nm gold-particles PCDGF antibody, recognizing PGRN (E, red arrows), colocalized with vescicles immunodecorated with 6-nm gold-particles 4A10
antibody, recognizing TSG101 a specific marker for exosomes (E, blue arrows). The morphology of the exosomes was probably influenced by immunolabeling procedures (scale bars,
100 nm each photo). Abbreviation: PNGase F, peptide-N-glycosidase F. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 3. Progranulin mutations alter PGRN levels in mutated human fibroblasts. (A) Western blot analysis showed a decrease of PGRN levels in lysates and conditioned media and a
decrease of both PGRN and TSG101 levels in exosomes of GRN mut fibroblasts. (B) In contrast to PGRN and TSG101 protein trend, Western blot analysis revealed an increase of LAMP1
in GRN mut exosomes. Moreover, Ponceau staining showed a reduction of the whole protein content in exosomes released by GRN mut fibroblasts. (C) Densitometric analyses of
lysates, conditioned media, and exosomal levels of PGRN, TSG101, and LAMP1. Mean values, presented as relative intensity &= SEM, were normalized relative to the lowest protein
level; *p < 0.05, Student t-test; **p < 0.001, Mann-Whitney test. Abbreviation: SEM, standard error of the mean.

comparing GRN mut and controls, we found no difference in the
CM/Lys ratios (CTR: 0.46 + 0.15; GRN mut: 0.47 + 0.14, p = 0.07
Student t-test) and in the Exo/Lys ratios (CTR: 0.40 + 0.34, GRN mut:
0.59 + 0.12, p = 0.75 Student t-test): the % of PGRN released in
association with exosomes in GRN mut and CTR is comparable.

Of note, the level of the exosomal marker TSG101 (Fig. 3B and C)
as well as the total protein cargo, as revealed by Ponceau staining
(Fig. 3B), were strongly reduced in exosomes released by GRN mut
fibroblasts (% of TSG101 level & SEM. CTR: 13.24 + 2.65; GRN mut:
5.43 4+ 2.25; p < 0.001 with respect to CTR; Mann-Whitney test).
Because of this reduction, a trend toward an increased ratio of
exosomal PGRN level versus exosomal TSG101 level in GRN mut was
observed, even if not statistically significant (CTR: 4.36 + 1.68, GRN
mut: 8.11 4= 7.41, p = 0.07; Student t-test). Conversely, Western blot
analyses with antibody directed against LAMP1 showed a strong
enrichment of its level in the exosomal fraction from GRN mut cells
(% of LAMP1 level + SEM. CTR: 1.26 & 0.18; GRN mut: 2.70 + 0.40;
p < 0.05 with respect to CTR; Student t-test) (Fig. 3B and C).

Cells proliferation and viability were measured by the trypan
blue exclusion method and MTT assay. By using Trypan blue
exclusion method, we found no significant changes in the number
of viable cells between CTR fibroblasts (n = 4) and GRN mut (n = 4)
(assorbance [mean + SEM]: plating day, CTR: 2850 + 63.2397; GRN

mut: 2725 + 188.7459; p = 0.56; day 3. CTR: 7132.5 4 187.7257; GRN
mut: 6012.5 & 583.2291; p = 0.12; day 5. CTR: 9810.75 + 661.3026;
GRN mut: 9920.5 + 492.7925; p = 0.90; day 7. CTR: 12,137.75 +
930.0776; GRN mut: 11,970 4 1013.4471; p = 0.92). In addition, MTT
viability assay did not reveal significant differences between CTR
and GRN mut fibroblasts (absorbance [mean + SEM]: plating day,
CTR: 0.04 & 0.0048; GRN mut: 0.03 & 0.0030; p = 0.55; day 3, CTR:
0.08 + 0.0039; GRN mut: 0.08 + 0.0019; p = 0.56; day 5, CTR: 0.10 +
0.00651; GRN mut: 0.09 + 0.0068; p = 0.41; day 7, CTR: 0.12 +
0.0075; GRN mut: 0.10 4+ 0.0185; p = 0.50) (Fig. 4). All these data
prove that mutations in GRN gene do not alter cell proliferation and
viability.

3.3. Decreased exosome concentrations in media conditioned by
GRN mut human fibroblasts

To clarify if the decrease in exosomal proteins observed in GRN
mut cells was due to a decrease in the exosomes total amount, we
analyzed intact vesicles solutions using NTA and a high-sensitivity
sandwich fluorescence assay on a microarray. A sandwich immu-
noassay was developed using the same monoclonal antibody for
both capture and detection purposes using antibody to human
CD63. Exosomes were purified from pooled conditioned media
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Fig. 4. Progranulin mutations do not alter cells proliferation and viability. Assessment of cell proliferation and viability by trypan blue exclusion (A) and MTT assay (B) after cell
attachment and 3, 5, and 7 days after plating demonstrates that there are no significant variations in cell viability of GRN-mutated fibroblasts with respect to the control group. In the
graphics, mean values & SEM are presented. Abbreviation: SEM, standard error of the mean.

from CTR and GRN mut human fibroblasts, resuspended in PBS, and
analyzed in parallel using the 2 quantification methods. NTAs
showed a decrease in the total number of extracellular vesicles
(Fig. 5A) from GRN mut human fibroblasts with respect to controls.
The immunoassay revealed a specific reduction of CD63 positive
vesicles (Fig. 5B) (relative fluorescence intensity of CD63 + SEM:
CTR: 30,871.526 + 575.70; GRN mut: 20,460.16 + 638.81, p < 0.001,
Student t-test).

