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Annex 1. Reactive species:
1. Building blocks:

Isocyanates
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LAP 100D: N-dodecyl-1,3-
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Polyols

YMER™ N120: 2-ethyl-2-
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2. Crosslinkers
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DETA: Diethylenetriamine H,>N NH
y 2 \/\H/\/ 2
EDA: Ethylenediamine HZN\/\NHZ
Lys: L- Lysine 0
HN OH
\/\/\'\ll)Hj\

3. Conjugated molecules

RGD peptide

cRGDfK:

pentaoxo-1,4,7,10,13-
pentaazacyclopentadecan-2- h H\/‘go

yl)acetic acid
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5-((5-
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Annex 2. Encapsulated molecules:

Drugs
PLI: (S)-N-((R)-1- o
Plitidepsin (((3S,6R,7S,10R,11S,15S,17S,2

0S,25aS)-10-((S)-sec-butyl)-11-
hydroxy-20-isobutyl-15-isopropyl-
3-(4-methoxybenzyl)-2,6,17-
trimethyl-1,4,8,13,16,18,21-
heptaoxodocosahydro-1H-
pyrrolo[2,1-
f][1,15,4,7,10,20]dioxatetraazacy

clotricosin-7-yl)amino)-4-methyl-

1-oxopentan-2-yl)-N-methyl-1-(2-
oxopropanoyl)pyrrolidine-2-

carboxamide

RX: (3R,4S,55,6R,7R,9R,11S,12R,13

Roxithromycin ~ S,14R)-6-{[(2S,3R,4S,6R)-4-
(Dimethylamino)-3-hydroxy-6-
methyloxan-2-ylJoxy}-14-ethyl-
7,12,13-trihydroxy-4-
{[(2R,4R,5S,6S)-5-hydroxy-4-
methoxy-4,6-dimethyloxan-2-
ylloxy}-3,5,7,9,11,13-hexamethyl-

10-(2,4,7-trioxa-1-azaoctan-1-

ylidene)-1-oxacyclotetradecan-2-

one

BDS: (11beta,16alpha)-16,17-
Budesonide (Butylidenebis(oxy))-11,21-
dihydroxypregna-1,4-diene-3,20-

dione
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oil
Crodamol propane-1,2,3-triyl 0
. /\/\/\)J\o
GTCC/ trioctanoate, \/\/\/\[ro\)\/om/\/\/\/
Capric caprylic propane-1,2,3-triyl 0 0
o}

triglyceride

tris(decanoate) (1:1) /\/\/\/\)Lo
\/\/\/\/\[rox)\/om/\/\/\/\/
o} o}

Fluorophores

DIR

1-octadecyl-2-((1E,32)-3
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=

5

Dil

(22)-2-[(E)-3-(3,3-dimethyl-1-
octadecylindol-1-ium-2-yl)prop-
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octadecylindole perchlorate
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DiO

3-octadecyl-2-((1E,3E)-3-(3-
octadecylbenzo[d]oxazol-
2(3H)-ylidene)prop-1-en-1-
yl)benzo[d]oxazol-3-ium

perchlorate
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Annex 3. Abbreviations

AFM
Amphil
APTES
CTP
DDS
DLS
DSC
EPR
FRET
FT-IR
GSH
HLB
HPLC
Hyfob
IR
NMR
o/w
PAA
PAAmM
PAS
PCL
PDEAEMA
PDMAEMA
PEG
PEO
PHEMA
PGA
PLA
PLGA
PMA
PMAA
PU
PUUa
PVA
QDs

Atomic Force Microscopy

Amphiphilic prepolymer
(3-Aminopropyl)triethoxysilane

Cell Targeting Peptide

Drug Delivery System
Dynamic Light Scattering

Differential Scanning Calorimetry
Enhanced Permeation Retention

Forster Resonance Energy Transfer
Fourier Transform Infrared Spectroscopy
Glutathione

Hydrophilic-Lipophilic Balance
High-Performance Liquid Chromatography
Hydrophobic Prepolymer

Infrared Spectroscopy

Nuclear Magnetic Resonance
Oil-in-Water emulsion

Poly(acrylic acid)

Polyacrylamide

Proline-Alanine-Serine Polypeptide
Polycaprolactone
Poly(2-diethylaminoethyl methacrylate)
Poly(2-dimethylaminoethyl methacrylate)
Poly(ethylene glycol)

Poly(ethylene oxide)
Poly(2-hydroxyethyl methacrylate)
Poly(y-glutamic acid)

Poly(lactic acid)
Poly(lactide-co-glycolide)
Poly(methyl acrylate)
Poly(methacrylic acid)
Polyurethane
Polyurethane-polyurea polymer
Poly(vinyl alcohol)

Quantum Dots



RES
RGD
SDS
SEM
TEM
TGA
Zpot
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Reticuloendothelial System

L-arginine-Glycine-L-aspartic acid sequence containing peptide
Sodium Dodecyl Sulfate

Scanning Electron Microscopy

Transmission Electron Microscopy

Thermogravimetric Analysis

Zeta Potential
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Thesis Outline

Thesis outline

This thesis is structured as a compendium of publications, being organized around a
methodological synthetic patent and four internationally peer reviewed publications on
the chemical and bio-applicability of the US and EU patented inventions.

Thus, this manuscript is divided into a General Introduction to drug delivery with
polyurethane-polyurea nanosystems and three chapters, which include the publications
as Results and Discussion and their introductions as Introduction of each chapter.

Chapter 1 is focused on the synthetic methodology to produce a novel kind of self-
stratified multifunctional polyurethane-polyurea nanoparticles for cancer nanotherapy.
The Introduction of this chapter deals with the key characteristics of drug delivery
nanosystems and presents the basis of self-stratification by hydrophobic effects. This
chapter contains a methodological patent that breaks down multiple examples of
nanoparticles formed by easy-tunable polyurethane-polyurea biocompatible and
biodegradable polymers bearing multifunctionalities that are applied to cancer therapy
and imaging. In addition, here we include a publication containing the in vitro proof-of-
principle of the stratified nature, high encapsulation stability and selective targeting to
cancer cells of the nanosystem. Finally, this chapter also contains a publication with the
in vivo proof-of-concept for avf3 integrin targeted cancer therapy and imaging of
polyurethane-polyurea nanoparticles encapsulating plitidepsin as antiangiogenic drug.
This research is the consequence of a fruitful collaboration in the framework of a
INNPACTO national project (Polysfera, IPT-090000-2010-1) with Dr. P. Calvo, Dr. P.
Avilés and Dr. M. J. Guillén in PharmaMar SA; Dr. |. Abasolo, Dr. Y. Fernandez and Dr.
S. Schwartz in Vall d’'Hebron Institut de Recerca and Dr. J. Rocas in Ecopol Tech SL.

Chapter 2 arises from the encouraging results obtained from Chapter 1 in novel synthetic
methods of polymer nanoparticles with shell stratification capacity. The Introduction of
this chapter presents the current concerns with titanium implants, the outcome of
nanoparticle-coated biomaterials and the perspectives in multifunctional nanomaterials.
In this regard, a fantastic collaboration with Dr. C. Mas-Moruno of the BiBiTE group in
the UPC lead taking profit of the cell targeting high specificity and great encapsulation
capacity of PUUa NPs to develop new generation nanobiomaterials for the enhancement
of titanium implants osseointegration and bacterial infection prevention. Titanium
implants were innovatively coated by interfacial functionalization with RGD-decorated
and roxithromycin-loaded PUUa NPs. This methodology resulted in an outstanding

improvement of osteoblastic cells adhesion as well as a dramatic reduction of S.
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Thesis Outline

Sanguinis bacteria adhesion onto titanium, which is of great interest to improve the

outcome of metallic implants for regenerative medicine.

In Chapter 3, we explore another segment of application of PUUa NPs, this is
immunotherapy. In collaboration with G. Flérez-Canals, Dr. D. Benitez-Ribas and Dr. J.
Panés in IDIBAPS and Hospital Clinic of Barcelona we applied PUUa NPs encapsulating
budesonide (BDS) corticosteroid for the improvement of BDS efficacy to induce
tolerogenicity to dendritic cells (DCs). The Introduction deals with the current therapies
used to treat autoimmune diseases as well as recent strategies to target dendritic cells
in vivo using smart nanoparticles encapsulating immunosuppressive drugs. Herein we
found that when PUUa NPs loaded with BDS were incubated with mature DCs, those
differentiated into tolerogenic dendritic cells in a much more efficient manner than DCs
incubated with free BDS. As shown in the included publication, levels of costimulatory
molecules were enhanced and IL-10 immunosuppressive cytokine was largely secreted.
Even more interestingly, fluorescently labeled PUUa NPs proved their DCs targeted

behavior in a multi-cellular environment.
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Objectives

The overall goal of this thesis is to synthesize multifunctional polyurethane-polyurea
polymers with the ability to form self-stratified nanostructures in the oil-water interface to
provide a more stable encapsulation of lipophilic molecules. As well as apply such
nanotechnology in cancer therapy, tissue regeneration and immunotherapy fields. The

specific objectives of this thesis are:

- Development of new methodological tools for the synthesis of polyurethane-polyurea
nanoparticles (PUUa NPs) with biodegradable self-stratified core/shell nanostructures
(Chapter 1)

- Development of a straightforward chemical strategy to functionalize PUUa NPs with

amino-containing cyclic RGD peptides via urea bond formation (Chapter 1)

- In vitro and in vivo evaluation of avB3 integrin-targeted PUUa NPs loaded with

Plitidepsin antiangiogenic drug as system to treat cancer (Chapter 1)
- Synthesis, characterization and in vitro evaluation of functionalized titanium surfaces
with avp3 integrin-targeted PUUa NPs loaded with Roxithromycin antibacterial drug to

enhance osseointegration and prevent bacterial infection (Chapter 2)

- In vitro evaluation of PUUa NPs loaded with budesonide immunosuppressive drug to

treat autoimmune diseases (Chapter 3)
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General Introduction

General Introduction. Polyurethane-polyurea nanosystems for smart drug delivery

1. Nanoparticle biomedical systems

1.1. Introduction

The use of nanoparticle (NP) systems in biomedicine has evolved from being a mere
promise of future benefits to being a reality. As evidence of this, a search for the term
“nanoparticle” in Pubmed reveals that half of the 106,000 articles found have been
published since 2012. Equally relevant is the impetus being given by the European
Commission under the Horizon 2020 research and innovation framework, which is
providing nearly €80 billion of funding over 7 years (2014 to 2020), in addition to private
investment in this field.

The market is the indisputable judge of today’s progress, and in this regard
nanomedicine is no exception. It is clear that there is a need to advance in the
development of novel therapeutic solutions with true scalability and using good
manufacturing practices. Many large pharmaceutical companies have made significant
investments in buying IP rights of small companies in order to better position themselves
to respond to present and future demands. Most efforts have been channeled into
nanosystems with a high level of biocompatibility, biodegradability, and ease of
industrialization. Understandably, as generally occurs with cutting-edge technologies,
regulatory issues limit the application of nanosystems or slow them down.

Therefore, the most clinically advanced polymeric NPs currently available are those
made of biodegradable and biocompatible polymers such as PLA, PGA, PLGA, and
PCL[1]. Regulatory bodies have approved these systems as therapeutically safe, thus
leading to wider use of polymeric NPs. However, biodegradability must be balanced with
stability in vivo, otherwise the NP breaks up before accumulating in the target diseased
tissue. In addition, due to the incomplete reaction of poly(amino acid) NPs, the synthetic
procedures of these molecules involve high amounts of organic solvents and purification
steps, thus leading to high production costs and environmental issues. In this regard, the
demanding field of nanomedicine requires industrially viable polymers with a greener
chemistry and an adequate cost.

In this context, due to their chemical versatility, scalability and biocompatibility,
polyurethane-polyurea polymers (PUUa) will play a crucial role in the very near future. In
the last decade, PUUa with a broad range of chemical variations and good

biocompatibility have been developed for tissue engineering and drug delivery
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General Introduction

purposes[2—7]. They have proved to exhibit outstandingly flexible physicochemical
properties, enabling the introduction of specific block copolymers into the polymer
backbone to convey special functionalities to PUUa themselves. These developments
have led PUUa to figure among the biomaterials of choice in various clinical

applications][8].

1.2. Chemistry of polyurethanes and polyureas

Polyurethanes (PUs) were discovered in 1937 by Bayer and co-workers during the
reaction of polyester diol with a diisocyanate (Figure 1a). This reaction converted
diisocyanates (discovered almost one century earlier) into one of the most produced
chemicals in the world. The power of the PU market lies in the versatility of the chemistry
of these materials—from apparently simple isocyanate precursors a wide spectra of
polymers with predicted molecular weight, purity and linearity can be synthesized. For
example depending on the functionality (f) of the precursors used, either diisocyanates
or polyisocyanates with diols or polyols or any combination of their respective
functionalities, linear or crosslinked structures are quantitatively obtained. Depending on
which structures are formed, thermoplastic or thermostable resins are achieved. The
large range of phenotypical properties of such materials is determined mainly by three
factors, namely separation between hard and soft segments, carbamate group with
hydrogen-bonding capacity (urethane bonds), hydrophobic effects and electrostatic
interactions. Another important advantage of the chemistry of PUs is the high reactivity
of their isocyanate counterparts and the quantitativeness of polymerization even in
solvent-free and catalyst-free conditions and at low temperature. However, one major
drawback is the toxicity of isocyanate monomers. In an attempt to roll back the ghost of
toxicity, many studies have shown that the toxicity of aliphatic and aromatic isocyanates
differs, the former being less toxic but not negligible[9,10]. Preliminary studies have
shown that the inherent respiratory tract and pulmonary toxicity of isocyanate monomers
is removed when these molecules are polymerized into higher molecular weight species.
This process leads to a decrease in monomer volatility and conversion of toxic
isocyanates into stable urethanes and ureas[10]. However, for biomedical applications,
although some research has shown the rapid elimination of the amino metabolites of
aliphatic diisocyanates (PU degradation products) via the urinary tract[9], the increasing

interest in urethanes for biomedical use calls for more in-depth studies.
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Polyurea is the combination product of isocyanates or polyisocyanates with amines or
polyamines (Figure 1b). Initially, polyureas were found to be a typical side reaction in PU
chemistry due to moisture content in the reaction mixture. Concretely, side-reacted
polyureas form by the reaction of an isocyanate with water, which produces the amino
product of the isocyanate and carbon dioxide (Figure 1c¢). The amino product then further
reacts with available isocyanate groups to form a polyurea foam, which is caused by
carbon dioxide emission. The exothermic character of the reaction rapidly increases the
reaction rate and foaming. Polyureas have long been used as high-performance coatings
for multiple surfaces exposed to degradative external conditions such as water, sun, and
temperature. Polyureas have the advantage that they offer higher chemical stability,
longer shelf-life and higher reactivity of their precursors, even at low temperatures
(compared to polyurethane precursors), thus making them the material of choice for

many industrial applications[11].

(o]
0 H

a) 20:0:N—§—N=c=o + Ho—%—OH E— C\N%N og‘o/“\N%Nkc
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Figure 1. Schematic synthetic process of a) polyurethane from a stoichiometric excess of diisocyanate. b)
Polyurea from a stoichiometric excess of diisocyanate. c) Polyurea from the side reaction of an excess of

diisocyanates with water.

In addition, the combination of PU and polyurea prepolymers through a diamine or diol
chain extender leads to hybrid polyurethane-polyurea polymers (PUUa), which allow
even greater chemical tunability for multiple purposes and a reduction in the final cost

compared to pure polyurea systems.

2. Polyurethane and polyurea carrier systems in nanomedicine
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First conceived in 1950s, polymer NPs have evolved from very simple nanostructures to
clinically tested smart nanosystems for multiple purposes. Although most are still limited
to research activities, some have either entered the market or are in different phases of
clinical trials. Given the chemical versatility and straightforward synthetic methodology
of PUs, nanomedicines based on these materials are currently one of the most promising
systems for drug delivery. Here we focus on several examples of recently developed PU
and/or polyurea carriers, including those based on saccharide-PU, micelles, dendrimers,
nanogels, as well as NPs made of various inorganic hybrid materials. In addition, we pay
special attention to stratified nanostructures, which we believe represent the near future

of all-in-one nanomedicines.

2.1. Polyurethane nanoparticles

PU NPs are gaining in interest as a standard of robustness and tunablility among carrier
systems for drug delivery. PU NPs are commonly classified into two kinds, namely
nanospheres and nanocapsules (Figure 2). The former comprise a dense whole volume
exhibiting low and diffuse differences in composition between the core and the outer part
of the shell. Due to their large shell-core ratio, encapsulated molecules are randomly
located all around the shell, thereby facilitating a burst release of more superficially
adsorbed molecules and a low release rate of those trapped internally. Nanocapsules
can be differentiated from nanospheres on the basis of their core-shell structure. In this
regard, they typically exhibit an oily core where hydrophobic cargos are located and a
surrounding amphiphilic shell that ensures greater encapsulation efficiency and a
tunable release rate.

This section will discuss only amphiphilic and biodegradable PU or PUUa NPs. The
greatest advantage of these synthetic polymers is that their properties, such as molecular
weight, hydrophobicity, biodegradability, tunability, can all be easily and rapidly varied in
a controllable fashion in situ with few purification steps for further tailored

functionalization.
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e

Carge conjugated I";" o oY Cargo
I il o 11' encapsulated
Polymer matrix j I'I [»] . o ]
|
'.1 o o)
1
o 0
\ Palymer shell
Cargo dispersed b h\\ o 0
. 4

Cargo adsorbed
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Figure 2. Schematic representation of typical structure of nanospheres (dense polymer interior) and
nanocapsules (hermetic core-shell structure). Adapted from Reference[12] with permission from Macmillan
Publishers Ltd.

The fabrication of this kind of NP has been achieved by diverse methods, including
emulsification, coacervation, and nanoprecipitation[13,14]. This versatility is supported
by a more environmentally friendly chemistry (solvent-free, low temperatures, few
residues) compared to other techniques that use huge amounts of solvents and involve
costly purification steps due to incomplete couplings[15]. The encapsulation of drugs,
when possible, tends to be easier and highly efficient as the hydrophilic-lipophilic balance
(HLB) of polymers can be tuned quantitatively. Hydrophobic drugs can be directly
dissolved in the solvent, together with the prepolymer, prior to NP formation, and
hydrophilic drugs can be encapsulated using multiple methods: 1) in the same manner
as for hydrophobic drugs, but suspended in the solvent; 2) with techniques such as
double emulsions to produce hollow NPs with hydrophilic drugs trapped in the core; and
3) with loading onto the surface of NPs after fabrication. However, as PUs are relatively
new as drug delivery systems, deeper studies on their biodegradation kinetics are
required in order to accurately predict the release of drugs. _In fact, Ma’s group developed
a biodegradable class of amphiphilic poly(ether urethane) NPs with a tunable redox and
temperature triggered release of doxorubicin. Depending on the length of PEG chains
and ratio of DEDS the physicochemical properties were adequately tuned for controlled
doxorubicin release[16]. Hsu’s group studied the different swelling behavior in water of
biodegradable PU NPs as well as the sol-to-gel transition temperatures upon heating.
PU NPs synthesized from varying amounts of oligodiols (PCL and PLA) as soft

segments, showed different hydrogen bonding capacities and cristallinity which directly
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affected their sol-to-gel transition at 37 °C to smartly delivery cells and/or drugs near

body temperature[17].