3.4. Increased exosome concentration after in vitro GRN silencing

To further explore the role of PGRN in exosome release, we
performed GRN silencing experiments in SH-SY5Y cells. In cell
lysates, PGRN protein level downregulation (as compared to
alpha-tubulin) was confirmed after 48 hours of cell treatment
(Fig. 6A and B). Exosomes were then isolated from SH-SY5Y un-
treated (liposomes only) and PGRN siRNA-treated cells and
assessed for the presence of PGRN (Fig. 6C and D). All exosome
preparations were normalized for protein concentration before
Western blot analyses. The exosomal marker TSG101 was used as
loading control and to normalize protein levels. As expected,
following PGRN down-regulation, we observed a very strong
decrease in exosomal PGRN (Fig. 6E). We then performed NTAs to
analyze the concentration of exosomes released by SH-SY5Y in
both conditions. Surprisingly, we detected an increased number of
exosomes released after PGRN silencing (Fig. 6F).

4. Discussion

In this study, we analyzed PGRN protein trafficking and release
in human primary fibroblasts both in physiological and pathological
(i.e., presence of GRN null mutations) conditions. We made several
novel observations. We showed that (1) PGRN is secreted in asso-
ciation with exosomes, mainly in its N-glycosylated form; (2) the
level of exosomal PGRN released by GRN mut human fibroblasts is
strongly reduced; (3) the whole release of exosomes by GRN mut
cells is impaired; (4) and exosomes released by GRN mut cells are
enriched in Lamp1. Because the presence of GRN mutations does
not affect cells viability and proliferation, cell death is not respon-
sible for the observed biological effects. This is confirmed also by
GRN silencing in SH-SY5Y that does not affect cell viability and
proliferation (data not shown).

Most GRN mutations cause frame shifts, premature termina-
tions, or affect initiation of translation in case of mutations within
the Kozak consensus sequence: these mutations result in a
reduction of the PGRN protein levels because of nonsense-
mediated mRNA decay (Baker et al., 2006; Cruts et al., 2006).
Few missense mutations were demonstrated to be pathogenic:
those mutations impact on PGRN N-glycosylation and secretion
(Mukherjee et al., 2006; Shankaran et al., 2008). Thus, apparently
all pathogenic GRN mutations cause reduced protein expression or
secretion, although by different cellular mechanisms. Because
progranulin is a secreted neurotrophic factor that can promote
neuronal survival and enhance neurite outgrowth (Ryan et al.,

Fig. 5. Progranulin mutations alter exosomes number in GRN mut human fibroblasts. (A) Nanoparticle tracking analysis (NanoSight LM10 instrument) quantification of extracellular
vesicles (EVs) revealed a decrease in the total amount of vesicles isolated from GRN mut human fibroblast. (B) Fluorescence detection of CD63-positive vesicles on a Si/SiO- interfer-
ometric platform showed a decrease in the content of exosomes in GRN mut human fibroblasts. Mean values are presented as relative fluorescence intensity (RFI) = SEM; ***p < 0.001,

Student t-test. Abbreviation: SEM, standard error of the mean.
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Fig. 6. Progranulin silencing alters exosome release. (A) Representative Western blotting showing PGRN downregulation at 24 hours; the bar graph (B) is the densitometric
quantification (3 independent samples for each point). CTR: control; CTR (—): siRNA negative control; siRNA: small interfering RNA. (C) Control condition: exosomes released from
cells expressing basal level of PGRN; (D) silenced condition: exosomes released from SH-SY5Y cells after 48 hours of PGRN silencing. In both conditions, the TSG101 antibody was
used to show the exosomal enrichment in P4 fraction after serial centrifugation at increasing speed. (E) Densitometric quantification of the P4 lanes of the Western blotting ex-
periments. The densitometric values of the exosome-enriched fractions were normalized for TSG101 signal and are the mean + standard deviation from 3 independent experiments.
(F) Nanoparticle tracking analysis of EVs released by SH-SY5Y in both conditions revealed an increased number of exosomes released after PGRN silencing. L: total cell lysate before
centrifugation; P2 — P4: protein extract from the pellet obtained at different centrifugation step. **p < 0.01, ***p < 0.001 1-way ANOVA and post-hoc test. Abbreviations: ANOVA,

analysis of variance; n.s., not significant.

2009; Van Damme et al., 2008), it is believed that depletion of
PGRN in the brain might cause neurodegeneration, but the
mechanism by which it leads to neuronal death remain unclear.

Previous studies described that PGRN is secreted by the classical
ER and/or Golgi secretory pathway (Ryan et al., 2009); once it is
secreted, PGRN is actively internalized by sortilin and sorted to
early endosomes and then to lysosomes (Hu et al., 2010; Tanimoto
et al., 2015). Herein, we demonstrated that progranulin is secreted
not only as soluble protein, but it is also incorporated into exosomes
in a highly glycosylated form.

Many cells of the nervous system have been shown to release
exosomes, implicating their active roles in development, func-
tion, and pathologies of this system: because exosomes are
capable of transferring biomolecules among cells without direct
cell-to-cell contact, this transfer modality represents a novel
physiological form of intercellular communication between
neural cells (Agnati and Fuxe, 2014; Fauré et al., 2006; Fruhbeis
et al,, 2013; Lachenal et al.,, 2011). In physiological conditions,
exosomes have been demonstrated to promote neuronal survival

(Wang et al., 2011). In neurodegenerative disorders, exosomes
have been suggested as potential carriers of misfolded toxic
proteins, such as the amyloid-beta peptide in AD (Rajendran
et al,, 2014). However, controversial data have been published
on their role in AD pathogenesis and whether they promote or
counteract the toxic action of the amyloid-beta peptide is still a
matter of debate (Joshi et al., 2015). We previously demonstrated
that the presence of AD-associated presenilin-2 mutations results
in a loss of exosomal glycosylated-cystatin C, a neuroprotective
growth factor (Ghidoni et al., 2011). In the presence of GRN null
mutations, we observed not only a loss of exosomal glycosylated-
PGRN, but also a loss of exosomes.

As we previously hypothesized, we might speculate that during
aging, characterized by progressive loss of neurons, exosomes could
become the key player of neuronal communication: in this view,
survival of neurons could be easily affected by factors modulating
exosomes release and/or composition, such as the presence of
pathogenic mutations (Ghidoni et al., 2008b). We demonstrated
that in GRN-associated frontotemporal dementia, this shuttle
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system is strongly impaired: thus, along with shortage of
the circulating PGRN, GRN null mutations alter intercellular
communication.

The molecular mechanism underlying this effect deserves
further investigations. Our data suggest that the loss of PGRN might
impact on cellular protein sorting and degradation. Several studies
have now implicated PGRN in lysosomal functions (Belcastro et al.,
2011; Gotzl et al., 2014; Smith et al., 2012; Zhou et al., 2015). Of
interest, GRN null mutation in homozygosity was described to cause
the neuronal ceroid lipofuscinoses, a lysosomal storage disorder
(Smith et al., 2012). GRN silencing experiment in SH-SY5Y cells
confirmed a direct role of PGRN in the control of exosome release.
The differential effect of the loss of PGRN on exosomes release in
the 2 cellular disease models (i.e., silenced cells and mutated
fibroblasts from patients) may be due to the fact that we are
comparing an acute versus a chronic lifelong PGRN deprivation: in
humans, loss of PGRN could first upregulate exosome release and
then result in a downregulation of this pathway. In this view, the
observed enrichment of exosomal Lamp1 in human diseased cells
might attest an activation of the lysosomal pathway in the attempt
to rebalance exosome release. As a matter of fact, GRN-associated
neurodegeneration is pathologically characterized by intracellular
protein accumulation.

The ideal time to treat neurodegenerative disease is before
clinical presentation, at a point when the minimum of irreversible
neuronal loss has occurred and cognitive function is still preserved.
At present, this could be achieved in genetically determined forms
of neurodegenerative disease, such as GRN-associated fronto-
temporal dementia: in presymptomatic GRN mutation carriers,
markers of neurodegeneration (i.e., structural imaging changes) can
be detected even a decade before the expected onset of clinical
symptoms (Pievani et al., 2014; Rohrer et al., 2015). Because all
pathogenic GRN mutations are associated with a strong reduction of
extracellular PGRN protein, drug discovery effort aimed at
enhancing extracellular PGRN levels is of great interest to the sci-
entific community (Almeida et al., 2012; Capell et al., 2011; Cenik
et al,, 2011; Lee et al., 2014). A better understanding of the role
played by exosomes in GRN-associated neurodegeneration is crucial
for the development of novel therapies targeting exosomes release.
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HIGHLIGHTS GRAPHICAL ABSTRACT

e Extracellular vesicles (EVs) have a
great potential for liquid biopsy de-
velopment.

e Isolation and characterization of EVs
present unique challenges due to
their small size, low refractive index,
and polydispersity.

e We propose, for the first time, the
use of a Si/SiO, interferometric plat-
form for multiparameter intact EVs
analysis combining EVs mass quanti-
tation and phenotyping.

o Successful fluorescence detection of
EVs from plasma samples opens the
way to the use of the platform in di-
agnostic applications.
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exosomes and microvesicles/ectosomes, respectively. The interest
towards extracellular vesicles (EVs) has grown exponentially over
the last few years following the discovery that they are involved in
intercellular communication by serving as transfer vehicles of pro-
teins, lipids, DNA and RNA between cells [1-3], furthermore, EVs
are reservoirs for biomarkers for neurological disorders and tumors
[4-6]. A major driver of translational interest in EV classes remains
their potential for liquid biopsy development. The presence of EVs
in body fluids including blood, urine, and saliva allows the non-
invasive detection of biomarkers from easily obtained samples and
the improved access to the benefits of personalized medicine, po-
tentially replacing many costly and invasive tissue biopsies [7,8].

In general, the isolation and characterization of EVs present
unique challenges due to their small size, low refractive index, and
polydispersity [9]. Since they are too small for direct analysis by
flow cytometry or other conventional state-of-the-art techniques
for the analysis of nanoparticles, new methods are needed to
successfully quantify EVs and to identify their cellular origin
[10].