2.2. Polyurethane nanomicelles

This alternative to PU NPs aims to combine the advantages of the shell flexibility of
liposome and the chemical tunability of polymers. Block-by-block polymerization allows
the obtention of polymers with adjusted molecular weight, HLB values, overall charge,
degradation rates, and functionality (e.g. targeting properties, fluorescence). As these
systems self-assemble and their stability is driven by physical interactions (they are not
crosslinked), there is a true need to achieve a greater control over the molecular structure
and polydispersion of polymers in order to ensure later aqueous stability. In this regard,
isocyanate chemistry is a potent tool, as coupling reactions are quantitative and highly
predictable. Once formed, end-capped polymers are typically emulsified in water.
However, surfactants are sometimes crucial to control their size and stability. Sadly, as
recently studied, the flexibility gained by avoiding crosslinking steps can jeopardize the
in vivo stability, degradation, and release profile of these molecules. Similarly to
liposomes, when self-assembled in oil-in-water systems, the polymer self-stabilizes by
locating hydrophobic regions oriented to the core and hydrophilic regions to the
surrounding media. This leads to a star-like structure where hydrophobic cargos and
contrast agents can be physically entrapped in the core, and hydrophilic targeting
molecules, fluorescent labels or biosensors are located on the surface of the assembled

structure (Figure 3).
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Figure 3. Typical schematic view of nanomicelles structure. Adapted from Reference[12] with permission

from Macmillan Publishers Ltd.
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Recently, scientists reported on the use of PU co-polymer nanomicelles with multiple
functionalities to achieve controlled intracellular drug release and cell internalization[18—
21]. Moreover, using mice, Tan’s group was able to enhance the biodistribution and
antitumor efficacy of the actively targeted PU nanomicelles encapsulating paclitaxel,

compared to non-targeted nanomicelles[22].

2.3. Polyurea nanoparticles

Polyurea polymers show greater chemical resistance and mechanical strength than their
PU counterparts, mainly because of increased hydrolytic stability. In addition, polyureas
offer synthetic advantages. Due to the high reactivity of isocyanates with amines,
polyureas can be produced at low temperature, without catalysts, and in the presence of
water, obtaining almost quantitative yields. Therefore, polyurea NPs have emerged as a
viable alternative to PU NPs for drug delivery. Like PUs, polyureas show magnificent
biocompatibility[23] but reduced biodegradability. In order to increase biodegradability,
polyurea NPs can be specifically functionalized with soft polymer segments or specific
biodegradable monomers[24]. Until now, polyureas have been used mainly as industrial
high-performance coatings and adhesives[25,26]. In medicine, they have found
commercial application as biomaterials for catheters, stents, etc. However, polyureas in
nanomedicine have been virtually overlooked by the scientific community because they
are used mostly in the industrial sector. In the last decade, only a small number of
scientists have intensified their research into the application of biocompatible polyureas
as drug delivery vehicles for diseases treated with nanomedicines[23,27-29].
Concretely, Garcia-Celma’s group have developed a huge number of hybrid polyurea
NPs from IPDI, PEG (M. 400), L-Lysine and non-ionic surfactants for its application as
targeted theranostics for cancer[27,30]. Furthermore, Bhaumik’s group developed
porous polyurea nanofibers from 2,4,6-Triaminopyrimidine and 1,4-phenylene
diisocyanate with light-emitting, biosensing and drug delivery properties for cancer

theranostics[31].

2.4. Dendrimers

Dendrimers are tree-like spherical macromolecules with many branches extending from

a central core (Figure 4).
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Figure 4. Different dendritic nanostructures obtained from synthetic precursors. Adapted from Reference[32]

with permission from The Royal Society of Chemistry.

These structures are synthesized in a step-by-step fashion starting either from the core
(divergent) or from the outer shell (convergent), resulting in narrow polydispersity (1-1.1),
together with tunability over both size and branching degree. The control over branching
degree makes dendrimers unique with respect to other polymers exhibiting randomly
crosslinked polymer networks. The chemical control achieved by the step-by-step
synthesis, the rationale of the selection of the central core, and the repeated units are
crucial as they determine the molecular weight, size, branch density, flexibility, water
solubility, and versatility of the final functionalization of dendrimers. However, dendrimers
still face some challenges with respect to final performance and synthetic process. Their
entrapment efficiency is considerably lower than that of NP-like systems, therefore host—
guest interactions (e.g., drug loading, contrast agents) are not that profitable. In addition,
their in vivo performance is mostly insufficient, as their small size often results in
undesired rapid renal excretion. The synthesis of dendrimers can be time-consuming
and low-yielding and therefore expensive and difficult to scale up efficiently. Therefore,
PUs and polyureas could make a significant contribution to dendrimer synthesis. In later
steps where steric hindrance would stop any other growing dendrimeric generation, the
use of isocyanates conveniently combined with an alcohol or more conveniently with an
amine or diol can greatly promote the construction of highly sterically hindered
dendrimers, thereby also enhancing their entrapment efficiency and presumably their in
vivo stability. However, the production of PUUa dendrimers is hampered by narrow
polydispersity, as polyisocyanates should be selected with very high purity and low
polydispersity. Various studies have used selective blocking and deblocking of

isocyanates in order to control the synthetic growth of dendrimers[33-35]. Specifically,
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Nasar’'s group developed polyurethane dendrimers with heating-sensitive isocyanate
protected groups that could be accordingly tuned for drug delivery applications[33,34].
Takagishi’s group engineered polyamidoamine dendrimers functionalized with variable
weight PEG chains via urethane bonds at the third or fourth generation to increase

encapsulation ability of drug molecules[36].

2.5. Hydrogel nanoparticles
Hydrogel nanoparticles are three-dimensional, highly crosslinked networks of hydrophilic
(water-soluble) polymers, capable of retaining water or physiological fluids in large

amounts, thereby promoting ordered gelification into nanometrical bodies without the

need of chemical crosslinking (Figure 5).
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Figure 5. Schematic structure of multifunctional hydrogel nanoparticle with randomly located fluorescent tags
and physically entrapped hydrophobic drug molecules in the interior. Adapted from reference[37] with

permission from the Royal Society of Chemistry.

PU hydrogels have gained ground in the last decade as they exhibit high chemical
tunability and therefore multiple functionalities. These water-soluble polymers are
rendered gelified (partially insoluble) by physically or chemically induced crosslinking.
Compared with other formulations, hydrogels have several unique advantages. Their
high water content makes them physicochemically similar to biological tissues, thus
reducing interfacial tension with biological fluids and promoting biocompatibility. The
porosity of a hydrogel can be tuned by controlling the density of crosslinking in the gel
matrix, which strongly affects drug loading and later drug release. In addition, in order to
achieve a bio-triggered degradation, PU hydrogels can be easily functionalized with
enzymatic, hydrolytic, and stimulus-responsive moieties. Wu’s group developed

biodegradable multi-sensitive poly(ether-urethane)s through a simple one-pot
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polyaddition of PEG, DEDS, N-methyldiethanolamine, and hexamethylene diisocyanate.
They studied the sol-to-gel phase transition with increasing temperature and pH at
physiological conditions to create in situ injectable PU Hydrogels[38]. Recently, Hsu’s
group, engineered biodegradable PUUa NPs from IPDI, oligodiols and ethylenediamine
that formed a gel upon heating to 37 °C. This strategy allowed them to embed neural
stem cells into PUUa NPs hydrogels to treat traumatic brain injury in zebrafish
models[39].

2.6. Polyurethane—polysaccharide Hybrid Nanoparticles

A recurrent issue when NPs are tested in vivo is the formation of a physisorbed protein
corona on their surfaces. Some researchers have evidenced the unwanted effect that
this phenomenon has on the targeted delivery of drugs. Protein corona formation
translates into crucial changes in nanocarrier size, morphology, and surface charge, and

targeting ligand camouflage (Figure 6).
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Figure 6. a) Polymer nanoparticles change their superficial morphology upon interaction with blood
circulating proteins. b) The type of protein corona depends on the site and route of administration. Adapted

from reference[40] with permission from the Royal Society of Chemistry.
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It is widely accepted that the latter results in poor blood circulation, rapid clearance, and
unspecific accumulation. Polysaccharides, as hydrophilic moieties on the NP surface,
have proved efficient in diminishing circulating protein-particle interactions and thereby
go unnoticed by the RES. In this regard, hybrid hydroxyethyl starch-PU NPs have
recently been used to minimize plasma protein interactions in Landfester's group. In
addition, after shell functionalization with a PEG-mannose conjugate via urethane bonds,
efficient stealth and targeting behavior was ensured[41]. Dufresne’s group developed
cellulose nanoparticles and modified them superficially by anchoring a hydrophobic
monoisocyanate via urethane bonds. Thus, amphiphilic cellulose-urethane nanoparticles
were obtained with a wider solubility range[42]. This technology could have multiple
applications in drug delivery in order to simply obtain biofunctionalized biocompatible

cellulose nanoparticles using isocyanate linkers.

2.7. Polyurethane Inorganic-hybrid Nanoparticles

Generally speaking, the polymeric parts of the hybrid NP have structural functions and
enhance the mechanical aspects and synthetic tunability of the materials (targeting,
biodegradation, biocompatibility, etc.), while the inorganic parts can introduce more
specific functionalities such as catalysis properties, traceability, magnetism, etc. and
confer other specific features like mechanical strength and thermal properties to the
polymer. Inorganic-hybrid NPs comprise a very important category of drug delivery
systems as they ensure precision in size/shape control, excellent physicochemical
properties, and multifunctionality. However, their inability to totally biodegrade has
somewhat limited their fields of application and use as nanomedicines.

Recently, the combination of polyurethane nanocapsules encapsulating gold
nanoparticles was used as a traceable system for multiple purposes such as diagnostics,
imaging and electron microscopy. Concretely, Bernard’s group engineered a simple and
precise method to obtain multifunctional nanocapsules coated with either gold or iron
oxide nanoparticles and crosslinked with IPDI to stabilize their nanostructure and allow
their further shell functionalization via isocyanate chemistry[43]. Hsu’s group used
biodegradable PU NPs from IPDI and PCL to encapsulate superparamagnetic iron oxide
NPs (SPIO NPs) and tested them as thermo-responsive biocompatible drug delivery

vehicles.

2.8. Stratified nanostructures
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Even though stratification in macromolecular structures has been long ago accepted[44—
46], its importance has not been recognized until the oil-in-water interfacial properties
driven by the dynamics of its constituting agents proved to allow prediction of structure-
properties relations[47,48]. The acquired understanding of interfacial molecule-molecule
interactions of the last decade bring significant advances that have led to the
development of a new generation of multifunctional polymeric materials in general, and
colloidal nanomaterials in particular. Electrostatic and hydrophobic interactions are
crucial in native and externally acquired functions of biological systems. Those can be
found in colloids and are starting to be rationally applied to every day materials with
technological applications[49,50]. Recent advances in the development of stimuli
sensitive colloidal materials with stratifying capacities will be discussed in the following
section, putting a special focus on the use of hydrophobic and electrostatic interactions

to get control over nanostructural morphology and performance of nanosystems.

2.8.1. Hydrophobic effects.
Hydrophobic forces are capable of forming structures that are compact and also flexible
enough to allow the required fluidity in cellular and sub-cellular membranes of live
organisms. Although nature uses the hydrophobic force to create compartments, the
connectors between them is not an arbitrary choice. It has been demonstrated that the
self-assembly of amphiphilic molecules, and more specifically polymers, is under
thermodynamic control, meaning that self-stratified structures result simply from the
search of each molecule for its position of lowest chemical potential, or in other words,
larger thermodynamic stability. It can be assumed that what occurs in vesicle formation,
e.g. phospholipid vesicles, where the polar head tends to segregate and the hydrophobic
tail drives the subsequent nanostructuration, would also occur in amphiphilic polymers
with hydrophilic and hydrophobic segments as it has been observed in our experiments.
This implies that, over a critical micelle concentration (c.m.c), the opposing
thermodynamic preferences of the two ends of an amphiphilic molecule are mostly
accommodated by self-association to form an aggregate with the hydrocarbon chains in
the middle, avoiding contact with water as much as possible, and the hydrophilic polar
groups at the surface[51]. Of note, the c.m.c decreases as the length of the hydrophobic
chain increases, being approximately 1 molar for hexyl chains and even 10° for C36
biological phospholipids[45]. The size and shape of amphiphilic nanostructures is
determined both by geometric and thermodynamic factors. One of the geometric factors
is the surface/volume ratio, which decreases as size increases; in other words, if the
number of hydrophobic chains in the core increases, the surface area per chain

decreases. Therefore, by using less hydrophobic chains but increasing their length in an
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amphiphilic polymer, the size of the resulting nanostructure should decrease[52]. The
second and no less important geometric factor is that the core cannot be smaller than
two hydrophobic chains, each one coming from the opposite side of the shell. However,
that would translate into very small structures with too large spaces between the polar
heads, thus promoting contact between hydrophobic tails and water, which would
translate into destabilization and coalescence of nanoassembilies. In order to solve that
thermodynamic problem, longer polar groups, such as PEG-like and PAS-like chains
would increase thermodynamic stability as a result of the intrinsic flexible behavior of
hydrophilic chains which leads to formation of brush or mushroom configurations[53].
Hydrophilic flexible chains would self-accommodate at the oil-in-water interface
(polyethylene oxide polymers are partially amphiphilic) and cause a decrease in
hydrophobic tail-water interactions[53]. In this regard, we have observed during our
recent studies that a specific kind of linear difunctional polyethylene glycol monomethyl
ether containing both alcohols in proximity to each other (YMER™ N120) would translate
into better polymerization yields, a highly packed molecular structure, and improved
barrier effect by preventing diffusion of entrapped cargoes, thus making encapsulations
more stable per se. To create self-stratified polymer nanostructures by hydrophobic
effects, hydrophobic and hydrophilic segments of an amphiphilic polymer need to be
specifically designed in order to maximize hydrophobic-hydrophilic interactions and
therefore increase thermodynamic and geometric stability. In order to reduce the
energetic barrier and thus achieve the formation of stratified polymeric structures,
geometrical factors such as the length of hydrophobic and hydrophilic segments and
their position in the main polymeric chain (either in the main chain or sideways from it)
can be accurately addressed. Concretely, the hydrophilic monomers PEG and YMER™
N120 (both 1000 M. approx.) are hydrophilic and have almost equivalent reactivity
(Figure 7a and 7b) but when polymerized they show distinct morphology in water. In
house data supports that when these hydrophilic diols are covalently attached to the
backbone of an amphiphilic polymer, they self-orient toward the aqueous phase in
different ways. When emulsified, YMER™ N120, with its closely positioned diol reactive
groups and “two-headed serpent” structure with a long polyethoxylenated chain,
decreases the energy needed to be solvated and enhances the formation of colloidal
systems (Figure 7c). In contrast, PEG 1000 which contains the two hydroxyl groups
separated by the whole polyethoxylenated chain, requires a morphological constriction
of the hydrophilic chain to display it through the water phase, sideways the main chain.
In addition, the resulting twisted hydrophilic polyethoxylenated chains would be repelled
from each other. Therefore, this rearrangement would be less thermodynamically

favored and the colloidal systems formed would be less stable[52] (Figure 7d).
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Figure 7. a), b) Ideal chemical structures of YMER™ N120 and PEG 1000, c) Adopted morphology of
polymerized YMER™ N120 towards the aqueous phase of an oil-in-water emulsion, d) Representation of

the adopted morphology of polymerized PEG 1000 towards the aqueous phase of an oil-in-water emulsion.

A similar behavior is observed in the hydrophobic monomers that constitute the
hydrophobic segments of an amphiphilic polymer. We have noticed that the hydrophobic
interactions are much more thermodynamically favored if they are sideways on to the
main polymeric chain. This phenomenon gains relevance when the formation of stratified
nanostructures is sought. Of note is that energetic constraints between hydrophobically
stratified polymers will be less important when long hydrophobic pendant chains are
responsible for this stratification. As explained before, hydrophobic “naturally pendant”
chains will facilitate interactions of an amphiphilic polymer with a hydrophobic one
through superposition of hydrophobic chains (Figure 8). Non-pendant hydrophobic

chains will be geometrically restricted to self-orienting towards the oily phase and
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thermodynamically unstable due to their energetically unfavored proximity to hydrophilic

water molecules, which induces NP aggregation in water. (Figure 8).
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Figure 8. Ideal structures of amphiphilic prepolymers at the oil-in-water interface. a) Hydrophobic pendant
chains are easily self-accomodated toward the oily phase (nanoparticle core). Hyfob and Amphil hydrophobic
chains stabilize by hydrophobic effects the stratified nanostructure of a nanoparticle polymeric shell. b)
Hydrophobic non-pendant chains are more restricted to self-allocate toward the oily phase as they need to
constrict the whole amphiphilic prepolymer to adopt a pendant structure. Hyfob and Amphil hydrophobic
chains remain close to the aqueous environment, in contact with water molecules, which is

thermodynamically unfavored and destabilizes the oil-in-water interface.

Hydrophobic interactions are usually strong enough to remain stable in pure water or
ionic aqueous media. However, when amphiphilic molecules come into play, some
structural rearrangements might occur in order to reach thermodynamic stability again.
Accordingly, amphiphilic and hydrophobic moieties have proved to be able to disrupt
hydrophobically stratified entities both in in vitro and in vivo experiments[54,55]. In drug
delivery with polymer nanoparticles, the stability of a nanovehicle is intended to remain
unchanged during blood circulation until reaching the site of interest inside the body. If
this were not so, the cargo would be unspecifically delivered and ineffective. In this
regard, the chemical crosslinking would be an interesting approach to avoid
destabilization of stratified nanostructures by external amphiphilic molecules that would
jeopardize the specific delivery of the encapsulated cargo. Thus, chemical crosslinking
of isocyanate reactive stratified nanostructures with small highly reactive polyamines

would maintain preformed stratified nanostructures, increase the stability against
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amphiphilic and hydrophobic molecules (e.g. phospholipids, colesterol, proteins, etc.)

and eliminate toxicity issues related to isocyanate functional groups[56,57] (Figure 9).

e Hydrophobic dangling chains el
Nv? Self-stratified
PUUa shell
4 H oy sl ~ P
Crosslinker Q) : Q‘L\\ e : Crosslinker
A oG

WATER

CeII Targetmg Peptlde
OIL oo
Self-stratified

b
NV? { Crosslinked PUUa Shell

H
Crosslmker%q) 04 «Q ' «Q 1\ ﬁ

ydrophobic dangling chains

w=os0 o Crosslinker

9 :
/\L/V Xt so N, ,_10' 0 (’_oﬂo /1/\:?"{’
B\ § AL —a LN OS OHO o,-/o-\-o\_,o ot ~ 5
S ) U T Lo Suie R
o &-o o f—
ga:f‘;: 0 N _,.S Hydrophilic dangling chains %E‘
s WATER i

Cell Targeting Peptide

Figure 9. Ideal structures of reactive PUUa prepolymers at the oil-in-water interface a) before and b) after

crosslinking via urea bonds with polyamines.

2.8.2. Electrostatic interactions. Layer-by-Layer technique.
The basic principle behind the well-established layer-by-layer (LbL) technique is the
alternate immersion of a template in solutions of two oppositely charged compounds that
will form the multilayer assembly. Normally, the template is washed after each immersion
step in order to obtain stable multilayer coatings, thus avoiding weakly bound films. The
wide interest in this technique is explained by the huge number of macromolecular
structures that can be used, these ranging from polymers, synthetics and naturals, even
nanoassemblies (e.g. micelles, polymersomes), to metal-frameworks, viruses and

liposomes. LbL assembly properties, such as width, stability, permeability, etc., can be
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effectively tuned during the self-assembly by varying concentrations, solvents,

temperature, pH, etc.[58-60]
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3. Release methods

In many clinical situations the steady release of drugs for the treatment of diseases of
difficult access is not enough and complex methods are required. Recent chrono-
pharmacology studies indicate that the focus of certain diseases, such as tumor early
stages and progression of cancer, have a strong circadian influence[62]. Treatment of
these diseases requires an accurate and predictable control of the release of drugs in
response to in vivo physiological conditions or external stimuli (Figure 10). Depending
on the incorporated degradable functional group in the polymeric backbone of the
nanosystem, the drug release can be achieved specifically upon activation by variable
conditions. With respect to the biological environment, the stimuli that triggers the release
of a drug can be classified as internal (for example, changes in pH value or the
concentrations of ions, small molecules such reducing agents and enzymes)[63—65] or
external (e.g. light, ultrasound, electric field, magnetic field, and the heating) which are
also commonly known as physical stimuli[66—68]. In principle, the rapid response of a
drug delivery system for a stimulus can be used for real-time control of drug release and

achievement of the drug demand[69]. In the following sections, the focus will be put on
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various stimuli response polyurethane-urea systems used mainly in the therapy of

cancer.
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Figure 10. Most commonly used drug release mechanisms in polymeric nanoparticles. Reproduced from

reference[67] with permission from Elsevier.