Currently, EVs are mostly isolated from the supernatant of cul-
tured cells grown in fetal calf serum by performing differential ul-
tracentrifugation [11]. Although it is possible to detect EVs in any
given preparation through qualitative analysis, their quantification
still remains an issue and only one approach is widely used: quan-
tification of the amount of an EV’s associated protein using ELISA
or immunoblotting. The main limitation of this approach is that it
is very hard to distinguish between a modification of the number
of expressed proteins per EV and a real modification in the amount
of EVs in the sample. An alternative approach takes advantage of
measuring the total protein concentration in the EV preparations.
However, all of these protocols require the disruption of the vesi-
cle membranes and the release of internal proteins into the sample
buffer.

The main methods used to characterize intact EVs are: 1) Elec-
tron Microscopy (EM), 2) Nanoparticle Tracking Analysis (NTA)
(NanoSight) and 3) qNano (Izon Science Ltd). NTA is a special opti-
cal microscopy technique complementary to electron microscopy,
which allows determination of the size distribution of isolated
EVs based on the Brownian motion of vesicles in suspension
(www.nanosight.com). gqNano is based on a technique known as
Tunable Resistive Pulse Sensing (TRPS), and utilizes dynamically
resizable nanopores for real-time particle detection, quantitation
and characterization. A significant limitation of these techniques
is that while they can objectively define the vesicle size range
and concentration, they are restricted in their ability to simul-
taneously phenotype vesicles by identification of their expressed
proteins.

An emerging technique is flow cytometry of exosomes cap-
tured on antibody-coated latex beads [12] on a novel high resolu-
tion flow cytometer analysis of individual (immunolabeled) nano-
sized vesicles [13]. This type of test allows the simultaneous
evaluation of multiple parameters on single vesicles by a multi-
color labeling strategy. In general, the analysis of a single, spe-
cific EV’s antigen using conventional flow cytometry and West-
ern blotting demands 10-30 g of EV’s total protein content, iso-
lated by extensive and time-consuming standard extraction proce-
dures. In order to obtain that amount of purified exosomal mate-
rial, large quantities of cells producing the exosomes are needed
(3 x 107-4 x 108 cells).

Recently, a high-throughput fluorescence microarray able to ef-
ficiently capture and phenotype EVs was developed based on the
use of 21 [14] or 60 [15] antibodies for different surface antigens.
The array uses a cocktail of antibodies against tetraspanins CD9,
CD63 and CD81 to profile the captured vesicles but an absolute
quantitation of the EVs mass present in the sample is not yet im-
plemented.

In summary, to use exosomes in diagnostic tests, new quanti-
tative and high-throughput methods for assessing their concentra-
tion and phenotype in biological fluids are needed with capability
beyond the state-of-the-art technologies.

Here we propose, for the first time, the use of a Si/SiO, in-
terferometric platform [16,17], for multiparameter intact EVs anal-
ysis combining label-free EVs mass quantitation and high sensi-
tivity, fluorescence based phenotyping. The scheme of the assay
is reported in Fig. 1. In the proposed method, EVs are captured
by antibody spots on Si/SiO, chip displaying regions with a dual
SiO, thickness: 500 nm and 100 nm. The vesicle mass quantita-
tion is based on the use of the Interferometric Reflectance Imag-
ing Sensor (IRIS) [18] which utilizes optical interferometry to de-
tect biomolecular binding on the 500 nm SiO, surface through an
optical phase shift, sampling the reflectivity of the surface with
a camera and multiple wavelength sources. IRIS is a label-free
and quantitative technique, directly relating the measured optical
thickness of the biolayers (providing an optical phase shift) to the
absolute amount of molecules on the surface [19]. On the same
silicon chip, the phenotyping of EVs is allowed by fluorescence
immuno-labeling of vesicle protein biomarkers. High sensitivity is
provided by the use of chip areas coated by a 100 nm SiO, layer
for the selective enhancement of fluorophores [20-22]. Fig. 1b-d,
show typical microarray images after each step of the proposed
assay.

The combination of the dual detection scheme (label-free and
fluorescence) on the same silicon chip was demonstrated in the
past for protein microarrays [17,23,24]. Here, this innovative plat-
form is applied to detect, quantify and phenotype EVs without dis-
rupting their membranes. A correlation between the total amount
of vesicles, purified from human fibroblast cell culture, and the
mean content of a specific biomarker was demonstrated. The abil-
ity to phenotype these EVs samples by fluorescence antibody mi-
croarray is also proved. Moreover, the successful fluorescence de-
tection of EVs from plasma samples without the use of time-
consuming purification steps opens the way to the use of the plat-
form in diagnostic applications.

2. Experimental section
2.1. Materials

Phosphate buffered saline (PBS), Trizma base (Tris), HCI,
ethanolamine, Bovine Serum Albumin (BSA), ammonium
sulfate, N,N’-dymethylacrylamide (DMA), Tween-20 and 3-
(trimethoxysilyl)propylmethacrilate (MAPS) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Either unmarked and biotin-
labeled mouse monoclonal antibodies, clone H5C6, against the
human tetraspanin CD63 (hCD63) were purchased from BioLegend
(San Diego, CA, USA).

Cy3-labeled streptavidin (SA-Cy3) was obtained from Jackson
Immunoresearch (West Grove, PA, USA). Antibodies against hu-
man tetraspanins CD9 and CD81, against Rab5, HSP70 and Flotillin1
were purchased from Hansabiomed Ltd (Tallin, Estonia).