3.1. Glutathione-Sensitive Release

Glutathione (GSH) is the tripeptide responsible of the high reductive potential inside all
living cells. Recently, it has been accurately proved in vitro and in vivo in yeast cells that
the GSH:GSSG ratio is 10000:1 inside the cytosol being 13 mM for GSH and 4 uM for
GSSG[70]. However, in blood and extracellular matrix, GSH levels are almost a thousand
times lower (approximately 2—20 uM). More interestingly for cancer therapy, the GSH
concentration in tumor cells has been reported to be four times higher than in normal
cells (approximately 4 uM g~' vs. 1 uM g™"). In addition endo/lysosome also exhibits an
important reductive potential modulated by gamma interferon-induced lysosomal thiol
reductase (GILT) in the co-presence of L-cysteine. The crucial differences in reducing
properties between intracellular and the extracellular environments, as well as between
inside tumor and normal cells facilitates the use of redox-sensitive DDS for cancer
therapy. While DDS are stable in the extracellular environment, they rapidly and
efficiently release the drug in the intracellular environment upon endocytosis due to their
reductive biodegradable characteristics. In fact, the high reducing potential of the
intracellular environment has been extensively applied as a stimulus for the degradation
of PU NPs to achieve specific and controlled drug release in cancer cells. Chen’s group
have developed PU NPs bearing a whole crosslinked hydrophobic core via disulfide
bonds. They have proved under in vitro and in vivo conditions the selective degradation
and subsequent release of doxorubicin anticancer drug from disulfide-rich PU NPs to
enhance their antitumor efficacy[21]. Very interestingly, Zhang’s group developed PU

nanomicelles with diselenide bonds in its amphiphilic structure for both disruptive
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properties in reductive and oxidative environments to ensure total biodegradation of the

nanocarrier[71].

3.2. pH-Sensitive Release

The pH variations associated with a pathological condition such as cancer or
inflammation have been extensively exploited to trigger drug release into a specific
environment (e.g. gastrointestinal tract or vagina) or into an intracellular compartment
(for example, endosome/lysosome). Many nanosystems used to administer anti-
angiogenic drugs take advantage of the difference in pH values between healthy tissues
(approx. 7.4) and the environment of extracellular tumor cells (6.5 - 6.8). One of the most
widely used methods involves polymers with functional groups that can promote a burst
of drug release from NP carriers in response to a change in pH. In some examples found
in the literature, PU polymers are hybridized with polyacrylate polymers to achieve a pH
dependent release. These hybrid polymers can be used to alter the structure and
hydrophobicity of the NP carriers through protonation or deprotonation[66,72,73].
Another approach is to incorporate cleavable bonds into the NP carrier. These bonds
can be broken to directly release the drug molecules conjugated to or encapsulated in
the carrier. pH-sensitive linkages such as hydrazone, hydrazide, and acetal are among
some of the most used approaches in cancer nanomedicine. Concreteley, Tan’s group
developed a kind of biocompatible amphiphilic and zwitterionic PU nanomicelles with
hydrazone bonds in its structure for endo-lysosome low pH triggered release,
subsequently, they proved the pH dependent release of paclitaxel as well as the
enhanced in vivo performance[22]. Zhong’s group introduced acetal moieties into the
urethane backbone and proved the total degradation of nanomicelles into unimers and
the consequent quantitative specific delivery of doxorubicin inside the cytoplasm[74].
Mufoz-Espi’s group synthesized PUUa-silica hybrid nanocapsules that broke up in basic
media to release encapsulated hydrophilic moieties. In addition the tailorability of the
release rate was successfully accomplished by varying the PUUa:silica ratio in the

precursor[75].

3.3. Enzyme-Sensitive Release

Enzymes perform an enormous range of crucial genesis and lysis functions in our bodies.
They are involved in coupling biopolymer chains to generate macromolecular structures.
They can also specifically break down bonds, causing the disassembly or destruction of

macrostructures. Most conveniently, enzymatic reactions can be used to trigger the

39



General Introduction

release of a drug when the disease target area is associated with the overexpression of
a specific enzyme.

An enzyme-triggered release system includes either a polymeric scaffold or a conjugate
(carrier-linker-drug) that is susceptible to degradation by a specific enzyme. Hydrolases
are the most widely used enzymes for such applications. These enzymes can break
covalent bonds or modify certain chemical groups by altering the balance between
electrostatic, hydrophobic, and van der Waals forces, — interactions, or hydrogen
bonding. For example, proteases can induce the release of a drug linked to a carrier
through a peptide bond; glycosidases can trigger drug release from a polysaccharide-
based carrier; lipases can facilitate drug release by hydrolyzing the phospholipid building
blocks in a liposome; and hydrolases can be used to maneuver the assembly and
disassembly of inorganic nanoparticles, as well as the degradation of a gatekeeping
material that blocks the pores of a carrier. In addition, kinases and phosphatases have
been used to reversibly break/form covalent bonds, thereby achieving the release of a
drug in an “on—-off” manner. Jin-Wook’s group developed a difunctional pH and enzyme
biodegradable PU NP for drug delivery to inflamed colon. Drug release was achieved at
pH > 7.4 and in presence of rat cecal contents with azo-reductase enzyme. In this
conditions, burst release was achieved both in vitro and in vivo, enhancing the
accumulation of the drug in the inflamed colon of rats[76]. Fu’s group proved that PU
nanomicelles containing PCL and hydrazone bonds in their structure biodegraded in the
presence of acidic pH as well as in lipase enzyme. In 6 days, their PU nanomicelles lost
between 25-35 % of initial polymer weight depending on the amount of incorporated
PCL[19].

3.4. Thermoresponsive release

Thermoresponsive release is one of the most widely studied strategies for smart drug
delivery because it can take advantage of the local temperature increase caused by the
pathological condition (e.g., tumor, inflammation, or infection). Thermoresponsive
release relies on a sharp change in the physical properties of a temperature-sensitive
material. This sharp response can trigger drug release in the event of variation in the
local temperature around the carrier. The range of temperatures within which the drug
delivery system is activated should be kept between 37 and 42°C, as temperatures
beyond this range will cause protein denaturation or disruption of function.

Thermoresponsive drug delivery systems are usually based on polymer NPs composed
of a thermosensitive polymer that undergoes conformational/structural changes

associated with the constituent lipids that induce variations on the permeability of the
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shell. Sosnik and Cohn’s group studied the degradation kinetics of PU nanomicelles
containing varying ratios of lactide and caprolactone oligoesthers units. They studied the
Mw loss over time by incubating their PU nanomicelles in water at 37 °C. Lactide
containing PU’s degraded totally in 2 months, while caprolactone-rich PU’s degraded
partially after 8 months which was used to tune the in vitro release profile of RG-13577

anti-restenosis agent[77,78].
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Figure 11. Commonly used chemical structures to achieve a stimuli-responsive drug release and/or
biodegradation. Dashed lines indicate the bond that will be broken upon exposure to the stimulus between

parentheses. Reproduced from reference[67] with permission from Elsevier.

3.5. Photosensitive release

The use of light as a stimulus to trigger drug release has been actively explored owing
to its convenience for remote control and its potential for high spatiotemporal resolution.
Photosensitivity is often introduced into NPs through functional groups that can change
their conformations or other properties upon irradiation by light of a certain
wavelength. Only few light-sensitive nanoformulations have been engineered in the last
years, mainly due to the questionable biodegradability and subsequent cytotoxicity of the
degradation products of common photosensitive moieties such as Au-Ag, gold
nanorods, azobenzene and o-nitro benzyl derivatives. Regarding the polyurethanes
segment, Landfester's group developed a multivalent kind of PU nanocapsules from
toluene diisocyanate and an azo-containing diol that released an encapsulated
sulforhnodamine dye via pH changes, UV-light or temperature increase[66]. Tang’s group

developed 2-nitrophenylethylene glycol-containing PU nanomicelles as photosensitive
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moiety for the specific release of Tagalsin-G drug. They observed the selective cell death

upon UV-light irradiation of cells incubated with Tagalsin-G-loaded PU nanomicelles[79].

4. Types of drugs

It is generally accepted that anticancer drugs can be classified into two major groups,
namely hydrophobic and hydrophilic. Alternatively, depending on their their electrostatic
properties they can also be classified as highly charged (either cationic or anionic) or
neutral drugs. Behind the selection or/and design of the NPs employed as carriers of a
specific type of drug, it is vital to know the physicochemical properties and mechanism
of action of the drug in order to achieve the required encapsulation efficiency, the desired
release profile and consequent pharmacological efficacy. In this part we include different
formulation strategies used to circumvent the challenges implied the delivery of

hydrophobic, hydrophilic and highly charged drugs.

4.1. Hydrophobic drugs

Most anticancer drugs used in clinical practice, including paclitaxel, docetaxel, and
rapamycin, are hydrophobic. The way in which to efficiently administer a drug to its target
has always been a challenge and the focus of intense research efforts. The difficulty
resides in the fact that hydrophobic molecules are not soluble enough to cross the
aqueous-rich media (for example, the body and organ fluids in vivo) that surrounds a cell
or to penetrate the cell membrane and specific intracellular agueous-surrounded
organelles. Moreover, hydrophobic molecules exhibit a strong tendency to aggregate
after intravenous administration which in turn is the main responsible of embolisms, local
toxicity, and immunological responses.

In order to overcome the poor water solubility of hydrophobic drugs two approaches have
arised to change their pharmacokinetics and biodistribution, these are conjugation in an
amphiphilic polymer to form a nanocarrier, or encapsulation in a nano-based carrier. If
conjugated, the corresponding prodrug-like nanoconjugate should keep the
pharmacological activity of the drug, or be cleaved at certain biological conditions to
release the free drug. In this regard, Mahkam’s group conjugated 1,4-diaminocubane
and morphine to either polyurethane or polyetherurethane polymers and studied their
release by hydrolysis of the polyurethane segments. The polyetherurethane drug
conjugates showed accelerated release profiles due to an increased hydrophilicity of the

polymeric chain that increased urethane bonds susceptibility to hydrolisis[80]. When
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encapsulated, the carrier should ensure high loading capacity for the hydrophobic drug.
Normally, this feature is accomplished by the use of an amphiphilic nanomaterial that
displays a hydrophobic core and a hydrophilic surface. Recent investigations have
shown the multiple PU or PUUa nanosystems that can be used to encapsulate

hydrophobic drugs for improved cancer therapy[21,22,56,81-83].

4.2. Hydrophilic drugs

Although hydrophilic drugs are obviously highly soluble in aqueous media, their utilization
in many diseases is hindered by a number of important issues. For example, their large
hydrophilicity translates into poor spontaneous cell internalization due to their intrinsic
inability to cross lipid-rich membranes. In addition, hydrophilic behavior also translates
into rapid blood clearance through kidney filtration and low stability against enzymes like
protease, lipases, etc. Hydrophilic agents, including large biomolecules (e.g., proteins,
peptides, and nucleic acids) and small molecules (like cisplatin, gemcitabine, etc.), are
also currently used for cancer therapy.

To circumvent the abovementioned obstacles, NPs have been actively explored as
carriers to encapsulate and deliver hydrophilic drugs. Differently to hydrophobic drugs,
loading efficiency is a major issue to consider because the hydrophilic drug or
biocompound tends to easily diffuse from the core to the aqueous dispersion medium.
Usually, most of the materials used in drug delivery are hydrophobic or at least
amphiphilic. Thus, the loading in aqueous media of hydrophilic cargos inside the
hydrophobic core of a polymeric nanocarrier is not easily accomplished due to their
incompatible miscibility. To this end, a number of approaches have been developed to
improve the loading efficiency of a hydrophilic drug. Inverse miniemulsion technique
using PU NPs developed by Landfester and coworkers is one the most generally applied
approach to solve this problem[84—-89]. This process consists on the water-in-oil
emulsification of PU NPs, followed by a crosslinking at the interface and transference to
an aqueous phase using external SDS surfactant, thereby creating a water-in-oil-in-

water emulsion of hydrophilic core PU NPs for encapsulation of water soluble cargos.
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Table 1. Nanoformulations in clinical use or in clinical trials as anticancer nanomedicines. Reproduced from

Reference[90]
Trade name Formulation Drug Company Application Phase of
development
Abraxane albumin-bound nanoparti-  paclitaxel Abraxis Bioscience,  metastatic breast cancer? approved
cle Inc.
Caelyx PEGylated liposome doxorubicin Schering-Plough metastatic breast and ovarian cancer,  approved
Kaposi sarcoma'"
DaunoXome liposome daunorubicin Galen Ltd Kaposi sarcoma? approved
DepoCyt lipodome cytarabine Pacira Pharmaceuti-  lymphoma™’ approved
cals, Inc.
Doxil liposome doxorubicin Sequus Pharmaceuti- Kaposi sarcoma’ approved
cals, Inc.
Genexol-PM polymeric micellar nano-  paclitaxel Samyang Biopharma- breast cancer"’! approved
particle ceuticals
Margibo liposome vincristine sulfate  Talon Therapeutics,  lymphoblastic leukemia"® approved
Inc.
Myocet liposome doxorubicin Zeneus Pharma Ltd  metastatic breast cancer’”) approved
Oncaspar PECylated asparaginase asparaginase Enzon Pharmaceuti- acute lymphoblastic leukemia’® approved
cals, Inc.
Zinostatin stima-  poly(styrene-co-maleic neocarzinostatin  Astellas Pharma, Inc. hepatocellular carcinoma’? approved
lamer acid)-conjugated neocarzi-
nostatin
NK105 micellar nanoparticle paclitaxel Nippon Kayaku Co., breast cancer® phase Ill
Ltd
BIND-014 polymer matrix docetaxel BIND Therapeutics,  prostate cancer”" phase Il
Inc.
Genexol-PM methoxy PEG-PLA paclitaxel Samyang Biopharma- ovarian and lung cancer® phase Il
ceuticals
CRLX101 cylodextrin-PEG micelle camptothecin Cerulean Pharma, ovarian /tubal /peritoneal cancer, rectal phase I/II
Inc. cancer®!
CYT-6091 gold nanoparticle tumor necrosis Cytimmune Sciences, pancreatic cancer, melanoma, soft- phase I/l
factor Inc. tissue sarcoma, ovarian, and breast
cancer™
L-Annamycin liposome annamycn Callisto Pharmaceuti- acute lymphocytic leukemia, acute phase I/l
cals, Inc. myelogenous leukemia®!
NL CPT-11 liposome irinotecan University of Califor-  solid tumor®® phase 1/l
nia, San Francisco
Rexin-G pathotropic nanoparticle dominant negative Epeius Biotechnolo-  breast cancer, osteosarcoma'’” phase I/I1
cyclinG1 construct  gies
Anti-EGFR immu- liposome doxorubicin University Hospital,  solid tumor®® phase |
noliposome Switzerland
Aurolase gold nanoparticle Nanospectra Biosci-  lung cancer, head and neck cancer”  phase |
ences, Inc.
BikDD nanoparti- liposome proapoptotic Bik  National Cancer pancreatic cancer™ phase |
cle gene (BikDD) Institute
CALAA-01 cyclodextrin-containing siRNA Calando Pharmaceut- solid tumor®" phase |
polymer icals, Inc.
CRLX301 cyclodextrin-based polymer docetaxel Cerulean Pharma, solid tumor® phase |
Inc.
DEP™.Docetaxel ~dendrimer docetaxel Starpharma Hold- breast, prostate, lung, and ovarian phase |
ings, Ltd cancer™
Docetaxel-PNP polymeric nanoparticle docetaxel Samyang Biopharma- advanced solid malignancies™ phase |
ceuticals
TKM-080301 lipid nanoparticle siRNA National Institutes of liver cancer™ phase |
Health Clinical
Center
C-dots PEG-coated SiO, C-dots Development melanoma'™ IND
approved

4.3. Highly charged drugs

Highly charged drugs, namely DNA, siRNA and microRNA have devoted an important
attention by the scientific community just over the past few decades and are expected to
serve as a powerful molecular therapy for the treatment of various diseases. These gene
therapeutic species are a special class of hydrophilic drugs characterized by their high
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densities of charges. These agents have all the previously mentioned characteristics of
a hydrophilic drug. In addition, systemic administration of these therapeutics is difficulted
by biological barriers such as rapid clearance by the RES and accumulation at filtration
organs. Until now, is important to say that sadly, there has been no clinical success in
gene therapy. In this regard, in order to get the best of gene therapeutics there is still a
lot of work to do in the design of the adequate nanocarriers. The loading and delivery of
gene drugs currently rely on preclinical studies using electrostatic interactions and
encapsulation in charged carriers and hydrophilic nanocontainers, respectively. As
nucleic acids are usually negatively charged under physiological conditions, loading
efficiency is usually accomplished by using positively charged carriers, with cationic
shells that allow the selective release by pH changes upon cell internalization and

efficient transfection[91-96].

5. Intracellular delivery

Understanding the in vitro delivery of NPs is a critical initial step toward their successful
application. On the one hand, to serve as a drug carrier, NPs must be first evaluated in
vitro at the cellular level before further testing in vivo at the tissue, organ, and body levels.
On the other hand, only with sufficient knowledge of NP—cell interactions can the
properties of NPs be engineered for optimal delivery in vivo and effective cancer
therapy[97].

Whenever a NP encounters a cell, it is rapidly internalized through endocytosis.
Afterwards, it is transferred to various organelles, including endosomes, lysosomes,
Golgi apparatus, mitochondria, endoplasmic reticulum (ER), and nucleus. During
intracellular transport, the PU NP has to be degraded or disassembled to allow for quick
release of its cargo[18,74,98]. Here we focus only on the major steps involved in the in

vitro delivery of a polymeric NPs.

5.1. Endocytosis

To drive a NP into an intracellular target and produce a therapeutic effect, it must first
cross the amphiphilic cell membrane. This movement is a partly thermodynamic process
and is produced by the internalization of the system by engulfment. This internalization
can be achieved selectively, whereby a cell-interacting moiety is located at the surface
of the NP shell, or non-selectively, whereby internalization is achieved by diffusion. In

addition, the following internalization routes have been described on the basis of NP
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size: 1) clathrin-mediated endocytosis (also known as receptor-mediated endocytosis),
which involves the self-cave-in of the cell membrane region containing the receptors
specific to the cargos being internalized in order to form vesicles (about 100 nm in
size)[99]; 2) caveolae-mediated endocytosis, which drives extracellular compounds into
the cell after binding to specific receptors in caveolae, which are flask-shaped pits (ca.
50 nm in size) in the cell membrane that are present on the surface of many, but not all,
types of cells[100]; 3) pinocytosis (also known as cell drinking), a process that begins
with the formation of a pocket through the erosion of the cell membrane in a irregular
region; the pocket is subsequently englobed into the cell to generate a vesicle (0.5-5 pm
in size) that is non-specifically filled with a large volume of extracellular fluid, together
with substances and small particles present in the fluid; and 4) phagocytosis, a process
by which cells actively bind to and internalize particles larger than about 250 nm in
diameter, such as small dust particles, cell debris, microorganisms, and even apoptotic
cells. The last two processes involve the uptake of much larger areas of cell membrane
than the clathrin- and caveolae-mediated pathways. While pinocytosis can occur in all
types of cells, phagocytosis can be performed only by a small set of specialized
mammalian cells, such as macrophages, monocytes, and neutrophils.

The internalization pathway of NPs in a specific cell type, is largely determined size and
surface properties (HLB, morphology, the sign/density of charge, and the amount of a
ligand). While large particles are internalized through phagocytosis and pinocytosis,
small particles rely on clathrin- and caveolae-mediated (or occasionally, independent of
clathrin and caveolae) pathways (Figure 12). The geometry or aspect of NPs is another

factor affecting the mode of cellular uptake.
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Figure 12. Typical endocytic internalization pathways of nanoparticles. Adapted from reference[101] with
permission from The Royal Society of Chemistry.