Silicon chips with a 100 nm and 500 nm thermal oxide layer
[17] were a kind gift from Prof. Selim M. Unlu from Boston Univer-
sity, MA (USA).

2.2. EVs isolation from human biological samples

Skin fibroblasts primary cultures were selected from the tis-
sue repository of the IRCCS Istituto Centro San Giovanni di Dio
Fatebenefratelli (approved by the local ethical committee, CEIOC
Prot. N. 2/92/p/rm). Establishment of fibroblast cultures, growth,
storage conditions and lysis protocol for Western blot analysis
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Fig. 1. a) Scheme of the assay: EVs are captured by antibody spots on Si/SiO, chip. The vesicle mass quantitation is based on the use of the interferometric reflectance
imaging sensor (IRIS) which utilizes optical interferometry to detect biomolecular binding on chip. On the same silicon chip, the phehotyping of EVs is allowed by fluores-
cence immuno-labeling of vesicle protein biomarkers. b) Typical IRIS image of the anti-CD63 antibody array (before EVs capture). ¢) Typical IRIS image of the array after
EVs capture. The total amount of captured EVs was calculated subtracting the measurements after the EV’s sample incubation from the one corresponding to the anti-CD63
antibody spots only. d) Typical fluorescence image of the array after immunostaining with biotinilated anti-CD63 antibody and CY3-streptavidin.

are described elsewhere [25]. HEK 293 (Human Embryonic Kid-
ney 293) cells were cultured in Minimum Essential Medium (MEM,
Life Technologies) supplemented with 10% Fetal Bovine Serum
(EuroClone S.p.A.), 1% Penicillin/Streptomycin solution (Carlo Erba
Reagents), 2 mM L-glutamine (Carlo Erba Reagents), 1% MEM non
Essential Amino Acids solution (Carlo Erba Reagents), at 37 °C
in 5% CO,/95% air. The different fibroblast cell cultures (obtained
from cognitively intact subjects), each at the same passage num-
ber were plated at 300.000 cells/100 mm Petri dish, grown to 80%
confluence and then incubated in serum-free medium for 72 h
(3 mL/100 mm Petri dish). HEK 293 cells were grown to 80%
confluence and then incubated in serum-free medium for 72 h
(3 mL each 100 mm Petri dish). Conditioned media were pooled
(~48 mL of conditioned media/experiment) and centrifuged to ob-
tain exosomes according to the standard protocol [26]. Briefly, con-
ditioned media were collected and spun at 300 x g for 10 min
for three times. The supernatants were then sequentially cen-
trifuged at 1200 x g for 20 min and again at 10,000 x g for
30 min followed by ultracentrifugation at 1,10,000 x g for 60 min
(T-8100 rotor) (Sorvall). According to [26], the discarded pellet
contains cell debris. All centrifugations were performed at 4 °C.
The 1,10,000 x g pellet was then resuspended in PBS (5 l per
Petri 100 mm dish) and then serially diluted for NTA and IRIS
analyses.

Human plasma samples were isolated according to standard
procedure and centrifuged at 3000 x g for 5 min before un-
dergoing NTA and IRIS analyses. For Western blot analysis, exo-
somes were purified from 125 1 of plasma by ultracentrifugation

(1,10,000 x g for 120 min) after a dilution step with PBS (final vol-
ume: 6 mL) and a filtration step (syringe filter 0.2 jwm).

Study protocol was approved by the local ethical committee
(Prot. N. 52/2014).

2.3. Western blotting

Ultracentrifuge-purified exosomal pellets were resuspended in
12.5 |l RIPA lysis buffer (150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5%
sodium deoxycholate, 0.1% SDS and 50 mM Tris, pH 8.0) and then
analyzed by Western blot using the anti-tetraspanin CD63 SC5275
monoclonal antibody (Santa Cruz Biotechnology, Inc.).

2.4. Nanoparticle tracking analysis (NTA)

Nano-Sight LM10 instrument (Malvern, Worcestershire, UK) was
selected to analyze suspensions containing vesicles. The dilute
samples were illuminated by a monochromatic laser beam at
532 nm to register a 60 s video taken with a mean frame rate of 30
frames/s. The NTA software (version 2.2, NanoSight) was used to
analyze EV samples, optimized to first identify and then track each
particle on a frame-by-frame basis, and its Brownian movement is
tracked and measured from frame to frame. Particle size was de-
termined applying the two-dimensional Stokes-Einstein equation
based on the velocity of particle movement. From each video was
elaborated the mean, mode and median EV size to calculate sam-
ples concentration expressed in nanoparticles per mL.
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2.5. Coating of microarray silicon chips with poly(DMA-NAS-MAPS)

Copoly(DMA-NAS-MAPS) was synthesized as described in
Ref. [27]. Silicon chips were coated according to the protocol de-
scribed in Ref. [17]. Briefly, silicon chips were immersed in a
copoly(DMA-NAS-MAPS) solution (1% w/v in 0.9 M (NH,4),SO,) for
30 min. The chips were then rinsed with water, dried under nitro-
gen and cured for 15 min under vacuum at 80 °C.