5.2. Intracellular Transport

After endocytosis, the NPs enveloped by different types of vesicles are transported by
the endolysosomal process to other organelles or sometimes are even exocytosed
(excretion from the cell). The intracellular trafficking of NPs is a highly complex process
that involves motor proteins and the microtubule network that drive the NP all along cell
organelles and determine the therapeutic efficiency of the embedded drug or
biomolecule (Figure 13). In order to achieve the desired efficiency of a nanocarried
bioactive agent, a part from increasing the overall cellular uptake, an interesting
approach would be to better drive the uptaken NP into the desired intracellular target. In
this regard few work has been reported on enhancement of the intracellular transport to
its intracellular target[102,103]. In our group great efforts have been put to ensure the
receptor mediated endocytosis of PUUa NPs via integrin receptors and the subsequent
endolysosomal localization and escape to deliver the fluorescent encapsulated
molecules inside the cytosol[57,104].
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Figure 13. Receptor mediated endocytosis and intracellular transport of cell-targeted NPs. Reprinted from

Biswas et al.[105], with permission from Elsevier

5.3. Intracellular Escape and Degradation of Nanoparticles

To achieve the delivery of therapeutic agents, NPs must also be designed with an ability
to escape the endolysosomal network, to enter the cytosol, which is the typical site of
action for most drugs, and to escape from the cell. Multiple methodologies have been
applied to achieve this. For example, Cherng’s group developed a cationic a poly(ester—
co—urethane) bearing short chain polyethyleneimine nanomicelles which showed low
cytotoxicity, high biodegradability, and high efficiency to deliver DNA to the cell nucleous
as seen from their large transfecting efficiency of COS-7 cells[95]. The same group
reported the effect of smaller particle size, hydrophilicity, cytotoxicity and degradability,
on the transfection ability of PU nanomicelles bearing different amine-rich side-chains.
They observed that the side-chain bearing a tertiary amino group was the best balanced
in terms of cytotoxicity, transfection ability and hydrophilicity[92]. It has been reported
that polymers containing free amine groups exhibit buffering capacity between pH 5.2—
7.0 that facilitates endosomal escape through the “proton-sponge effect”. Usually, once
contained in the low pH endolysosomal compartment, the amino groups work as proton-
sequestering agents from the cytosol through the proton pump, leading to accumulation

of water molecules inside the compartment. This accumulation inside the endolysosme
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is likely to result into the rupture of the endolysosome. Although the endocytosis process
and mechanisms of nanoparticles has been deeply studied by many research groups,
the exocytosis mechanisms involving polymeric nanoparticles has been much more
superficially explored (Figure 14). It is very likely that the toxicity issues, accumulation in
filtration organs and further systemic elimination of nanoparticles upon administration are
closely related with the exocytosis process of NPs from MPS. Therefore, to achieve more
reliable results to confidently move from in vitro to preclinical phases and clinical trials a
considerable amount of investigations are still lacking in this aspect. In this regard,
Fréchet’'s group performed a series of experiments to prove not only the exocytosis a
fully intracellularly acid-degradable microparticles as vaccines but also the non-cytotoxic

behavior of the degradation monomers in macrophages[106,107].
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Figure 14. Exocytosis mechanisms from the diverse endocytic pathways. Adapted with permission from

reference[108].

6. Passive and active targeting

6.1. Passive targeting

Over 30 years ago, some researchers envisaged that certain macromolecules

accumulate preferentially in tumor tissues, as shown for poly(Styrene-co-Maleic Acid)-
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NeoCarzinoStatin (SMANCS). This preferential distribution in tumors was rationally
explained by the leaky tumor blood vessels and by the poor lymphatic drainage in the
tissue. These two phenomena lead to the well-known enhanced permeation and
retention effect (EPR). Since then, many scientists have used the EPR effect to achieve
the efficient delivery of anticancer drugs to tumors, either using polymer prodrugs,
micelles, or NPs.

The EPR effect enables NP drug carriers to extravasate from the hyperpermeable tumor
blood vessels and accumulate within the tumor tissues[109,110]. Hence, long blood
circulating nanocarriers have a greater chance of reaching the tumor site. Subsequently,
they accumulate predominantly in the tumors than in healthy tissues, thereby releasing
larger amounts of their cargo specifically into cancer cells, thus allowing a more efficient
anticancer therapy with minimum drug toxicity. However, the EPR effect has been shown
to be variable and specific for each type of cancer. Therefore, the designation of the EPR
as a simple extrapolable phenomenon for all tumor microenvironments should be

updated accordingly[40].

6.1.1. The EPR effect basis

When a solid tumor reaches 150-200 ym, the normal vasculature surrounding it is not
able to provide all the oxygen needed for its growth. Thus, cells start to die, expressing
and further secreting growth factors that promote the biosynthesis of new blood vessels
from close capillaries. This process, known as angiogenesis, leads to new, irregular
blood vessels that present fenestrations in the epithelium and lack the basal membrane
of normal vascular structures. Depending on the tumor, the resulting fenestrations can
range from 0.2 to 2 ym. Therefore, when any macromolecule larger than 4 nm reaches
these abnormal vessels, the fenestrations offer little resistance to extravasation to the
tumor interstitium. This feature represents the enhanced permeation component of the
EPR effect[109].

In addition, in tumors, the lymphatic function is defective, resulting in minimal uptake of
the interstitial fluid. This scenario implies minimal drainage and the accumulation of
extravasated compounds. Although molecules smaller than 4 nm are able to drain and
return to blood circulation, the recirculation of NPs over 4 nm is hindered by their larger
hydrodynamic radius. Therefore, NPs that have reached the interstititum are not cleared
efficiently and they accumulate in the tumor interstitium. This feature represents the
enhanced retention component of the EPR effect[109].

Current understanding of the EPR effect is much greater than that of Matsumura and
Maeda in the mid-1980s[111-113]. This effect has been studied in depth and unraveled

using multiple tumor types and animal models. For example, it is now recognized that
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lymphatic drainage is not homogenous throughout the tumor. This implies that inner
vessels are subjected to higher mechanical stress, and therefore their functionality is
much lower and slightly different to that in exposed cancerous cells. Such heterogeneity
of lymphatic function in the tumor, the opsonin protein corona formation during blood
circulation and solid tumor cells compactation are key factors that affect the efficacy and
efficiency of cancer nanomedicines in preclinical and clinical trials (Figure 15).

Expected Outcome
B

A

Active Targeting

True Outcome

c D s,““\.g‘

Active Targeting Passive Targeting

Figure 15. Ideal versus reality in nanoparticle-tumour targeting strategies. In tumours, the unique fenestrated
vasculature facilitates nanoparticle extravasation from the blood and into the interstitium. The poor lymphatic
drainage and high intratumoural pressure help retain the nanoparticles within the mass (EPR effect). In an
ideal situation (e.g. in vitro) without nanoparticle-blood interactions: (a) nanoparticles are surface-
functionalized with ligands, bind to cell surface receptors and undergo receptor mediated endocytosis for
selective entry. b) Nanoparticles are coated with PEG to increase half-life, and provide greater opportunity
to extravasate through leaky tumour endothelium and penetrate into the tumour. The true nanoparticle—
blood interactions in vivo are very different. c) Protein corona formation sterically hinders and masks surface
bound ligands, limits cancer cell receptor-mediated interactions and supports off-target cell binding
(indicated by blue cells). d) Nanoparticles increase in size and limits their depth of penentration into the

51



General Introduction

tumour (i.e, the particles are more likely to stay near the vessel). Of note, the green and orange structures
on nanoparticle surface in (A) and (B) represents a targeting ligand and cancer agent. Adapted from

reference[40] with permission from the Royal Society of Chemistry.

6.2. Active targeting

Targeted nanomedicines are drug delivery nanosystems, usually NPs, loaded with
therapeutic and/or imaging agents and exhibiting a targeting compound either
physisorbed or chemically bound on their shell surface. To promote the specific
interaction of NPs with cells overexpressing the receptor of interest, this targeting moiety
can be a protein or antibody, a small molecule (e.g. peptide), carbohydrates (e.g.
mannose) or a nucleic acid sequence. Usually, four requirements are fundamental to
ensure effectively targeted nanomedicine:

- Eluding opsonisation and clearance by RES system, thereby allowing sufficiently long
circulation in the organism

- Retention in target tissue

- Specific interaction between the targeting moiety and the tumor cell receptor

- Release of therapeutic and/or imaging agent at the targeted site

In addition, physicochemical properties like the ligand density, the size of the NPs and
the choice of the targeting ligand might also affect the efficacy of the active targeting
strategy in vitro and, more importantly in vivo.

The major difference with passively targeted nanomedicines is that passive ones make
use of biological mechanisms to reach specific organs or disease sites such as
phagocytosis by the cells of the reticuloendothelial system (RES) or the EPR effect

observed for example in tumors with leaky vasculature REF.

7. Holistic considerations on therapy with polymer nanoparticles

There is commonly an erroneous tendency to believe that nanomedicines are able to,
for example, kill any type of tumor or eradicate bacterial infections located in any body
tissue. Sadly, this vision can lead to interpret nanotechnologies as a "one-for-all" remedy
and even turn them into another bubble[114]. Like any other branch of science, the
release of drugs in a controlled manner using polymer nanotechnology is a field involving
multiple factors. This holistic view applied to nanomedicine aims to take into account the
engineering of new high-throughput synthetic methodologies, the route of administration,

the molecular composition of the nanosystem, the coordination with human temporal
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cycles, and required adjustment of the safety measures and ethical regulations to reduce
the hurdles in the translation of smart polymeric NPs from preclinical studies to clinical
practice.

There is a great demand for the application of novel raw materials to produce polymeric
nanomaterials in high purities, with minimal purification steps and using a green
chemistry. The commercial availability of precursors and the straightforward scale-up of
the final product are key aspects for the translation of lab nanosystems to day-by-day
use of nanomedicines.

In many cases, it is also important to update whether the route of administration for a
specific drug delivery system is selected on a rational basis. Active targeting by
intravenous delivery is sometimes overestimated, and alternative administration routes
for the same target may bring about better prospects for efficient delivery to the desired
tissue. Moreover, instead of focusing attention on which bioactive targeting molecule is
attached, it should be placed on how the physicochemical properties of the NP and the
surrounding of the target tissue interact and modify either the drug delivery rate, the
targeting efficiency, or the cytotoxicity. For example, pharmacokinetic studies performed
for a specific controlled drug release nanosystem should be performed in accordance
with the drug release profile observed under in vivo-like conditions. Whether the system
releases the 100% of the drug in 6 hours or in 6 days will of course affect the
pharmacokinetics, which should be designed adequately.

Specific and efficacious molecular targeting will be successful only when all the factors
affecting it are thoroughly reviewed when engineering a nanosystem for in vivo delivery.
Among the factors affecting targeting specificity, the most visible is perhaps the
unintentional NP uptake observed in biodistribution experiments. In order to potentially
solve such issues, NP morphology, such as size, shape, charge and cell-specific uptake,
should be previously analyzed in vitro by modulating polymeric physicochemical
properties such as crosslinking degree, HLB value, amphiphilic or amphoteric behavior,
etc. and studying their contribution to uptake specificity in multicellular systems. The
protein corona formation around the shell of a NP upon incubation in serum protein-rich
environments has been demonstrated to cause undesired receptor-mediated uptake as
well as an active distortion of the receptor-targeting molecule specific interaction. Several
efforts have been therefore been channeled into coating NPs with stealth polymers to
minimize physisorption of circulating proteins that promote sequestration by the RES[41].
Specific active targeting is also hampered by the non-tissue-unique overexpression of
the molecular target. This is that the specific receptor turns out not to be so tissue-specific
therefore leading to specific targeting but not only in diseased cells. A possible solution

might be the local delivery of the nanosystem.
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Long circulation is mandatory to achieve drug accumulation in the diseased tissue.
Highly ligand-functionalized shells often cause increased immunogenicity and reduced
circulation times, which should be appropriately addressed by modulating the amount of
ligand to achieve minimal immuno-response and maximal cell specificity. Finally, the
intracellular target on which the drug is intended to act needs to be reached. For
example, if a NP is engineered to release its cargo upon interaction with cytosolic
glutathione, the ability of the NP to escape the endosome-lysosome should be
demonstrated accordingly by adequate methodologies (small enough NPs, changing
amphiphilic surface, functionalization with a cell-penetrating peptide to enter the cytosol,
etc.).

In the last fifteen years, chronopharmacological aspects of drug delivery systems have
been addressed to increase patient compliance and drug efficacy. In the changing
scenario of nanomedicines, drug delivery systems with sustained release became
obsolete and modern smart self-controlled DDS emerged. Chronopharmaceutics serve
to generate knowledge ranging from the biology of disease to the generation of models
capable of designing and evaluating DDSs that meet biological circadian requirements.
In this regard, modeling approaches are available in the broad fields of cardiovascular
diseases, cancer chemotherapy, rheumatoid arthritis, and diabetes, among others. For
example, it has been proved that the plasmatic levels of certain proteins involved in the
pain suffered by arthritic patients are subject to a circadian rhythm. In this regard, drugs
currently used to treat this pain show statistically significant differences in toxicity and
efficacy depending on the time of the day they are administered.

Finally, the huge impact of nanoscience on today’s society must be accompanied by
adjusted safety measures and ethical regulations. In order to maximize the social and
therapeutic benefits of nanomedicine and reduce the potential health hazards for human
beings, regulatory systems should join forces and evaluate whether appropriate scientific
and media infrastructures are available to provide regulatory and ethical guidelines for
the safe development of nanotechnologies. Moreover, a special focus should be placed
on informing society about the potential applications of nanotechnology, as well as its
pros and cons, as a true alternative to classical medicine and on maintaining public
funding in order to advance in this field.

In summary, PU and polyurea NPs emerge as suitable platforms to be manufactured in
a high-throughput fashion, at industrial level, and using eco-friendly synthetic methods.
Moreover, they allow the delivery of a wide range of drugs and can be rapidly adaptable
to many clinical requirements. Furthermore, the ease with which the degradation of
PUUa NPs can be controlled ensures the control over temporal aspects of drug delivery

compared to other nanosystems. This diversity of potential applications renders PUUa
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NPs attractive therapeutic delivery vehicles. However, to prevent failure and false hope,
this diversity must be correlated with adequate safety and ethical guidelines for each

new NP formulation developed.
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Introduction I. Polyurethane-polyurea Nanoparticles for Cancer Therapy and

Imaging

Nanoparticle biomedical systems

Nanoparticle biomedical systems (NBS) are widely used in nanomedicine research and
in clinical stages to improve the efficacy of drugs i.e. antitumor, antibiotic,
immunosuppressive, antiviral and anti-inflammatory[1-3]. Among the wide variety of
nanosystems: liposomes; polymeric nanoparticles; polymeric micelles; silica, gold,
silver and other metal nanoparticles; carbon nanotubes; solid lipid nanoparticles; and
dendrimers[4—11] are the most currently used. The use of NBS aims to solve common
drawbacks associated with some traditional drugs, such as poor aqueous solubility, low
bioavailability and nonspecific distribution which in turn increases side effects in the
body[12].

First generation NBS were developed to address single challenges, like the need to
enhance drug stability in vivo, the half-life in the bloodstream, to improve delivery
across a specific membrane, to keep elevated concentration of a drug in a specific
organ through controlled constant delivery, or the desire to target a drug to the specific
site of interest[13]. Today, research has evolved developing NBS that can perform
more than just one function at the same time e.g. trespass impeded physiological
barriers, improve the delivery rate and bring their loads (one or various) to the required
target sites (such as organs, tissues, cells) or specific pathologies in the body[14]. The
installation of multifunctionality in the NBS nanostructure includes the capability to carry
enough cargo of a drug or DNA/RNA-related material[15], to have increased circulation
times (through the use of hydrophilic polymers)[16] and to target the expected site of
action both non-specifically (by the enhanced permeability and retention (EPR)
effect)[17] and specifically (via the binding of site-specific targeting ligands)[18]. In
addition, together to targeted, multifunctional NBS can react to certain stimuli that are
specific of the target, via the inclusion of components that respond to changes in
pH[19], temperature[20] and redox conditions[21], and in some cases to the
upregulated concentration of specific biological molecules[22]. Multifunctional NBS can
also respond to external stimuli, such as magnetic[11] or ultrasound fields[23] and UV
radiation[24], and can be upgraded by the contribution of an imaging contrast moiety to
allow their in vivo monitoring[25].

Although there is not any official classification of the abovementioned systems, they

could be split up into three categories. The first group consists of drug-loaded NBS
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conveying at least two functions, such as long circulation, site-targeted, stimuli-
sensitivity or cell penetration[26]. The second group, besides the previously exemplified
properties, are loaded with more than one drug and/or genetic therapy-related
molecule[27], such as small interfering RNA (siRNA). The third group consists of the
all-in-one theranostic NBS, which bear a diagnostic label (like a fluorescent label or
contrast agent) for use with current clinical imaging modalities (such as near infrared

spectroscopy, nuclear medicine, computer-assisted tomography, etc.) (Figure 1)[28].
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Figure 1. Polymer nanoparticle typical multifunctionalites for nanomedicine theranostics.

There are many polymeric nanosystems available for cancer nanotherapy based on
PLA, PLGA, PGA, etc. They exhibit excellent biocompatibility and biodegradation, good
encapsulation ability and acceptable tunability[29]. However, for in vivo purposes those
aspects are not totally enough, as then come into play other issues such as early
biodegradation[30,31], poor encapsulation stability[32] and limited tunability[33].

Therefore, innovation is needed to create novel systems able to overcome these
drawbacks. To enhance the encapsulation ability and stability, typical top-used
liposome-like polymeric structures formed by self-assembling of amphiphilic polymers
do not fulfil all the requirements for in vitro and in vivo delivery as they might have a too
diffuse and labile structure. This can be explained as a result of the lack of
nanostructure control of the formed shell during the emulsification process that creates
leaky walls due to random aggregation and irregular structuration. That kind of
amphiphilic structures facilitate the superficial entrapment of hydrophobic cargos
instead of deep encapsulations in the core and thus boost the interaction of the cargo
with naturally present molecules such as, phospholipids, cholesterol, lipophilic proteins,
etc[32,6,25]. We believe that to avoid such undesired effects, polymers should be tailor

designed in order to create an impermeable multiwalled shell that prevents an
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undesired release until reaching the desired target. Another issue that should be
tackled in common DDS is the use of external surfactants. When surfactants are used
to decrease the size of the nanodispersion, they also affect the interface where the
polymerization takes place creating some diffusion channels and decreasing the global
robustness and boosting Ostwald ripening effects, which need to be compensated with
other external additives. This excess of free surfactants has also been proved as a
primordial cause of later toxicities[16,34], e.g. by the immune system and therefore
nanosystem failure.

Biodegradation is also crucial in cancer therapy as it is a must to achieve a non-toxic
elimination of the polymeric residues after an efficient drug delivery. However, early
degradation is a sometimes ignored issue that may trigger a non-effective drug
delivery. This happens because of the non-fixed (non-crosslinked) shell structure which
provokes polymeric shell de-structuration upon physical and chemical interaction with
external biomolecules. In example, most used polyaminoacid polymers like polymeric
PLGA self-assembled structures are too easily hydrolysed by esterase enzymes, which
turns into a rapid loss of their protecting properties and a content release before being
on-target[31,35].

The capacity of a polymer to convey multiple functions, tunability, is directly related to
its intrinsic reactivity. Ideally, a polymer should exhibit high reactivity in intermediate
stages to allow its bioactivation before final end-capping/crosslinking. In example,
fluorescent tags, cell targeting compounds, biodegradation spots should be easily
linked to the polymer backbone via covalent bonds to enhance its multifunctionality.
Although, a polymer should be easily modulated in terms of structure to create not only
linear or crosslinked structures but also tailored morphologies like dendrimers. To
achieve such a broad range of structural morphologies is key to use a well-established
chemistry in the industry and so have multiple chances to select one or another
monomer depending on the desired final morphology[36,37].

For the build-up of polymeric nanoparticles with an ordered, controlled and
functionalized structure, and with the capacity to contain actives (like cosmetics or
drugs) in a high yield, it is missing a well-defined step by step building block synthetic
process. The current existing polymeric systems to create nanoparticles are not always
able to be functionalized in a specific and straightforward manner. They are mostly
random-based and the monomers or oligomers used as starting materials are not
designed in a way to participate in the self-structuration of the nanoparticle. The
functionalization is normally carried out in a later step by laborious and costly
multilayers one after the other. Different steps and intermediate purifications are

necessary and the industrial scale up becomes difficult and expensive[34]. Therefore,
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these systems are not suitable enough for the synthesis of multifunctional and sub-
nano-structured nanoparticles.

The idea of creating architecturally controlled species arises from the desire to get
materials with tailored structures at the nano-level. In example, other researchers have
undertaken the challenge of nanostructuration taking profit of electrostatic interactions
between contrary charged species to create multilayered and multifunctional

nanomaterials by layer-by-layer techniques[38—40].

Self-stratified polyurethane-polyurea nanoparticles

In this chapter we propose an alternative, scalable methodology based on meticulously
designed polyurethane-polyurea nanoparticles displaying a multiwalled and
multifunctional structure to improve the encapsulation ability of lipophilic compounds
and truly control their site-specific release. So, reactive prepolymers of different
hydrophobicity with terminal isocyanate groups and long pendant side hydrophobic and
hydrophilic chains have been synthesized according to our previously introduced
patent[41]. In the outer part of the shell, the amphiphilic polymer (Amphil) is constituted
by hydrophilic and hydrophobic dangling chains and disulfide bonds. The hydrophilic
chain is a polyethoxylated difunctional diol (YMER™ N120) with the two hydroxyl
groups very close to each other, and a long polyethoxylated side chain that is linked to
the isophorone diisocyanate (IPDI) by urethane bonds forming the main chain. The

hydrophilic polyethoxylated chain is sideways the urethane main chain (Figure 2).
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Figure 2. Representation of morphological characteristics of YMER™ N120 and PEG upon polymerized

and emulsified in aqueous media.

70



Chapter 1. Introduction

It is also important to note the short distance between urethane bonds which promotes
a compaction of the polymeric structure for a further better encapsulation ability to form
more aggregated and robust shells, compared to similar hydrophilic diols like PEG,
PAS, etc. where urethane groups are spatially far from each other.

Following the same rational, the hydrophobic chain is a long alkyl side chain diamine
linked to the diisocyanate prepolymer by urea bonds. As before, the urea groups are
closely located for the abovementioned reasons and the aliphatic long alkyl chain

(either C12 or C18) is sideways them to readily interact hydrophobic species (Figure 3).
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Figure 3. Ideal structure of an isocyanate-reactive amphiphilic prepolymer containing hydrophilic and
hydrophobic pendant chains in an oil-in-water emulsion. Pendant hydrophobic chains will self-orient toward

the oily phase and pendant hydrophilic chains toward the aqueous phase.

Disulfide bonds, namely 2-hydroxyethyl disulfide (DEDS), are incorporated via
urethane chemistry through the reaction with IPDI with the purpose of displaying redox
degradation by reductive enzymes or peptides (Glutathione) of the polymeric
nanoparticle upon intracellular accumulation (Figure 4). In order to keep final
isocyanate reactivity to this amphiphilic prepolymer, the diol and diamine monomers

are added in defect respect to the diisocyanates[42].
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In addition, a second hydrophobic compound (either a hydrophobic monomer or a
hydrophobic prepolymer, Hyfob) with isocyanate reactivity is added to the pre-
emulsification process mixture. The aim of adding a hydrophobic compound with
isocyanate reactivity is to promote a first self-stratification of the polymeric shell by
hydrophobic interactions and second, allow a further fixing-crosslinking step by via urea

bonds of the whole multipolymeric shell[42] (Figure 4).
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Figure 4. Ideal self-stratified structure of a multifunctional PUUa NP for drug delivery. The double red dots
represent the hydrophobic and hydrophilic pendant chains of Amphil. Blue moieties represent the
hydrophobic prepolymer. Grey functions represent the crosslinking amine that fixes the isocyanate reactive
prepolymers. Green pentagons represent the cRGDfK conjugates with isocyanate reactivity. Green dots
represent the disulfide moieties for PUUa NP biodegradation. Red dots represent an encapsulated

hydrophobic model drug and yellow dots mean any encapsulated fluorophore for monitoring purposes.

The selection of isocyanate as terminal reactive group in the prepolymers is due to its
high reactivity and quantitative reactions with amines and polyamines for
functionalization or crosslinking in aqueous media[22,43]. Diisocyanates and
polyisocyanates of different molecular size, structure and functionality allow the
reaction of a wide range of diols, polyols, diamine and polyamines making possible the
creation of tailored prepolymers conveying the right self-organizing properties[36].

Moreover, to bioactivate our nanoparticles to specifically interact with overexpressed
avp3 integrins in the tumor cells surface, the nucleophilic amino group of the L-Lysine
residue of cRGDfK peptide was coupled with a polyisocyanate linker. The resultant
isocyanate reactive functional conjugate allowed the incorporation of bioactive cRGDfK
moieties on the prepolymeric nanoemulsion with the rest of hydrophobic and

amphiphilic reactive components. They self-organize together with the oily-drug core to
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self-stratify in a hydrophobic/hydrophilic driven way, to finally be fixed via urea covalent
bonding by crosslinking with the appropriate polyamines. Due to the relatively
hydrophilic characteristics of the cRGDfK conjugate it is fixed by final crosslinking on
the surface of the sub-nanostructured nanoparticle. More generally speaking, this
patented technology allows the self-deposition of a functional moiety along the shell
depending on its intrinsic hydrophilic-lipophilic balance. In fact, it could be located
automatically in the core, the interface or surface of the nanoparticle by hydrophobic
attraction or repulsion forces (Figure 4). Finally, the right selection of all the
prepolymers with the adjusted reactivity, size, charge, hydrophilic-lipophilic balance,
targeting rests, and the right extending and/or crosslinking polyamines would translate
into control over stability, morphology, surface charge, biological activity or affinity and
specific controlled delivery.

This technology enables new avenues of therapeutic, diagnostic and imaging tools for
fighting against several diseases in a more selective way, in special for cancer
treatment, where secondary effects of antitumoral drugs in healthy cells are very
destructive. This new nanotechnological platform can be also very useful for many
other industrial applications, not only in the pharmaceutical field, due to the fact that it
uses available commercial intermediates, the reactions are controlled and quantitative
avoiding purification steps, and definitively, it is a scalable and a versatile system.

In addition, in the following chapter, apart from the explanation of the synthetic and
methodological process, the biological testing of PUUa NPs in vitro and in vivo is

assessed and discussed.
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METHOD FOR PRODUCING A MICROENCAPSULATE AND CORRESPONDING
REACTIVE AMPHIPHILIC COMPOUND, MICROENCAPSULATE AND
COMPOSITION

ABSTRACT

Method for producing a polymeric, amphiphilic, highly functionalisable and versatile
microencapsulate/nanoencapsulate, which comprises 2 stages: dispersing a first liquid
phase in a second liquid phase forming an emulsion, in this way said first phase
remains dispersed in said second phase, and polymerising a polymer that forms the
wall of the microencapsulate. Between both phases an interphase is formed with a a
reactive amphiphilic compound, which is a prepolymer of the polymer. The amphiphilic
compound has two more main functional groups that react in the subsequent
polymerisation to produce the polymer. These two main functional groups are
separated from each other by between 4 to 12 links. The amphiphilic compound has at
least one hydrophilic or hydrophobic functional group in one chain which is sideways

with respect to the chain that links both main functional groups.
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METHOD FOR PRODUCING A MICROENCAPSULATE AND CORRESPONDING
REACTIVE AMPHIPHILIC COMPOUND, MICROENCAPSULATE AND
COMPOSITION.

DESCRIPTION

Field of the invention

The invention relates to a method for producing a microencapsulate comprising the
following stages: [a] dispersing a first liquid phase in a second liquid phase forming an
emulsion, so that the first phase is dispersed in the second phase, and [b] polymerising

a polymer that forms the wall of the microencapsulate.

The invention also relates to a reactive amphiphilic compound with at least two

functional groups suitable for reacting in a subsequent polymerisation.

The invention also relates to a microencapsulate and a cosmetic or pharmaceutical

composition comprising a microencapsulate.

State of the art

Various encapsulation methods are known. However most of them require high stirring,
high concentrations of external emulsifying agents or solvent to obtain capsule sizes

smaller than one micron, etc.

It is known to use emulsifying agents which are, simultaneously, prepolymers of the
polymer that will form part of the microencapsulate wall. Some examples can be found
in documents US 6.262.152, US 7.199.185 and US 2007/0270508.

Generally, emulsifying agents can be of two main types: oil in water (normally indicated
as O/W) or water in oil (normally indicated as W/O). Generally this invention is suitable
in both cases, although the most usual are the O/W emulsions and therefore most of
the examples will be of this type, but at no time must the invention be understood to
only refer to oil in water emulsions. In this specification and claims the term *first
phase” has been used to indicate what will be the dispersed phase, and the term

“second phase” to indicate what will be the continuous phase.
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In this specification and claims the term microcapsules and/or microparticles is used
broadly, so that it also includes capsules and/or particles which, due to their size, could

have been classified instead as nanocapsules and/or nanoparticles.

Disclosure of the invention

The aim of the invention is a new method which allows obtaining small size
microcapsulates, and in relatively high concentrations. This purpose is obtained by
means of a method according to the invention of the type indicated at the beginning
characterised in that between the first phase and the second phase an interphase is
formed that comprises a reactive amphiphilic compound, where the amphiphilic
compound is a prepolymer of the polymer that will form the wall of the
microencapsulate, and the amphiphilic compound has at least two main functional
groups that react in the subsequent polymerisation to form the polymer that will form
the wall of the microencapsulate, where the amphiphilic compound has at least one
hydrophilic or hydrophobic functional group in a chain that is sideways with respect to

the chain that joins both main functional groups.

In fact the method according to the invention uses amphiphilic compounds that behave
as dispersants and which self-emulsify the emulsion but which, at the same time, are
reactive, which means that later they can be used to encapsulate, forming the wall of
the microencapsulate. These amphiphilic compounds comprise a main chain, which
preferably is “short”’, and they have at least one of the hydrophilic and hydrophobic
functions in side chains. In fact this is a very interesting concept because it means
amphiphilic compounds that are particularly suitable for the invention can be obtained.
It must be taken into account that in this specification and claims the term “main chain”
has been used to designate the one that has at the ends thereof the two functional
groups (called main functional groups) which subsequently polymerise to form the
polymer in the wall of the microencapsulate. This way, the amphiphilic compound is
placed in the interphase between the two phases and is orientated so that it has the
hydrophobic functions aimed towards the organic phase and the hydrophilic functions
aimed towards the aqueous phase. This allows for a series of advantages. Between
the two main functional groups there is little separation, this favours polymerisation,

improves the barrier effect to prevent the diffusion of the encapsulated material towards
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the outside of the capsule, and makes encapsulation stable. For their part, the side

chains are relatively flexible and adaptable.

Preferably, main “short” chain must be understood to mean that the two main functional
groups of the amphiphilic compound are separated from each other by between 4 to 12
links, preferably between 5 to 10 links. Generally, the links will be of the —CH2- type,
but they could be of another type (for example, substituents like O, N, S etc.). In fact, if
there are more CH2 groups between the main functional groups, then the actual chain
would already have a significant hydrophobic effect, which would counter the “side
amphiphilic” concept and, also, it would have a negative effect on the rigidity (reducing
it), as a greater number of CH2 groups in the main chain reduces the partial glass
transition temperature (Tg). Therefore it is interesting to have a main short chain (with
high rigidity and barrier effect) and to have longer side chains with the hydrophilic and

hydrophobic functions.

So, for example in the case of O/W emulsions, the corresponding microcapsule will
have an organic phase inside. The amphiphilic compound will have arranged itself so
that its hydrophobic side chains are towards the hydrophobic inside of the capsules,
and its hydrophilic side chains are towards the outside of the microcapsule and, during
polymerising, this structure “froze” like this. This makes it possible later to obtain very
stable microencapsulate dispersions, which do not aggregate, not even in the presence

of saline or biological liquids that affect or promote their aggregation.

The prepolymer must have at least two main functional groups that react in the
subsequent polymerisation for forming the polymer that will form the wall of the
microencapsulate, however it can have more than two functional groups, with which
better cross-linking will be achieved. Also it can have a mixture of amphiphilic
compounds with a different number of main functional groups, so that the mixture
makes it possible to obtain the degree of cross-linking required. In the event that the
prepolymer has more than two main functional groups, it will be considered as the
shortest main chain out of the possible chains that can be defined between the main

functional groups.

Preferably the polymer (which forms the wall of the microencapsulate) is insoluble in
the two phases, which is particularly important for obtaining a good barrier effect. In this
respect, a particularly advantageous solution is that the polymer has urea and/or

urethane type groups, and that these groups are near to one another.
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As it can be seen, the basic concept of the invention consists in generating a
dispersion from a first phase and a second phase, where the interphase is formed
thanks to an amphiphilic compound. The amphiphilic compound is a reactive
compound. By virtue of this, after forming the dispersion, the amphiphilic compound
reacts forming a polymer that forms the wall of the microcapsules. Therefore, the
amphiphilic compound is really a prepolymer of the polymer that forms the wall of the
microcapsules. This method allows very small (even nanometric size)
microencapsulates to be formed and in relatively high concentrations. It must be taken
into account that, generally, when microcapsules are prepared, if they are not well
stabilised and diluted, they tend to agglomerate, and when they dry they tend to join
together and the wall of the capsules tends to break because of the force of the actual
agglomeration and their thin walls. The microcapsules according to the invention can
be air-dried where they agglomerate relatively little at relatively high concentrations.
Also, the dispersions are formed with moderate stirring, which means that active
ingredients “sensitive” to stirring can be encapsulated and, at the same time, large-
scale industrial manufacturing is possible with less energy and less expensive stirring

equipment.

In the known microencapsulating methods, in the first phase a prepolymer is added
which subsequently will form the polymer that shapes the wall of the microcapsules.
For example, it is known to use polyisocyanates to produce microcapsules from an
O/W solution. However, these prepolymers (like the polyisocyanates used normally)
are not amphiphilic or self-emulsifying. For example, one polyisocyanate used is
isophorone diisocyanate (IPDI). IPDI cannot be considered to be amphiphilic because it
does not have one part soluble in water and one part soluble in oil. Also, IPDI does not
migrate to the interphase, because it is soluble in oil and its solubility in water is not
significant. Therefore, it is necessary to add, usually in the continuous phase (which is
normally the aqueous phase) some dispersing and/or emulsifying agents external to
the prepolymer. These dispersing and/or emulsifying agents, for their part, can be
amphiphilic, but they are not reactive, and therefore they are not part of the polymer
that shapes the wall of the capsules. However, these agents can hinder the wall
formation process. Generally, in the known methods, there are more spaces between
the polymer cross-links, it is harder to arrange themselves in the interphase and there
are interferences between the reagents and the remaining agents in the interphase. In
this invention the same amphiphilic compound that is the emulsifying agent and forms

the emulsion is also the one that is reactive and is therefore, a prepolymer of the
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polymer that will form the wall of the microcapsules. This way, a wall with an improved

barrier effect is obtained.

Based on this basic concept, the method according to the invention contemplates

different variants. In fact:

- The amphiphilic compound can be added already-formed in the first phase,
before forming the emulsion.

- The amphiphilic compound is formed in the first phase by reacting some of the
precursors in the first phase, before forming the emulsion.

- The amphiphilic compound is formed “in situ” in the interphase of the emulsion,
from precursors that are in the first phase and in the second phase, and that meet
each other and react in the interphase.

- The polymer is made by polymerising the amphiphilic compound with itself,
either directly or by reacting with the solvent of the second phase (for example, in
the case of the O/W solution where there are isocyanates in the disperse phase,
thee isocyanates can react with the water (forming an amine) and later they can
react with another isocyanate forming an urea).

- The polymer is formed by polymerising the amphiphilic compound with a
second compound, added in the second phase, or added in the already-formed

dispersion.

Also, there may be methods wherein several of the above alternatives converge.

If the amphiphilic compound is formed before making the emulsion, the amphiphilic
compound is such that, being amphiphilic, it is less soluble in the first phase than in the
second phase. This way, the amphiphilic compound tends to go to the interphase due
to its affinity with the second phase. This way the amphiphilic compound acts as the
emulsifying agent (self-emulsifying) and, also, it positions itself appropriately for the

subsequent polymerisation reaction.

Preferably the amphiphilic compound, which is the prepolymer that will subsequently
form the polymer that shapes the wall of the microencapsulate, is the main emulsifying
agent in the emulsion and, very preferably, it is the only emulsifying agent. This aspect
is particularly important because it avoids external emulsifying agents, which often can

precipitate when they come into contact with the microcapsules in saline media or
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biological liquids (like blood or lymphatic liquid), and aggregate, which could cause

damage to the biological organisms due to blocked arteries or veins, etc.

Advantageously the amphiphilic compound and/or the product derived from its
polymerisation is the main stabilising agent, preferably it is the only stabilising agent in

the emulsion.

Preferably no emulsifying and/or additional stabilising agent is added. In particular, the
aqueous phase (particularly, when it is the second phase, i.e. the continuous phase) is
free of emulsifying agents in the group made up alkyl carboxylates, alkyl sulphonates,
alkyl ethoxylates (like the products sold under the names Tween ® and Span ®) and
non-reactive amphiphilic polymers with the hydrophilic and hydrophobic chains in the
main chain (like polypropylene glycol and polyethylene glycol, sold under the name
Pluronic ®).

As already mentioned above, an alternative is that the first phase be the organic phase
and the second phase be the aqueous phase. In this case it is advantageous that the
amphiphilic compound has an HLB value (Hydrophilic lipophilic balance) higher than
10, preferably greater than 15. On the other hand, in the event that the first phase is
the aqueous phase and the second phase is the organic phase, then it is
advantageous that the amphiphilic compound has an HLB value less than 10.
Generally, changing the proportion of lipophilic to hydrophilic functional groups in the
prepolymer can obtain water in oil or oil in water type emulsions. Depending on the
type of active ingredients that are to be encapsulated, one method or the other will be
used. In the case of the oil in water systems the hydrophilic functional groups exceed
the lipophilic groups in the prepolymer that later will form the wall of the capsules when
it reacts. And vice versa, in the case of the water in oil emulsions the lipophilic groups
exceed the hydrophilic groups in the prepolymer that is used to emulsify and form the

wall subsequently.

Preferably the main functional groups of the amphiphilic compound are isocyanate
(NCO) functional groups, suitable for forming urethane and/or urea type links when
they react with alcohol (OH) functional groups and amine (NH), respectively. However,
the general concept of the invention could also be applied with other main functional
groups. So, for example, another interesting alternative consists in having main
functional groups that are silanes instead of isocyanates. These silanes can be

obtained, for example, from the reaction of some terminal isocyanates with
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aminopropy! tri alkylsilane or alkyl aminopropyl trialkyl silane groups (like AMEO,
aminopropyl-trimethoxysilane for example, or with the compound Dynasylan ® 1189
sold by Evonik Industries, which is a N-(n-butyl)-3-aminopropyltrimethoxysilane). These
functional groups included in structures called hybrid as they are inserted into a base
polyurethane-polyurea, form hybrid organic-inorganic prepolymers of polyurea and/or
polyurethane (considered organic) with silanes (considered inorganic). These types of
hybrid prepolymers react by catalysis (acid, base or organometallic or combined) via
the silane functional groups to yield cross-linked glass structures (as in one part of the
molecule a glass type structure SixOyis formed). In other words, the cross-linking in this
case would be between the silane itself and would not require polyamines. These are
very stable to hydrolysis and can be interesting in some applications. In fact, the
amphiphilic compound could be, in general, mixed, in the sense that its main functional
groups can be different from one another. So, for example, in this particular case, the
substitution of the NCO groups by silanes could be partial, whereby a hybrid

microencapsulate wall would be obtained.

The amphiphilic compound that accumulates in the interphase can be a compound that
is added to the first liquid phase, or it can be a compound that is formed in the first
liquid phase from a first precursor and a second precursor that react together, i.e. the
amphiphilic compound can be added to the already-formed first liquid phase or it can
be formed “in situ”. In fact, there could be a third precursor (or even more precursors).
The first precursor would be the one that shapes the “main chain” of the amphiphilic
compound and the second and third precursor are the ones that provide the hydrophilic
and hydrophobic side chains, respectively. In fact, the third precursor can be included
in the first phase or it can be included in the second phase (both before making the
emulsion and after making it). In the event that the third precursor is in the second
phase, it is advantageous that, even being soluble in the second phase, it has greater
affinity with the first phase. This will help it migrate towards the interphase, where it will
be able to react with the product of the reaction between the first precursor and the
second precursor, thereby forming the amphiphilic compound directly in the actual

interphase.