2.6. Sandwich immunoassays using IRIS and fluorescence-based
detection platforms

Capture antibody against hCD63, clone H5C6, PBS and BSA as
negative controls and Cy3-labeled streptavidin (as reference) were
arrayed on copoly(DMA-NAS-MAPS)-coated silicon chips, with 100
and 500 nm oxide layer thickness, using a SciFlexArrayer S5 spot-
ter from Scienion (Berlin, Germany). Antibodies were printed at
1 mg/mL in 25 or 32 replicates; the volume of spotted drops was
400 pL. Printed chips were placed in a humid chamber and in-
cubated overnight at room temperature. Then they were blocked
with 50 mM ethanolamine solution in 1 M TRIS/HCI pH 9 for 1 h,
washed with water and dried under a stream of nitrogen.

Antibody arrays were first characterized with the label-free IRIS
platform. Images of printed capture antibodies were acquired with
Zoiray Acquire software and quantified according to [19], before
any incubation with samples.

According to NanoSight quantifications, EV standard prepara-
tions were diluted in PBS to a concentration of 16, 4, 2, 1.6, 0.6, 0.4
and 0 E+10 particles/mL and then 20 wL of each sample was incu-
bated in static conditions for 2 h on printed chips. Human plasma
samples (20 L) were incubated overnight at room temperature
without any dilution.

After incubation, chips were washed with PBS under stirring,
rinsed in water and dried under a nitrogen stream. Post-incubation
label-free IRIS images were then acquired as described above. All
IRIS files were fitted and processed using Zoiray Process software.
The effective mass increase from captured EVs on printed antibod-
ies was obtained subtracting the signals measured before and after
sample incubation. Net values from 25 spots were averaged to de-
sign a calibration curve.

Subsequently, all chips were incubated for 1 h, with the biotin-
labeled detection antibody against hCD63 at 1 pg/mL in incu-
bation buffer (50 mM Tris/HCl, 150 mM NaCl and 0.02% Tween-
20). As vesicles display several tetraspanins on their membrane,
a sandwich immunoassay is possible even when using the same
monoclonal antibody for both capture and detection purposes.
Chips were then washed with PBS for 10 min, rinsed with water
and incubated, for 1 h, with Cy3-labeled streptavidin (SA-Cy3) at
2 pg/mL in PBS. Chips were washed with PBS and water for 10 min
each, rinsed with water and dried under a nitrogen stream. Flu-
orescence was detected by a ProScanArray scanner (PerkinElmer,
Boston, MA), and silicon chips were analyzed using 70, 80 or 90%
photomultiplier (PMT) gain and laser power. The fluorescence in-
tensities of 25 or 32 replicate spots were averaged.

3. Results and discussion
3.1. Label free measurements

EVs from human fibroblasts cell culture were purified accord-
ing to the ultracentrifugation protocol described in the experimen-
tal section. The suspension of EVs was then analyzed by Nanopar-
ticle Tracking to estimate the number of particles contained in
the preparation: in a typical experiment such preparations pro-
vided 1.6 x 10" particles/mL. Six dilutions of the characterized

suspension in the range 4 x 10°-4 x 1019 particles/mL were
then incubated on the surface of the antibody array displaying
the anti-hCD63 antibody, being CD63 a marker generally present
in EVs and overexpressed in exosomes [28-30]; all preparations
were CD63 positive, as demonstrated by Western blot (Fig. 1S).
Silicon chips were then analyzed by the label-free IRIS platform
to detect the increase in the mass generated by the binding of
vesicles to the anti-hCD63 antibody spots. The binding provided
an optical phase shift in the range 0.5-3 nm. The net signals
originated by EVs captured by the antibody spots were calcu-
lated subtracting the measurements after the sample incubation
from the one corresponding to the anti-hCD63 antibody spots
only. Typical IRIS images are reported in Fig. 1(b,c). A calibra-
tion curve was then generated correlating the number of parti-
cles estimated by Nanoparticle Tracking in the incubated suspen-
sions with the mean optical phase shift values originated by the
captured vesicles (Fig. 2a). Samples ranging from 0 to 1.6 x 10'°
particles/mL showed a linear correlation between the number of
incubated vesicles and the biomass measured on the capture anti-
bodies, demonstrating the capability to capture and quantify CD63-
positive vesicles (Fig. 2b). On the contrary, samples with more
than 1.6 x 1019 particles/mL did not provide any further optical
phase shift. This is likely due to the saturation of printed cap-
ture antibodies, as a consequence of steric hindrance or deple-
tion of available binding sites. These data suggest the possibility
to use the IRIS label-free platform and a calibration curve as a
method to quantify the amount of CD63-positive EVs in a given
sample. The method provided a dynamic range (0-1.6 x 1010 par-
ticles/mL) which allows the quantification of EVs when extracted
from plasma samples by established protocols [31,32], without any
pre-quantification.

3.2. Sandwich fluorescence assay

As vesicles display several CD63 tetraspanins on their mem-
branes, a sandwich immunoassay was developed using the same
monoclonal antibody for both capture and detection purposes. Af-
ter label-free IRIS analysis of chips, they were further incubated
with a biotin-labeled anti-hCD63 antibody; fluorescence detec-
tion was allowed by a Cy3-labeled streptavidin. Fluorescence spots
were revealed and quantified by a microarray fluorescence scan-
ner. A calibration curve was obtained in a linear range from 0 to
4.0 x 10 particles/mL (Fig. 3). Furthermore, the fact that human
CD63 was detectable, by the same monoclonal antibody, in a sand-
wich assay, strongly suggests that the captured vesicles maintained
their integrity during the assay.

3.3. Correlation between label free and fluorescence assay

The signals from label free and fluorescence measurements, in
the common range from 0 to 1.6 x 1010 particles/mL, were plot-
ted on a single graph (Fig. 4), demonstrating a correlation factor
(R%2 = 0.99208) between data originating from the two combined
detection methods.

These proof-of-principle experiments demonstrated for the first
time the use of a microarray based dual detection platform to
quantify the amount of intact vesicles while simultaneously pro-
viding information on their phenotypes. We anticipate the great
potential of this tool by exploiting the multiplexing capabilities of
antibody microarrays either using several different capturing anti-
bodies for biomarkers of interest or by printing a cocktail of cap-
ture antibodies followed by incubation with different detection an-
tibodies. This would enhance the vesicle capturing yield in a given
sample, allowing the detection of the total amount of bound bio-
material as well as to phenotype it by incubating with differen-



164 P. Gagni et al./Analytica Chimica Acta 902 (2016) 160-167

Fig. 2. IRIS measurements and calibration curve of EVs bound to anti-CD63 capture antibodies printed on silicon chips. a) Signals from samples with more than 1.6 x 10
particles/mL reach a plateau as a consequence of saturation of binding sites on each spot of interest. b) Close-up of the linear range of IRIS measurements from 0 to 1.6 x 10

particles/mL.

Fig. 3. Fluorescence signals (70% laser power and PMT gain) from EVs captured and
detected using antibodies against hCD63 in a sandwich immunoassay format.

tial detection antibodies, specific for a given tissue or pathology
biomarker.

3.4. Vesicles phenotyping

The feasibility of the workflow for combined mass quantitation
and phenotyping was verified using two preparations of EVs from
fibroblasts and HEK 293 (Human Embryonic Kidney 293) cells.
All preparations were CD63 positive, as demonstrated by West-
ern blot (Fig. 1S). An array of antibodies to human CD63, CD8]1,
CD9, Rab5, HSP70, Flotillin1 and negative controls was spotted on
Si/Si0, chips and incubated with EVs from the two cell cultures

Fig. 4. Correlation between IRIS measurements (x axis) and fluorescence (at 70%
laser power and PMT gain, y axis) detection in the common range from 0 to
1.6 x 10'° particles/mL.

purified according to the ultracentrifugation protocol. Both mass
quantitation by IRIS and fluorescence analysis using anti-hCD63
detection antibody were performed. The mass quantitation by IRIS
on the hCD63 antibody spots provided optical phase shift val-
ues of 0.437 + 0.11 and 0.376 4 0.17 for the fibroblast and HEK
cells respectively, revealing very similar purification yields (as also
demonstrated by NTA measurements: 1.75 x 10° + 5.68 x 107 and
1.6 x 10° + 4.57 x 10° particles/mL). On the contrary, the fluo-
rescence based phenotyping performed on the array of antibod-
ies revealed differences in the pattern of expressed biomarkers in
the two cell lines as demonstrated by the fluorescence values as
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reported in Fig. 5. The HEK cells EVs preparation showed a higher
fuorescence intensity for CD9, fibroblast revealed a higher intensity
for CD63 whereas the expression of CD81 was comparable for the
two cell lines. Fluorescence for Rab5, HSP70 and Flotillin1 was un-
detectable in these samples. The negative control spots (BSA and
PBS) and supernatant solutions (data not shown) provided negligi-
ble signals.

3.5. Analysis of EVs from human plasma

The sandwich immunoassay described above using anti-CD63
antibody was applied to human plasma samples to verify the fea-
sibility of the detection of EVs directly in biological fluids without
the need of time-consuming purification protocols. Plasma samples
were in fact simply centrifuged at 3000 x g. Nanoparticle Tracking
measurements typically estimated the EVs content in these sam-
ples in 1.3 x 1010 particles/mL. Vesicles captured on spotted an-
tibodies were then detected by fluorescence using the anti-hCD63
biotin-labeled antibody, coupled with Cy3-labeled streptavidin. Mi-
croarray experiments required the overnight incubation of 20 L of
undiluted plasma. Table 1 reports the comparison of fluorescence
intensity detected for both plasma and EVs preparations purified
by ultracentrifugation. A comparison of the typical fluorescence
images for the two types of sample preparations are reported in
Fig. 2S in the Supplementary Information. Notably, at comparable
EVs concentration of about 10'0 particles/mL, the fluorescence sig-
nals originated by EVs from plasma are lower than the signals de-
tected for samples purified from cell culture and resuspended in
PBS. To detect plasma samples it was necessary to extend the in-
cubation time and to increase the laser power in order to improve
the signal-to-noise ratio. This is most likely due to the presence
of many lipoproteins in plasma samples, as suggested by previ-
ous studies [31]. We may also speculate that a lower expression
of CD63 in plasma EVs compared to fibroblast vesicles could give
a contribution to the observed underestimate in fluorescence sig-
nal. The purification procedure applied to fibroblast cell culture
was tested on plasma as well; however, to obtain comparable flu-
orescence signals it would be necessary to use a 10 times higher
plasma volume (200 wL) making this approach not applicable for
use in routine diagnostics.