In the event that the amphiphilic compound is made from precursors, the length of the
main chain of the amphiphilic chain “grows” quickly and usually it is no longer possible
to have between 4 to 12 links between its main functional groups. However, each of the
precursors taking part in the formation of the amphiphilic compound has, in turn, two

main functional groups (which are those that will remain included in the main chain of
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the amphiphilic compound) and a main chain, which is the one extending between the
main functional groups of the corresponding precursor and will form, therefore, part of
the main chain of the amphiphilic compound. In this respect, it is advantageous that the
two main functional groups of the first, second and/or third precursor are separated
from each other by between 4 to 12 links, preferably between 5 to 10 links. This way it
is also possible to obtain the advantages of a short main chain indicated above.
Preferably each and every one of the precursors making up the amphiphilic compound

fulfils this condition.

To form the polymer, the prepolymer can polymerise itself. So, for example, in the
event that the main functional groups are isocyanate (NCO), the prepolymer could
react with the water in the aqueous phase and it could polymerise with itself. However,
in certain cases, it is advantageous that this is not the case, and it can be achieved,
following the example that the main functional groups are isocyanate, maintaining the
emulsion at a temperature that is low enough to ensure that the isocyanate does not
react with the water (or, at least, does not react significantly). In return, it is
advantageous that the second phase comprises a second compound, where the
second compound comprises at least two functional groups suitable for reacting with
the main functional groups of the amphiphilic compound, to form the polymer that
shapes the microencapsulate wall. So, for example, in the event that the main
functional groups are isocyanates, the second compound can be a diol or a diamine (or
a polyol or a polyamine if greater cross-linking is desired). This way the polymer would
be formed, which would be a polyurethane or a polyurea. An advantageous alternative
is that the second compound is also amphiphilic, this way it also tends to migrate
towards the interphase, and so finds the amphiphilic compound. On the other hand, in
the event that the amphiphilic compound is formed “in situ”, i.e., in the actual
interphase, it is advantageous that this second compound performs the functions of the
second precursor indicated above. In this same respect, there could be a third
compound which performed the functions of the third precursor and, also, there could
be an additional compound that was only responsible for polymerising with the
amphiphilic compound formed (i.e. a compound that does not include a hydrophilic or

hydrophobic function).

Preferably the first precursor is an isocyanate from the group made up of isophorone
diisocyanate (IPDI), hexamethylene 1,6-diisocyanate (HDI) and hydrogenated
diphenylmethane 4,4’-diisocyanate (HMDI). In fact, the ideal isocyanate would be a

very small diisocyanate such as an ethane or a propane with an NCO function at each
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end thereof, although they are compounds that are not used on an industrial level.
Some of the diisocyanates have the facility of combining to each other forming dimers
or trimers, such as for example in the case of HDI. Generally, this invention can use
any diisocyanate or triisocyanate out of the ones indicated above as well as any dimer,
trimer, tetramer, pentamer, etc. which is derived therefrom. Some examples of these
can be dimers of HDI urethdione, trimers of HDI trimethylpropane, trimers of HDI or

IPDI isocyanurate, trimmers of HDI or IPDI biuret, HDI allophanates, etc.

Very preferably the isocyanate is an aliphatic isocyanate, which is more stable. It is
particularly interesting that the isocyanate be IPDI, or the HDI dimers or trimers,

because they are less reactive.

A different alternative, for having amphiphilic compounds with a more acute fattier
character, with low HLB, for obtaining water in oil emulsions and capsules in this

medium, it would be a fatty isocyanate sold by Cognis as DDI1410 diisocyanate.

Advantageously the second precursor is a hydrophilic compound, and, preferably, the
second precursor comprises at least two functional groups suitable for reacting with
functional groups of the first precursor. The second precursor preferably has its
hydrophilic function in a chain that is sideways with respect to the chain that joins the
two functional groups suitable for reacting with functional groups of said first precursor,
because, this way, the “main chain” of the amphiphilic compound will be formed from
the “main chain” of the first precursor and the “main chain” of the second precursor,
and the hydrophilic function will remain in a side position. The second precursor can be
a non-ionomeric compound, in which case preferably it is a polyethoxylenate
compound with a molecular weight more than 100, very preferable more than 500. In
principle, so that a polyethoxylenate compound has water solubility and is equivalent to
an ionomeric compound, it must have a relatively high molecular weight (preferably
higher than 500). However, the amphiphilic compound can include more than one
hydrophilic precursor, in this way their hydrophilic effect is added. Advantageously the
polyethoxylenate compound has a molecular weight lower than 5.000, because with
greater molecular weights it is probably difficult to adjust with the hydrophobic
monomer. If the first precursor is an isocyanate, then this second precursor can be
advantageously a mono- or polyalcohol (for example the diol sold under the name of
YMER N120 ®) or a mono- or polyamine (for example the monoamine sold under the
name JEFFAMINE M1000 ®). So, for example, preferably, the YMER N120 ® would

be used when the polyisocyanate is a diisocyanate, to therefore create a linear,
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difuncional prepolymer with two functional isocyanate end groups (for which the
reaction must be made to take place always with excess diisocyanate with respect to
the diol); whereas preferably Jeffamine M1000 ® would be used when the
polyisocyanate has a functionality greater than 2. Alternatively, the second precursor
can be of the ionomeric type, preferably with a carboxylic or sulphonic functional group.
In this case, it is advantageous that it has this functional group in a side chain.
Advantageously it can be a diol (or diamine) alkyl carboxylic or sulphonic, such as for
example dimethylolpropionic acid (DMPA). Other anionomer or cationomer compounds
are also possible. The second precursor can also be a mixture of ionomer and non-

ionomer compounds.

Preferably the third precursor is a hydrophobic C8-C22 compound, and comprises at
least two functional groups suitable for reacting with functional groups of the first
precursor. So, if the first precursor is an isocyanate, the third precursor is preferably an
alcohol (or polyol) or an amine (or a polyamine). The third precursor preferably has its
hydrophobic function in a chain that is sideways with respect to the chain that links the
two functional groups suitable for reacting with functional groups of the first precursor.
The hydrophobic function can also be obtained by means of fluoropolymers diols or

polysiloxans dioles.

Advantageously the reaction of the first precursor with the second precursor and the
third precursor is carried out in the presence of an excess of the first precursor, to
prevent the prepolymer from growing excessively and to get the prepolymer to remain

reactive with free reactive functional groups.

Preferably the third precursor is a compound from the group made up of fatty diols or
diamines C10-C22, and very preferably it is a monoglyceride glycerol, like the
monooleate or monostearate glyceryl, a dimerdiol, a cocopropylene diamine or a C1e-
C1s aminopropyl amine. A tallow oil propylene diamine, or a dimer diamine (Priamine)
can also be advantageous. As we will see later, another possibility would be that it is a
fatty monoamine or fatty monoalcohol if the initial isocyanate has more than
functionality 2. What is left over from functionality 2 is what would be captured with fatty
mono amines or mono alcohols and hydrophilic mono amines or mono alcohols, so that
in the end we have a reactive prepolymer with an amphiphilic nature and functionality
controlled at 2, to prevent prior cross-linking and insolubility while the prepolymer is
formed, because there could be sub-reactions when putting polyisocyanates in contact

with triamines or with triols before forming the emulsion. In other words, it is not in the

89



10

15

20

25

30

35

Chapter I. Publication 1

method’s interest that there is cross-linking before time because the prepolymers would
become insoluble (they would precipitate) and would not be able to be emulsified. The
tri-functionalisation and cross-linking must emerge after the amphiphilic reactive
prepolymer self-emulsifies (in principle linear with functionality 2 or less than 2) and

soluble in its phase.

Advantageously following the prepolymer forming reaction an active ingredient is
added to said first liquid phase. This “subsquent” addition makes it possible to protect
the active ingredient from any “aggression” which it could suffer during the production
of the prepolymer. In the case of an organic, disperse phase, the active ingredient will
be hydrophobic, and preferably it can be an active ingredient from the group made up
of lipophilic vitamins (like retinol, or tocopherol), coenzyme Q10, essential oils,
medicinal oils and fragrances. If the disperse phase is aqueous, the active ingredient is
preferably a hydrophilic peptide, or a water soluble protein. In fact, generally, it can be
any active ingredient in the disperse phase that is soluble (either organic or water, or
even it itself can be the disperse phase) and which does not interfere with the reaction

forming the interphase of the wall of the microparticles.

Very preferably the active ingredient is an antitumoral drug like paclitaxel, or plitidepsin
(sold by Pharmamar). These antitumoral drugs (cytotoxics) are hydrophobics and are

not very functionalised and do not interfere with the interphasic reaction.

Advantageously the second compound, i.e. the compound that is added in the second
phase, is a polyamine, preferably a diamine, triamine, tetraamine or pentaamine and
very preferably it is a polyamine from the group made up of ethylene diamine (EDA),
diethylenetriamine (DETA), triethylenetetraamine (TETA) and L-lysine. However, it
could also be a guanidine, or a sulphonated or carboxylated diamine (or polyamine),
which can confer a greater superficial hydrophilic nature apart from cross-linking and

closing the active ingredient within the end polymer.

Preferably a fourth precursor is added which, advantageously, comprises an acid group
(like sulphonate, carboxylate or phosphate), a disulphide or a labile ester in the main

chain. Below these cases are analysed in greater detail:
- A first option is that this fourth precursor comprises an acid group (sulphonate or
carboxylate or phosphate) which would be included, for example, in the form of diamine

alkylsulphonate (type EPS ® by Raschig or PolyEPS520 ® by Raschig). This fourth
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precursor would be introduced after introducing the second precursor and the third
precursor. Alternatively, instead of introducing this fourth precursor for producing the
prepolymer (the amphiphilic compound), this compound can be introduced in the
continuous phase, or once the emulsion is made. It could be after or before the
prepolymer reacts with the second compound or even together. Generally, it is
advantageous to include any compound with a functional group that accelerates the
hydrolysis in aqueous means in the presence of esterase type enzymes. This
alternative, which introduces ionomeric groups (in principle anionomer, although they
could be cationomers also) has a double influence, it can improve the emulsion and
stability in water and inhibit the adhesion of the nano or microcapsules to one another,
and also it can enhance or accelerate the wall hydrolysis depending on the time. The
water attacks the wall more in the presence of ionomers. In fact, a greater hydrophilic
part in comparison with the hydrophobic part would also accelerate the hydrolysis of
the capsule wall. It would probably also help the walls of the microcapsule to be
hydrolysed, for example, by esterases or other hydrolytic enzymes, that are expressed
in the proximity of an inflammation (either tumoral or another kind), which would allow
selectively releasing the content of the active ingredient in a certain inflamed area of
the body.

- A second option is that this fourth precursor comprises a disulphide, which can be
made from diamine diakyl disulphides (included at the end) or diol dialky disulphides
(included in the prepolymer together with the hydrophilic diol). The disulphide increases
the degradation capacity of the capsule wall vis-a-vis the enzymes with thiols in their
active centre or glutathione (which is a peptide overexpressed in tumours and
inflammations). In both cases, probably there is an overexpression of the same ones
around the tumour in the cytoplasm of the affected cells (tumoral cells) due to the

exasperated reduction activity by the large amount of organic material in the tumour .

- A third option is that this fourth precursor comprises a labile ester. In this case, it
refers to the presence of ester groups that are particularly sensitive to the hydrolysis in
the prepolymer. The presence of esters, which are more hydrolysable functional groups
than the urethane or urea, would modulate the hydrolysis of the wall depending on the
amount thereof present, again helping the esterases or thiols or other nucleophiles
present in the tumoral or inflammed area to hydrolyse the walls of the capsule and

release the drug or active ingredient.
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- Also, generally, the presence of this type of functional groups would make the unit

more biodegradable.

The microencapsulate wall must comply with diverse properties. On the one hand, it
must be a “good wall”, in the sense that it must be hermetic, but, on the other hand, it
must allow the release of the contents when it is convenient. It must also be taken into
account that the wall is really a three-dimensional surface and that it is usually made up
of a plurality of polymer layers. So, the polymer that shapes the wall must have a
certain balance between rigidity and flexibility which, also, must be adjusted for each
particular case. However, generally, it can be said that great cross-linking is not
advisable. In this respect, the amphiphilic compound (i.e., the prepolymer of the
polymer that forms the wall) is mainly difuncional (in the direction of the main functional
groups, which are the ones that take part in forming the polymer). There can be a
certain degree of trifunctionality (or even greater functionality), but the amphiphilic
compound will be “mainly difuncional”. The same can be said with respect to the
second compound (which is the one that is present in the other phase). An excess of
trifunctionality (or, generally, polyfunctionality) when forming the polymer can lead to
problems with esters and the formation of gaps or cavities that jeopardise the barrier
effect that the microcapsule wall must have. Taking this into account, two preferable

strategies can be considered for producing the amphiphilic compound:

- the amphiphilic compound can be obtained from precursors that are all mainly
difunctional as well. This is the philosophy of the preferred alternatives indicated in the
preceding paragraphs. This way, amphiphilic compounds can be obtained which, for

example, can be of the following type:

diisocyanate-diol-diisocyanate-diamine-diisocyanate

the diisocyanate can be a “small” diisocyanate (like IPDI which, on its own, is not
amphphilic), the diol can have a hydrophilic side chain (like YMER N120 ®) and the
diamine can have a hydrophobic side chain (like Duomeen C ® by Akzo Nobel, which
is a fatty C12 diamine). The IPDI with the YMER N120 is too hydrophilic, and so its
amphiphilic behaviour improves with the addition of Duomeen C or dimer diol (both
have their functional groups (the two amines or the two OH) fairly close, and so the
chain is not excessively long). As already mentioned, there can be variants, including
some precursor with a greater (for example, by being a mixture of difunctional and

trifunctional compounds) or lesser functionality. In short, the interesting point is a
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reactive amphiphilic prepolymer with linearity and some (albeit little) trifunctionality, so
that it is self-emulsifying. Generally, it is advantageous that the space between the
hydrophilic and hydrophobic part is not large. It is also interesting that the polymer that
shapes the wall has groups resistant to the water, oil or organic solvent used, as is the

case of the ureas and urethanes.

- another different strategy for obtaining the amphiphilic compound is from a first
precursor (which, preferably is an isocyanate) with a high functionality (greater than 3)
and forming the amphiphilic compound by joining the remaining precursors directly to
the first precursor, and not forming a chain as in the case above. In this case, the
remaining precursors have low functionality (smaller than 2) to prevent excessive
cross-linking in the unit. Generally, a certain molecule has to have a degree of
functionality that must necessarily be a whole number. However many compounds are
really a mixture of similar, but not identical, molecules. These compounds can have
functionality values that are not whole numbers, because they are, in fact, the average
value of the functionalities of each component. In this respect the functionalities
indicated in this specification and claims must be understood. A preferred way of
implementing this alternative is by using a polyisocyanate (like a tetramer, or
hexamethylene diisocyanate trimer allophanate, such as for example the compound
Bayhydur VPLS2319 ® (which is a polyisocyanate based on hexamethylene
diisocyanate, and is sold by Bayer), which has a functionality of 3.8 and is already
hydrophilised) to which an amine or mono-functional fatty alcohol is added (preferably
linear or branched C10-C22, and very preferably linear C12-C18) (to provide the
hydrophobic function) and functional amine or alcohol (such as for example Jeffamine
M1000) (to provide the hydrophilic function), although other precursors are also
possible, like glycolic, glycine, taurine, monomethyl ethers of polyethoxylated alcohols,
etc. The resulting amphiphilic compound will still have (or between 2 or 3) free
isocyanates with which it will be able to form the polymer that shapes the wall of the

microcapsules.

Preferably a second prepolymer is added to the first phase, where the second
prepolymer has at least two main functional groups that react in the subsequent
polymerisation for producing the polymer, where the second prepolymer is more
hydrophobic than the amphiphilic compound if said first phase is organic, or the second
prepolymer is more hydrophilic than the amphiphilic compound if said first phase is
aqueous. In fact, this way, this second prepolymer will tend to arrange itself as a

second internal layer in the wall of the microcapsules, given its greater affinity to the
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first phase. This second prepolymer will react also with the second compound thereby
forming a wall with two layers, which confers greater robustness in the case of any
possible subsequent liophilising, redispersion processes, etc., and, also, greater
encapsulating power is achieved for the active ingredients included inside it. The two
layer structure also means better control over the amount of functionalisations and the
degradability of the particle. This second prepolymer can be, in turn, a mixture of two or
more components, for example, in the case of an O/W emulsion they are preferably a
diisocyanate (like isophorone diisocyanate) and a polyisocyanate (like Bayhydur 3100
®, which is a hydrophilic, aliphatic polyisocyanate based on hexamethylene

diisocyanate sold by Bayer).

Advantageously, the polymer comprises a functionalising group, such as for example a
tumour cell directionaliser. The functionalising group has preferably two main functional
groups in this way the functionalising group remains integrated in the main chain of the
polymer or amphiphilic compound. The functionalising group can be preferably a
monoclonal antibody or include a monoclonal antibody. Advantageously the polymer
comprises a peptide, which can be incorporated directly into the amphiphilic
compound. The peptide is preferably in the main chain and, if the wall has two layers, it
is preferably in the outer layer or between the two layers, because it has to be able to
interact with the outside medium. In fact, a particularly interesting solution in the
invention is when this peptide is able to interact with overexpressed proteins outside
the tumour cells (the integrins alpha beta). In this respect, it is particularly
advantageous that the peptide be c-(RGDfK). Another preferred interaction strategy
between particles and cancerous cells is carried out by means of folic acid (FA)
incorporated in the same way as c-(RGDfK). The FA interacts with folate receptor

proteins that are overexpressed in numerous cancer cells.

Generally, it may occur that the functionalising element (the peptide, the monoclonal
antibody, or the functionalising molecule in general) does not have two main functional
groups. In this case, the functionalising element can be made to react with a linker
(linking element), such as for example a di- or polyisocyanate. This way, the link
between the functionalising element and the linker makes it possible to obtain the
functionalising group indicated above. So, preferably, the peptide is made to react with
a di- or polyisocyanate (such as for example Bayhydur 3100 ®) and the reaction
product is added to the first phase, which is the organic phase. Usually the amount of
water present in the aqueous solution of the peptide is not enough to cause the

complete emulsion, including the phase inversion. In these cases, subsequently more
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water is added until the phase inversion takes place and then an aqueous solution
continues to be added to the second compound (which preferably is a diamine and

very preferably is DETA).

Generally, it is advantageous to add the second compound once the emulsion has
already formed, including the phase inversion. In fact, when starting to add the second
compound the formation of the microcapsule wall starts to form. Therefore, it is of
interest that the microcapsules are already fully formed when the second compound is
added. This is particularly important when the reactivity of the second compound is

high, such as for example in the case of DETA with isocyanates.

An advantageous embodiment of the method according to the invention when the
emulsion is an O/W emulsion, comprises a stage of adding a polar, volatile organic
solvent to the first phase, before stage [a], and a solvent evaporation phase, after stage
[b]. This makes it possible to obtain very small size microencapsulates and in relatively
high concentrations. Preferably the solvent is acetone, methyl ethyl ketone or
tetrahydrofuran, and very preferably it is acetone or tetrahydrofuran. If it is acetone,
advantageously the amount of acetone added is smaller than 20% by weight of the
amount of water in the second phase, whereas in the case of the methyl ethyl ketone
advantageously the amount of methyl ethyl ketone added is less than 15% by weight of

the amount of water in the second phase.

Preferably the polymer or the amphiphilic compound is amphoteric. Advantageously at
least one of the precursors used to form the amphiphilic compound is ionic. So,
preferably the amphiphilic compound includes protonated tertiary amines or quaternary
ammoniums (or, generally, a cationomer) combined with anionomers in the same main
chain. Therefore it is advantageous that some of the precursors used to form the
polymer have two main functional groups and, also, a cationomer and/or an anionomer

so that, once the polymer or amphiphilic compound is formed, this is amphoteric.

The aim of the invention is also an amphiphilic compound that is reactive with at least
two main functional groups suitable for reacting in a subsequent polymerisation,
characterised in that it has an HLB value greater than 10 (preferably greater than 15),
and it has at least one hydrophilic functional group and other hydrophobic functional
group each in a chain which is sideways with respect to the chain that links both main
functional groups. Also the aim of the invention is a reactive amphiphilic compound like

the one above, but which has an HLB value smaller than 10. In both cases, preferably
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the main functional groups of the amphiphilic compound are NCO functional groups,

suitable for forming urethane and/or urea type links.