To check non-specific binding on the microarray we used spot-
ted BSA and PBS as negative control spots [14,15]. Negligible non-

Fig. 5. Comparison of fluorescence detection (at 70% laser power and PMT) of the
phenotyping of EVs purified by ultracentrifugation from two cell lines: fibroblast
and HEK. The detection antibody used was a labeled anti-CD63 antibody. Error bars
represent the standard deviation of medium fluorescence intensity of 32 spots. Flu-
orescence on non-correlated antibody spots used as negative controls (anti Beta-
Lactoglobulin and anti Alfa-Lactalbumin) was negligible (data not shown).

Table 1

Relative fluorescence intensity of EVs from human plasma (1.31 x 10 parti-
cles/mL) and EVs from fibroblast cell culture followed by standard purification
(6.38 x 109 particles/mL). Samples were incubated overnight and analyzed at 90%
laser power and PMT gain.

Human plasma Fibroblast cell culture

6.38 x 100
60,966 + 1980

1.31 x 10
4414 + 1392

Number of vesicles in 1 mL
Relative fluorescence intensity

specific binding was detected on the control spots as shown in
Fig. 3S in the Supplementary Information which reports fluores-
cence intensities for three plasma samples analyzed. A further
specificity control is the absence of fluorescence signals on anti-
hCD63 spots when incubating the supernatant solution collected
after ultracentrifugation of fibroblast culture (data not shown).

Inter and intra-assay reproducibility of the fluorescence mi-
croarray analysis of three different human plasma samples per-
formed in triplicate are reported in Table 2. The fluorescence assay
provided an intra-assay coefficient of variation (CV%) ranging from
15% to 19% and an inter-assay CV% ranging from 17% to 19%. These
reproducibility ranges are not uncommon in protein microarrays
[32,33], and mostly depend on manufacturing (spotting) variability
and non homogeneous surface [34]. The use of internal calibration
methods by quantitation of the absolute amount of immobilized
bioprobes (antibodies) can improve reproducibility of results [23].
For comparison, reproducibility of the measurement of nanoparti-
cles number by NTA are reported in Table 1S in the Supplementary
Information.

The corresponding fluorescence images of the microarrays are
reported in Fig. 6. The fluorescence enhancing properties of the
100 nm SiO, chip layer coupled to the non-fouling properties of
the polymeric coating [35] provided a good signal to noise ratio for
all the analyzed samples even when using undiluted complex sam-
ple matrices. Notably, in this system, sensitivity can be enhanced
and consequently, incubation time reduced, by introducing agita-
tion of the sample to overcome mass transport limitations [22].
Further studies are necessary to understand the reason of the ap-
parent impaired binding of vesicles derived from plasma with re-
spect to samples purified by centrifugation. Nonetheless this result
paves the way to the use of the dual-detection microarray plat-
form in diagnostic assays directly on clinical samples and without
the use of time consuming ultracentrifugation protocols.

4. Conclusions

In this work, a method to simultaneously detect, quantify
and phenotype intact EVs by combining qualitative and quan-
titative analysis was introduced. The proposed microarray plat-
form aims at surpassing the main limitation of current approaches
for EVs characterization that is the inhability to distinguish be-
tween a modification of the number of expressed proteins per
EV and a real modification in the amount of EVs in the sample.
Furthermore, the technique ensures the phenotyping of vesicles
based on the biomarkers that they expose on the membrane sur-
face and not on the protein total content as in Western blot or
ELISA.

Label free IRIS measurements allowed to quantify the amount
of vesicles captured on the printed antibodies by detection
of optical phase shifts originating from accumulation of bio-
material on antibody spots. Simultaneously, EVs were also de-
tected by fluorescence in a sandwich immunoassay using hu-
man CD63 biomarker, proving identity and vesicle integrity. Mul-
tiplexed fluorescence detection (phenotyping) was also verified on
a panel of capturing antibodies. Further studies will aim at fur-
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Reproducibility of the EV’s microarray analysis of centrifuged plasma. Three plasma samples (A, B and C) were analyzed in triplicate. Fluorescence intensity over the anti-
human CD63 spots is averaged, values and standard deviations are reported. Intra-assay reproducibility is expressed as the coefficient of variation (CV%) on 32 replicated
anti-hCD63 spots; inter-assay reproducibility is expressed as the coefficient of variation (CV%) on 3 analysis of the same plasma sample, see Fig. 6.

Plasma A Plasma B Plasma C

Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3
Average fluorescence 9584 10,297 9612 7096 6725 7558 11,598 12,534 10,406
St. dev. 1729 1928 1762 1354 1294 1442 1876 1928 1680
CV% intra 18% 19% 18% 19% 19% 19% 16% 15% 16%
Average fluorescence 9875 7215 11,589
St. dev. 1818 1393 2000
CV% inter 18% 19% 17%

CV% are in bold.

Fig. 6. Fluorescence images (90% laser power and PMT) of the analysis of three plasma samples (A, B and C). The spotting scheme is identical for all the images: Cy3 labeled
streptavidin is used as positional control, an array of 8x4 anti human CD63 antibody is used to selectively capture EVs, lines of 8 BSA and 8 PBS spots are used as negative

controls. Fluorescence intensity for the anti-human CD63 spots is averaged and values are reported in Table 2 together with intra and inter-assay reproducibility.

ther multiplexing the assay and improving detection of EVs di-
rectly in complex matrices avoiding time consuming purification
protocols.
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