The aim of the invention is also a microencapsulate characterised in that its wall

comprises a reactive amphiphilic compound according to the invention.

Another object of the invention is a microencapsulate characterised in that the polymer
which shapes its wall comprises, in its main chain, an acid group, a disulphide or an
ester, where said acid group is preferably a sulphonate, carboxylate or phosphate
and/or where said ester is preferably a labile ester, or characterised in that the polymer

that shapes its wall comprises a peptide.

Preferably the microencapsulate comprises, inside, an antitumoral active ingredient

which, advantageously, is paclitaxel or plitidepsin.

Another advantageous solution is obtained when the microencapsulate according to
the invention comprises, inside, an antibacterial agent. The bacterial agent is preferably
a hydrophobic antibacterial, and very preferably it is a hydrophobic antibacterial agent
from the family of macrolides. Particularly, these agents can be roxithromycin or

clarithromycin.

The aim of the invention is also a cosmetic or pharmaceutical composition

characterised in that it comprises a microencapsulate according to the invention.
Finally, the aim of the invention is also a new use of a microencapsulate according to

the invention, specifically for superficially coating a biocompatible material, preferably a

biocompatible metal and very preferably titanium or its alloys.

Brief description of the drawings

Other advantages and characteristics of the invention are appreciated from the
following description, wherein, some preferable embodiments of the invention are
described in a non-limiting manner, with reference to the accompanying drawings, in

which:

Figs. 1 to 4, size distribution of the capsules in Examples 1, 2, 3 and 4, respectively.
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Figs. 5 to 9, SEM images of the capsules in Example 4.

Figs. 10 and 11, SEM and TEM images, respectively, of the capsules in Example 13.

Figs. 12 and 13, SEM and TEM images, respectively, of the capsules in Example 14.

Figs. 14 and 15, TEM images of a degrading of the capsules in Example 19, filtered
0.22 ym.

Figs. 16 and 17, TEM images of a degrading of the capsules in Example 19, filtered
0.45 uym.

Figs. 18 and 19, TEM images of another degrading of the capsules in Example 19,
filtered 0.22 pm.

Figs. 20 and 21, TEM images of a degrading of the capsules in Example 18, filtered
0.22 ym.

Fig. 22, TEM image of the capsules in Example 28.

Fig. 23, TEM image of the capsules in Example 31.

Fig. 24, TEM image of the capsules in Example 35.

Figs. 25 and 26, size distribution of the capsules in Examples 18 and 34, respectively.

Figs. 27a to 27d, cytotoxicity study of nanocapsules relative to Example 28.

Fig. 28, biodistribution study in athymic mice without a tumour in the nanocapsules in
Example 28 loaded with DiR.

Fig. 29, reaction diagram and theoretical representation of the ideal structure of the

nanocapsule in Example 28 loaded and functionalised following Examples 31-33.

Figs. 30 and 31, size distribution of the capsules in Example 36.
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Figs. 32 and 33, TEM images of the capsules in Example 36.

Figs. 34 and 35, evolution of the fragrance intensity over time of the capsules in

Example 36.

Fig. 36, TEM image of the capsules in Example 37.

Fig. 37, diagram of the linker between the cRGDfK peptide and a microcapsule in

Example 38.

Fig. 38, diagram of the amphiphilic prepolymer (AMPHYL) in Example 38.

Fig. 39, diagram of the hydrophobic prepolymer (HYFOB) in Example 38.

Fig. 40, theoretical representation of the ideal structure of the nanocapsule in Example
38.

Figs. 41 to 43, evolution over time of the degrading of the microcapsules in Example 38

due to the action of glutathione.

Fig. 44, diagrammatic representation of the functionalising process in Example 39.

Fig. 45, SEM image of the functionalised titanium surface in Example 39.

Fig. 46, fluorescence spectrum of the mixture of DiL and DiO in Example 41 after 84
hours at 37 °C and the corresponding fluorescence spectrum of the mixture of
nanocapsules 2.5 hours after adding GSH.

Fig. 47, representation of the FRET ratio in Example 41, calculated as l/(l¢ + la), where

la e lg are the fluorescence intensity of the acceptor (Dil) and donor (DiO), respectively

against time.

Examples

Products used.
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- Isophorone diisocyanate (IPDI),
- Ymer N120 ® (difunctional linear polyethylene glycol monomethyl ether) by Perstorp,
- Pripol 2033 ® (Dimerdiol) by Unigema,
- Crodamol GTCC® by CRODA (which is a caprylic/capric triglyceride),
5 -olive oail,
- Lavandin ® and Aromatic Meadow ® fragrances,
- Tea tree oll,
- Retinol 10S ® by Bayer (retinol at 10% in soya oil),
- Paclitaxel by Fujian South Pharmaceutical,
10 - Plitidepsin by Pharmamar,
- c-(RGDfK) by PCB,
- Folic Acid (FA) by Aldrich,
- Roxithromycin by Aldrich,
- Clarithromycin by Aldrich,
15 - Clear Blue DFSB-CO by Risk Reactor,
- Ethylenediamine propyl sulphonate (EPS) by Raschig,
- NaOH by Panreac,
- BYK-028 ® by BYK,
- Ethylenediamine (EDA),
20 - Diethylenetriamine (DETA),
- Triethylenetetramine (TETA) by Huntsman,
- Hexamethylene diamine (HMDA) by Panreac,
- Duomeen C ® (dodecylamine propyl amine (coconut)) by Akzo Nobel,
- Duomeen T ® (C16-C18 amino propylamine) by Akzo Nobel,
25 - TAP 100D (N-octadecyl- 1,3 —propanediamine, by Clariant, it is equivalent to
Duomeen T by Akzo Nobel),
- Desmodur N3600 —1,6-hexamethylene diisocyanate, polymeric form
- Jeffamine M1000,
- Triameen C (N-cocoalkyl dipropylene triamine),
30 -LAP 100D (dodecyl amino propylamine (coconut), by Clariant, equivalent to Duomeen
C by Akzo Nobel),
- Triameen T (N-tallowalkyl dipropylene triamine),
- Priamine 1074 (dimer diamine from C36 dimer acid) by Croda,
- DDI1410 disocyanate by Cognis (fatty isocyanate derived from dimer acid),
35 - Bayhydur 3100 ® (aliphatic hydrophilic polyisocyanate based on hexamethylene
diisocyanate) by Bayer,

- Triethylamine by Aldrich,
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- 2,2-dithiodiethanol (DEDS) by Aldrich,

- cystamine dihydrochloride by Aldrich,

- L-lysine by Aldrich,

- dibutyltin dilaurate (DBTL),

- tetrahydrofuran (THF),

- CTP (cell targeting peptide), such as for example c-(RGDfK))

Example 1. Encapsulation of olive oil.

In a 700 ml reactor 10.53 g of IPDI (which performs the function of the first precursor),
6.38 g of Dimerdiol (which performs the function of the second precursor), 20.38 g of
olive oil and 20.83 g of Ymer (which performs the function of the third precursor) were

loaded. The reaction was carried out at 160 rpm, at 85°C and with nitrogen.

After 2 hours reaction time, the reactor was cooled to below 25°C and 3 drops of BYK-
028 antifoaming agent were added, the emulsion was made at 400 rpm with 250.00 g

of water, adding it slowly on top of the amphiphilic prepolymer.

Once the emulsion was complete, 3.28 g drops of EPS (which performs the function of
the fourth precursor), 0.36 g of NaOH and 10.20 g of water were added. After 20
minutes 0.43 g of DETA (which performs the function of the second compound) were
added. The EPS was added to combine with the prepolymer and make it more
hydrophilic, but essentially it was done to include a sulphonate that was a weak point in
the chain. It also allowed reducing the particle size a little. As already mentioned
above, generally disulphide or labile ester groups can be added expressly, so that they
are a weak point for breaking (for example, at the estearases). In the proximity of the
tumours there is much reducing material that breaks the disulphide bridge. (See also

Example 19).

A good white bluish emulsion was obtained. Using an optical microscope capsules
sized smaller than 4 ym were observed. Using Light Scattering (DLS, Dynamic Light

Scattering), it was confirmed that the capsules were sized between 0.4 and 4 ym.

Example 2. Encapsulation of an Aromatic Meadow C55593P fragrance by Lucta.

100



10

15

20

25

Chapter I. Publication 1

In a 700 ml reactor 10.53 g of IPDI (first precursor), 6.40 g of Dimerdiol (second
precursor), 20.36 g of Aromatic Meadow and 15.52 g of Ymer (third precursor) were
loaded. The reaction was carried out at 160 rpm, at 85°C and with nitrogen. After 2
hours reaction time, the reactor was cooled to below 25°C and 3 drops of BYK-028
antifoaming agent were added, the emulsion was made at 400 rpm with 250.00 g of

water.

. Once the emulsion was complete, 3.17 g of EPS (fourth precursor), 0.35 g of NaOH
and 10.00 g of water were added. After 20 minutes 0.79 g of DETA (second

compound) were added.

A good white bluish emulsion was obtained. Using an optical microscope capsules
sized smaller than 4 ym were observed. Using Light Scattering, it was observed that
the capsules were sized between 0.2 and 3 ym. The population was distributed
between 0.2 and 0.4 pm and again between 1 and 3 pm.

Example 3. Encapsulation of Retinol 10S.

Example 1 was repeated replacing the 20.38 g of olive oil with 20.34 g of Retinol 10S.
In this case a good emulsion was also obtained, but with capsules sized smaller than

10 ym. Using Light Scattering, it was observed that the capsules were sized between

0.15 and 10 um. Most of the population was between 1 and 3 um.
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Example 4. Encapsulation of the Aromatic Meadow C55593P fragrance by Lucta.

Example 2 was repeated with TETA instead of DETA. By using YMER and
DIMERDIOL, together they form a very soft capsule wall. In this case, using TETA
allowed for more intensive cross-linking. In those cases where with TETA the cross-

linking was excessive, DETA could be used.

In a 700 ml reactor 10.52 g of IPDI, 6.57 g of Dimerdiol, 20.29 g of Aromatic Meadow
and 15.37 g of Ymer were loaded. The reaction was carried out at 160 rpm, at 85°C
and with nitrogen. After 2 hours reaction time, the reactor was cooled to below 25°C
and 3 drops of BYK-028 antifoaming agent were added, the emulsion was made at 400
rpm with 200.00 g of water. Once the emulsion was complete, 3.50 g of EPS, 0.39 g of
NaOH and 10.50 g of water were added. After 20 minutes 1.00 g of TETA was added.

A good emulsion was obtained with capsules sized less than 4 pm. Using Light
Scattering, it was observed that the capsules were sized between 0.3 and 4 pm. Most
of the population was between 0.3 and 1 um.

Example 5. Encapsulation of the Lavandin 80101 fragrance by Chemir.

Example 4 was repeated replacing the 20.29 g of Aromatic Meadow with 20.66 g of

Lavandin fragrance.

In this case too a good emulsion was obtained, with capsules sized smaller than 4um.
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Example 6. Encapsulation of Tea Tree QOil.

Example 4 was repeated replacing the 20.29 g of Aromatic Meadow with 20.45 g of
Tea Tree Oil.

In this case too a good emulsion was obtained with capsules sized smaller than 4 pym.

Example 7. Encapsulation of Tea Tree QOil.

Example 6 was repeated but with half the polymer.

In a 700 ml reactor 5.28 g of IPDI, 3.26 g of Dimerdiol, 20.45 g of Tea Tree Oil and
7.77 g of Ymer were loaded. The reaction was carried out at 160 rpm, at 85°C and with
nitrogen. After 2 hours reaction time, the reactor was cooled to under 25°C and 3 drops
of BYK-028 antifoaming agent were added, the emulsion was made at 400 rpm with
155.00 g of water. Once the emulsion was complete, 1.68 g of EPS, 0.19 g of NaOH
and 5.00 g of water were added. After 20 minutes 0.49 g of TETA were added.

A good emulsion was obtained and the distribution of the capsule size was between 4

and 0.1 ym.

Example 8. Encapsulation of Tea Tree Oil.

Example 7 was repeated but increasing the cross-linker (from 0.49 g of TETAto 0.72 g
of TETA).

In this case too a good emulsion was obtained but with capsules that were not so
spherical, and the capsule diameter between 5 and 0.1um.

Example 9. Encapsulation of Paclitaxel.

In a 700 ml reactor 10.53 g of IPDI, 6.58 g of Dimerdiol, 20.00 g of Crodamol GTCC
and 15.39 g of Ymer were loaded. The reactor was carried out at 160 rpm, at 85°C and

with nitrogen. After 2 hours reaction time, the reactor was cooled to under 25°C and
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0.64 g of Paclitaxel, 3 drops of BYK-028 antifoaming agent were added and the
emulsion was made at 400 rpm with 200.00 g of water. Once the emulsion was
complete, 3.10 g of EPS, 0.68 g of NaOH and 10.00 g of water were added. After 20
minutes 1.00 g of TETA was added.

A good emulsion was obtained with capsules between 2 and 0.1 pm.

Example 10. Encapsulation of Crodamol GTCC.

In a 700 ml reactor 10.54 g of IPDI, 6.57 g of Dimerdiol, 20.29 g of Crodamol GTCC
and 19.95 g of Ymer were loaded. The reaction was carried out at 85°C and with
nitrogen. After 2 hours reaction time, the reactor was cooled to under 25°C. The
emulsion was made at 15,000 rpm by adding the prepolymer on to 200,00 g of water,
once the emulsion was complete, 2.64 g of EPS, 0.29 g of NaOH and 10.50 g of water
were added at 5 000 rpm. After about 3 minutes, 0.75 g of TETA were added.

A good emulsion was obtained, in the optical microscope capsules were observed
between 0.1 and 4 um. It was observed also that there was a lesser amount of large

capsules than in other Examples.

Example 11. Encapsulation of Crodamol GTCC.

This product is the same at Example 10 but with EDA instead of EPS. The EDA is less
hydrophilic than the EPS.

A total of 10.78 g of IPDI, 6.67 g of Dimerdiol, 21.13 g of Crodamol GTCC and 20.36 g
of Ymer were loaded. The reaction was carried out at 85°C and with nitrogen. After 2
hours reaction time, the reactor was cooled to 25°C, 2 drops of BYK-028 antifoaming
agent were added and the emulsion was made with 200.00 g of water in the Ultra-
Turrax at 15.000 rpm. Once the emulsion was complete, 0.39 g of EDA were added to

10.00 g of water with mechanical stirring. After 30 minutes 0.52 g of TETA were added.

A good white bluish emulsion was obtained, in the optical microscope capsules were

observed sized 0.9 ym but also some agglomerated capsules. Using Light Scattering, it
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was observed that the capsules were sized smaller than 0.9 um. Most of the population
was 246 nm.

Example 12. Encapsulation of Crodamol GTCC.

This product is the same as Example 11 but with less polymer.

A total of 5.85 g of IPDI, 3.35 g of Dimerdiol, 21.20 g of Crodamol GTCC and 10.17 g
of Ymer were loaded. The reaction was carried out at 85°C and with nitrogen. After 2
hours reaction time, the reactor was cooled to 25°C, 2 drops of BYK-028 antifoaming
agent were added and the emulsion was made with 200.00 g of water in the Ultra-
Turrax at 15,000 rpm. Once the emulsion was complete, 0.39 g of EDA were added to

10.00 g of water with mechanical stirring. After 30 minutes 0.52 g of TETA were added.

A good white bluish emulsion was obtained, in the optical microscope capsules were

observed that sized 0.9 ym but there were also some agglomerated capsules.
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Example 13. Encapsulation of Crodamol GTCC.

This Example used the system of creating the amphiphilic polymer at the same time as

making the emulsion.

The following were mixed in a beaker:
5.26 g of IPDI (first precursor)

11.45 g of Ymer (second precursor)
6.05 g Crodamol GTCC

The following were mixed in another beaker:
3.15 g of Duomeen C (third precursor)
210.00 g of water

The organic solution was added to the aqueous one and it was stirred at 15,000 rpm

for 30 minutes.

A good white bluish emulsion was obtained, in the optical microscope capsules were
observed smaller than 450 nm. The product was filtered with a syringe and 0.45 pym

filter, and 88.2% of the capsules were smaller than 450 nm.

Duomeen, in spite of being hydrophobic, has sufficient dispersibility in water to put it in
the continuous aqueous phase. However, as it is more hydrophobic than hydrophilic, it
ends up going to the disperse, oily phase and there it reacts and is incorporated into
the prepolymer. This allows carrying out the reaction to introduce the hydrophobic part
after making the emulsion from the the hydrophilic prepolymer IPDI-YMER part, in
order to form the amphiphilic prepolymer just in the interphase. Then the capsule is
closed fully (crosslinked) with the polyamines that wear the NCO that remain from the
amphiphilic prepolymer formed in the actual interphase. Generally, this Duomeen will
have to be introduced into the prepolymer as in the case of the dimer diol, but a solvent
is required because if not it will not work well because of its insolubility in the oil
medium that is used. Duomeen, as it is a diamine, forms a diurea. The dimer diol is a
different case, forming two urethanes. In certain cases it is solid enough, has a
sufficiently high Tg, creates a sufficient barrier effect and is stable enough to withstand
the capsule contents, which is harder to achieve with a prepolymer based on dimer diol
polyurethanes- YMER IPDI. In this case DETA is not added, or any diamine or small,

hydrophilic polyamine, and instead it is left to react with the water.
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Alternatively the Duomeen could have been introduced in the prepolymer with a
suitable solvent as in the case of the dimer diol. And also it is possible to use a small
amount of DETA to close (crosslink) and ensure the system’s strength. However, the
results seem to be more repeatable than with the interphasic system in this Example.
In the case of the dimer diol-IPDI-YMER, the formed wall of the capsule is more
sensitive because the prepolymer has greater hardness (lower Tg) and is more soluble
in the phases, therefore it is good to add DETA or TETA type polyamines to confer

hardness and a barrier effect, etc.

Example 14. Encapsulation of Crodamol GTCC.

This Example used the system of creating the amphiphilic polymer at the same time as

making the emulsion.

A total of 1.71 g of IPDI, 5.04 g of Ymer N120 and 2.64 g of Crodamol GTCC were
loaded. The reaction was carried out at 85°C and with nitrogen. When NCO=1.372%
was reached, the reactor was cooled and 211.60 g of acetone were added. In another
reactor 0.31 g of Duomeen C were added in 422.98 g of water. The acetonic phase
was added on top of the aqueous phase at 400 rpm. Finally, 0. 08 g of DETA were

added to 5.00 g of water and the acetone evaporated.

A very good emulsion was obtained, in the optical microscope capsules were observed

with a diameter smaller than 0.5 um. % solids=2.00%

The product was filtered with a syringe and 0.45 ym filter, and 81.5% of the capsules

were smaller than 450 nm.

Examples 1 to 14 — Analysis and results

In all the Examples a Titromatic 2S tritrator by Crison was used to check the NCO
percentage of the prepolymer. Also the end of the reaction was checked using IR,
observing the characteristic signals of the polyureas (1650-1500 cm™) and the absence
of signal due to the NCO (2270cm").
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The morphology and size of the capsules obtained in the Examples were studied using
an optical microscope and SEM.

The size distribution of the capsules was studied using Light Scattering.

In all the Examples emulsions stable over time were obtained with capsules sized
smaller than 5 um, except in Example 3 where capsules smaller than 10 ym were
obtained, and in Examples 13 and 14 where capsules smaller than 0.45 ym were

obtained.

The graphs in Figs. 1 to 4 show the size distribution of the capsules in Examples 1, 2, 3

and 4, respectively.

In these graphs it can be observed that most of the capsules are under the micron
(except Example 3) because the % volume is much greater in this area. Using filtration,
the larger capsules can be separated and even more stable emulsions can be obtained

and with a more uniform distribution.

SEM was used to study the morphology and size of the capsules obtained in Example
4 (see Figs. 5 to 7). The images of the capsules were obtained after diluting them with

Millipore 1/100 water and coating them with gold.

Using 0.45 um filters the diluted capsules were filtered to obtain clearer images and to

remove the capsules sized larger than 0.45 ym (see Figs. 8 and 9).

Figs. 10 and 11 show the capsule images obtained using SEM (Scanning Electron
Microscope) and TEM (Transmission Electron Microscope) respectively in Example 13,
and Figs. 12 and 13 show the capsule images obtained using SEM and TEM

respectively in Example 14.

Examples 1 to 14 - Conclusions

With this amphiphilic system and with different types of processes, various compounds
can be encapsulated obtaining capsules sized less than 5 ym if using the system
wherein the amphiphilic polymer is formed before forming the O/W emulsion.
Generally, preferably the emulsion is created by phase inversion by adding water to the

prepolymer (generally, the continuous phase to the disperse phase). With stability and
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without using external emulsionants, and less than 450 nm if using the system wherein

the amphiphilic polymer is formed during the emulsion.

In both cases the emulsions obtained are very stable over time, the capsules do not

join together and they are stable with respect to biological fluids, etc.

The stability of the products obtained in Examples 11, 13 and 14 was checked in
different media: saline, PBS (Phosphate Buffered Saline) and blood plasma. The

results were as follows:

Stability after 1 week Stability after 1 month
Nanocapsules
Example 11 stable |[stable [stable stable stable unstable
Example13 stable |[stable [stable stable stable stable
Example 14 stable |[stable [stable stable stable unstable

It must be taken into account that the products known in the state of the art, with
normal emulsifying agents outside the wall, are not stable in these media and

precipitate.

Example 15.

A total of 19.02 g of Crodamol GTCC + 7.56 g Desmodur N3600 + 10 g methyl ethyl
ketone (MEK) were added to a beaker. Slowly, with 50% magnetic stirring, first 8.34 g
Jeffamine M1000 + 5 g MEK were added, then 2.13 g DuomeenT + 5 g MEK with 75%

stirring. On this basis four tests were conducted with this prepolymer:

15-1 & 15 g of the product were added on to 90 g of water with 75% stirring, dropwise.
The water contained 0.16 g of EDA.

15-2 > Dropwise, 88 g of water were added on to 15 g of the product. When the phase
inversion was carried out, 2 g of water + 0.16 g of EDA were added.

15-3 > 15-1 was repeated, but by injection, not by adding water dropwise.

15-4 - Imitation of the ketonic method, 0.6 g of prepolymer were put in 20 ml acetone,

and they were injected into 80 ml of water + 0.22 g EDA.
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Results:

15-1 - The capsules were dented. There seemed to be capsules inside capsules. Size
2-16 microns.

15-2 &> The capsules had a much more regular shape. The emulsion was stable.
Capsule size approx. 2-6 microns.

15-3 - It worked out the same as 15-1, and it seemed that the injection was not a vital
aspect, providing that the addition was carried out slowly.

15-4 > A transparent emulsion was obtained, with bluish tones. No capsules were
observed with the optical microscope. SEM images showed capsules with a wide size
distribution, from 7 to 100 nm, with an average of 20 nm. (Amphil HLB12)
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Example 16.

An experiment similar to the one above, but using polymeric MDI (polymeric

diphenylmethane diisocyanate (or methylene diphenyl diisocyanate)).

On to 21 g Crodamol GTCC + 4.90 g polymeric MDI + 5 g MEK first of all a mixture of
9.73 g Jeffamine M1000 + 10 g MEK was added, and later, 2.13 g Duomeen T + 5 g
MEK, all dropwise, with 50% mechanical stirring. Subsequently, 0.6 g of this product
were added by injection into 20 ml acetone onto 40 g water + 1 drop of DETA, the
injection lasted 1’. The emulsion was white-bluish and very stable (it did not separate or

foam). The capsules could not be seen with the optical microscope.

Example 17.

Encapsulation using aromatic /aliphatic diisocyanate with triamine.

A total of 16.67 g Crodamol GTCC + 4.89 g TMXDI ((tetra methyl xylylene
diisocyanate) + 5 g MEK were weighed.

Dropwise, with 50% magnetic stirring, 2.19 g TriameenC + 5 g MEK were added.
Subsequently, 6.95 g Jeffamine M1000 + 8 g MEK were added.

A total of 3 tests were conducted with this prepolymer using the methodology in
Example 14, by injection:

A > 2.2% of solids, 4 drops of DETA in H20.

B = 2.2% of solids, 1 drop of DETA in H20.

C > 10% solids, 0.5 g of DETA in H20.

Results:

A > Capsules measuring 2 microns, very narrow size distribution. Regular capsule
shape.

B = The same as A, but the shape of the capsules was much more irregular.

C = They came out joined together, but the distribution and size was the same as A.
Example 18. Encapsulation of Crodamol GTCC

Similar to Example 14 but the method was carried out in two stages:

111



10

15

20

25

Chapter I. Publication 1

1) A total of 6.01 g of Crodamol GTCC, 11.79 g of Ymer N120 and 5.72 g of IPDI were
loaded. The bath was set at 85°C with N2 current. It was left to react during two and a
half hours. When the theoretical NCO level was reached, the reactor was cooled to
50°C and its contents was dissolved with 12.67 g dry MEK.

2) A total of 1.66 g of Duomeen C were dissolved in 25.50 g of MEK and added to the
reactor. When the second theoretical NCO was reached, the system was cooled with a
bath of water and ice and the emulsion was made by adding cold water dropwise. Then
0.42 g DETA dissolved in 3.76 g of water was added. Finally the MEK evaporated.

Product appearance:

White liquid and very small capsules mainly with a size smaller than a micron. The

product was filtered very easily using micro filters with pores sized 0.450 and 0.200 pm.

The TEM and SEM product was observed, and nanocapsules were observed up to 20
nm in size. Also various repetitions of this product were made and the results were
approximately repeatable insofar as the particle size. A DLS analysis was conducted
and a main average population of 100 nm in size was observed. Fig. 21 shows an
image obtained with the SEM where agglomerates of nanocapsules could be observed

sized smaller than 100 nm.
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Example 19. Encapsulation of Crodamol GTCC

This Example incorporates a disulphide bridge in the capsular wall. The fact that there
is a disulphide in the chain favours the wall degradation with the glutathione and other

reducing agents inside and around the tumour cells.

A total of 5.562 g IPDI + 10.338 g Crodamol GTCC + 12.5256 g dry Ymer were added
to the reactor at an internal reactor temperature of 63 °C. When the theoretical NCO %
was reached a 520 pl (0.655g) micropipette was used to add 2.2-dithiodiethanol. It was
observed that the 2.2-dithiodiethanol was denser and the stirring had to be optimum so
that different phases did not form during the reaction. When the theoretical NCO% was
reached the temperature was lowered to 50 °C and 1.4368 g LAP 100D solublised in
20 g of dry MEK were added. After 20 minutes the reactor was cooled to 10 °C. A clear
thickening of the mixture was observed. A total of 3 drops of BYK-028 antifoaming
agent were added. Next the dropwise addition of 230 ml of water cooled to 15 °C
started. When the phase inversion took place 155 pl (0.1479 g) of DETA was added in
the addition funnel continuing with the more frequent dropwise addition of the rest of
the milliQ water + DETA.

An IR was done before the emulsification to check the NCO presence in reaction. It

was left under stirring and cooling to 10 °C for 2 more hours after the emulsification.

White-bluish, even appearance. Stable over time, it was stored in the fridge.

It was filtered easily in the 450 nm filter and also in the 220 nm one.

Degradation tests of the polymer functionalised with a disulphide bridge against the

reducing agent glutathione (GSH)

- A total of 100uL of GSH 10mM + 100uL of Example 19 filtered at 0.22 ym were
incubated for 30 min at 37°C. See Figs. 14 and 15. A partial degradation was

observed. Areas with nanocapsules were still observed.
- A total of 100puL of GSH 10mM + 100uL of Example 19 filtered at 0.45 ym was

incubated for 30 min at 37°C. See Figs. 16 and 17. Partial or derisory degradation was

observed.
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- Two new incubations were carried out with glutathione. 100uL of GSH 10mM + 50uL
of Example 19 (filtered at 0.22 ym) for 24h at 37°C. It was repeated twice and in the
two cases considerable sample degradation was observed. Aggregates sized larger
than the filtration performed appeared due to the break in the capsular wall and the

subsequent destabilising of its amphiphilic nature. See Figs. 18 and 19.

- A new incubation was carried out with glutathione. The test was conducted to
conclude whether the capsules synthesised without disulphide in the wall also
degraded in a reducer medium (glutathione). 100uL of GSH 10mM + 50uL of Example
18 (filtered at 0.22 ym) for 24h at 37°C. Apparently no wall degradation due to

glutathione was observed.

In all the degradation tests the characterisations were carried out by TEM.

Degradation tests - Conclusions

- The 30 min treatment in GSH in Example 19 was not sufficient to degrade the wall.

- It was concluded that in Example 19 the polymeric capsular wall was functionalised
with disulphide and this was degradable in the presence of a reducing medium in a
concentration similar to that which can be found in the intracellular medium in tumour
cells following incubation during 24h at 37°C.

- It was also concluded that the nanocapsular wall not functionalised with disulphide in

Example 19 without peptide was not degraded after an identical treatment to the one

carried out in Example 19.

Example 20.

This Example is the same as Example 18 but incorporating a peptide in the

nanocapsule wall.

Stage 1: The prepolymer was prepared as in Example 18.

114



10

15

20

25

30

35

Chapter I. Publication 1

A total of 5.98 g of Crodamol GTCC, 11.87 g of Ymer, 5.43 g of IPDI were loaded and
heated to 85°C in a N2 atmosphere. The reaction was carried out during two and a half
hours. Once the reaction had finished (valuing the NCO%) the reactor was cooled to 50
°C and the contents was dissolved with 13.08 g of MEK. Then 1.64 g of Duomeen C
dissolved in 25.05 g of MEK were added and it was left to react one more hour. The
end of the reaction was checked by valuing the NCO level. The prepolymer was

unloaded and kept in the fridge.

Stage 2. A tenth of the prepared prepolymer was taken and work continued with it.

In a suitable reactor, 6.25 g of prepolymer were loaded and using an addition funnel
25.64 g of water were added, dropwise. The process was carried out at room
temperature with magnetic stirring. Once the emulsion was made, the peptide c-
(RGDfK) previously dissolved in 5.31 g of water and neutralised with 100 pl of NaOH
1N was added. It was left to react about 10 minutes and 0.0618 g of DETA dissolved in
2.00 g of water were added. Finally the MEK evaporated.

A white, fluid liquid was obtained.

When it was left to rest the separation of the two phases was observed, leading to a
solid, white layer and leaving the barely transparent liquid. When observing the product
with the optical microscope imperfect capsules were seen with a great variety in size
(1-15 um). The capsules were filtered with 0.45 um micro filters and using Light
Scattering it was observed that the capsules were mainly sized 6 nm, and the most

abundant populations were concentrated between 4 and 12 nm.

Example 21.

It began with preparing the prepolymer exactly as in the previous Example.
Prepolymer:

A total of 5.99 g Crodamol GTCC, 11.68 g Ymer and 5.92 g IPDI were added, it was
subjected to an inert N2 atmosphere and heated to 85°C and left to react for 2h 30min.
When all the Ymer had finished reacting (valuation of excess NCO), it was cooled to

50°C and the contents dissolved with 12.53 g of MEK. Then 1.65 g of Duomeen C
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dissolved in 27.29 g of dry MEK was added. A second NCO valuation was made to
check the total NCO reaction.

Incormporating the peptide:

A part weighting 6.2668 g was taken from the prepared polymer and the peptide
solution c-(RGDfK) prepared with 0.054 g of it dissolved in 7.4168 g of DMSO
(dimethylsulphoxide) and neutralised with 0.0104 g of triethylamine was added to it.
After about 15 minutes 70 g of water were added and the emulsion was made. Then
0.034 g of DETA dissolved in 4.73 g of water were added. Finally the MEK was

evaporated and the product was filtered.

White, fairly liquid emulsion. The capsules observed with the optical microscope were
larger than in the previous Example, sized between 1 and 5 microns. Perfect, stable
spheres were observed. No non-encapsulated oil or polymer remains were seen. The

product was easily filtered with 0.450 um micro filters.

The DLS results show that the emulsion is made up of two groups of capsules mainly
(2 and 5 nm).
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Example 22.

The same method was used as in Example 18 but replacing part of the MEK with

acetone.

Prepolymer:

Under an inert N. atmosphere and at 85 °C, 11.6267 g of Ymer, 5.92 g Crodamol
GTCC and 5.29 g IPDI were loaded. It was left to react for 2 hours. Once the reaction
had finished (real NCO = 3.863% and theoretical NCO = 4.335%), the reactor was
cooled to 50°C and the contents dissolved with 15.32 g of MEK. Then 1.5950 g of
Duomeen C dissolved in 16.70 g of MEK were added.

It was checked that all the Duomeen C had reacted, by conducting an NCO in excess
valuation (real NCO = 0.030%, theoretical NCO = 0.883%). Finally, 12.00 g of acetone
at a temperature below 15°C were added. The product was unloaded and kept well-

sealed in the fridge.

Various parts were taken from the prepolymer prepared and the following tests were

conducted.

Target:
A part weighing 6.8090 g was taken and put in the reactor under an inert atmosphere

and at room temperature.

Under magnetic stirring, 25.13 g of water were added to make the emulsion. The water
was added dropwise and the reactor was cooled with a mixture of water-ice. Then
0.0430 g DETA dissolved in 5.03 g of water were added. Finally the solvents
evaporated and the product was filtered. A white, fluid emulsion was obtained and a
separation of two phases was observed, one transparent liquid phase and a second

solid phase floating on the surface.

With the microscope well defined capsules were observed sized smaller than a micron.

Also capsule agglomerates were observed.

To one part weighing 6.8794 g of the prepolymer synthesised before, 0.054 g of the c-
(RGDfK) peptide dissolved in 0.70 g of water and neutralised with 0.0280 g of
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triethylamine were added. The peptide action took place at temperatures below 15°C
and with magnetic stirring, and it was left to react for about 15 minutes. Once this time
had elapsed, the product was emulsified with 26.44 g of water which were added
gradually increasing the magnetic stirring. Then 0.0507 g DETA dissolved in 5.66 g of
water at room temperature were added. Finally, the solvents evaporated and the

product was filtered.

The product obtained was white and fluid, and unstable because it separated into two
phases; one solid layer floating on the surface of the transparent liquid phase. This
product was filtered using a 0.45 micron micro filter and the filtered transparent part
was observed using SEM. Perfect, well defined and stable capsules were obtained
when observed dry using SEM. This proved their structural stability in spite of their

small size.

Example 23.

Example 18 was copied but incorporating the antitumoral agent, plitidepsin.

Under an N2 atmosphere 11.5949 g Ymer, 6.03 g Crodamol GTCC and 6.21 g IPDI
were loaded and the reaction was carried out at 75°C for 2 hours. The NCO was
valued to check that all the Ymer had reacted (NCOieoretica =5.624%, NCOreal
=5.624%). The temperature was lowered to 50°C and the mixture was dissolved with
14.08 g of MEK. Then 1.6431 g of Duomeen C dissolved in 25.08 g of MEK were
added.

After an hour another NCO valuation was made to check the end of the reaction
(NCOrtheoreticat =1.304%, NCOreat =0.770%). The reaction was stopped, the prepolymer

was unloaded and kept well-sealed in the fridge.

Encapsulation of Plitidepsin

A part weighing 6.9108 g was taken from the prepolymer prepared and placed in a
suitable reactor avoiding, as much as possible, any air entering by passing a current of

nitrogen. Then, carefully, 0.0108 g of plitidepsin (drug) was added with magnetic

stirring. Once the drug was dissolved the emulsion was made with 20.68 g of water
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added slowly using an addition funnel. Finally 0.0303 g DETA dissolved in 5.02 g of

water were added and left under stirring for approximately one hour.

A white emulsion was obtained that separated into two phases. Under the optical
microscope well rounded, perfect capsules were observed sized between 0.5 and 2

microns.

After filtering the emulsion was transparent and stable, and it did not separate into

different phases.

Using SEM, nanocapsules were observed with an average size of between 6 and 10
nm. Using DLS two size population distributions were detected, one average size
population around 13 nm and another average size of 350 nm.

Example 24.

This was conducted in the same way as Example 13 reducing the amount of the

reagents and diluting the solids to half.
A total of 0.5056 g Duomeen C were dissolved in 75.31 g of water. Another solution
was prepared separately by mixing 1.7825 g of Ymer, 0.9470 g of Crodamol GTCC,

0.82 g of IPDI and to fluidify this mixture 2 g approximately of acetone were added.

At room temperature the second mixture was added to the first and stirred with the
Ultra-Turrax at 15,000 rpm for 30 min.

The emulsion obtained was stable and consisted on a white, fluid liquid. The capsules
observed with the optical microscope were well-defined and stable and sized between
0.5 and 1.5 microns.

After the filtration and drying process nanocapsules with a diameter of about 150 nm
could be observed.

Example 25.
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This product was synthesised as in Example 24 above replacing part of the Duomeen

C with c-(RGDfK) peptide and Triameen C to compensate the functionality.

A total of 0.9340 g of Crodamol GTCC, 1.7699 g Ymer and 0.83 g IPDI were mixed.
The mixture was diluted with 2 g of acetone and another mixture prepared by
dissolving 0.4192 g Duomeen C, 0.0808 g peptide and 0.0330 g of Triameen C in
75.12 g of water was added. It was shaken at 15,000 rpm for 30 minutes at room

temperature.

A white, stable emulsion was obtained. The capsules observed with the optical

microscope were sized between 0.5 and 1 micron

Example 26.

It was synthesised the same way as the product in Example 23 replacing part of the oll,
Crodamol GTCC, with the drug.

A total of 1.7696 g Ymer were mixed with 0.9043 g Crodamol GTCC and 0.0229 g of

drug (plitidepsin). This mixture was fluidified with 2 g de acetone.

Separately 0.4871 g Duomeen C were dissolved in 75.65 g of water and the previously
prepared mixture was added to it. It was left to react half an hour under the same

temperature and stirring conditions.

The emulsion had the same appearance as the ones in the last two Examples above
and the capsules were sized smaller than a micron.

Example 27.

In this Example the two previous Examples were combined, based on the same
philosophy as in Example 23. In other words the same methodology as in Example 23

was followed, but replacing part of the oil and part of the Duomeen C with the

corresponding components.
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A total of 0.9085 g of Crodamol GTCC, 1.7744 g Ymer, 0.8109 g IPDI and 0.0250 g of
drug (plitidepsin) were mixed. The mixture obtained was dissolved with 2.5 g of
acetone. Separately 0.081 g of c-(RGDfK) peptide, 0.4186 g Duomeen C and 0.0491 g
Triameen C were dissolved in 75.26 g of water. The organic mixture was added to the

aqueous mixture and it was left to react for 30 minutes with stirring at 15,000 rpm.

A good, stable white emulsion was obtained and capsules sized smaller than a micron

were observed.

Example 28.

This Example introduces a second hydrophobic prepolymer for increasing the

encapsulation power, and the strength of the particles.

A total of 6.7632 g of IPDI, 5 g of Crodamol GTCC and 520 pl (0.655 g) of 2,2-
dithiodiethanol (DEDS), previously stirred in vortex, were added simultaneously to a
reactor at 50°C. The remains were entrained with diethyl ether. It was observed that
the 2,2-dithiodiethanol was more dense and appropriate stirring was required to ensure
that no phases were formed during the reaction. When the reaction started, the

reaction medium turned cloudy.

One hour later 7.5 g of dry YMER N-120 were added, and entrained with 1 ml of dry
acetone. The dry acetone can be replaced preferably with diethyl ether, which always

has a smaller water content and evaporates more quickly in the reaction medium.

When the theoretical NCO was reached (approximately after 4 to 5 hours reaction time)
the heating bath was removed and 3.75 g of LAP 100D solubilised in 8g of dry MEK

were added.

After 45 min the reactor was cooled to about 5-10°C and 1.9425 g of IPDI and 1.8075 g
of Bayhydur 3100 in 16 ml of dry MEK were added. These two isocyanates are the
second prepolymer, which will form the second, internal layer of the wall. A distinctive
thickening of the sample was observed. Two drops of BYK-028 antifoaming agent (at

the most there can be 40g of MEK overall) were added.

Before emulsifying, the NCO presence in the reaction was checked using IR.

121



10

15

20

25

30

35

Chapter I. Publication 1

Then, dropwise 260 ml of milliQ water basified to a pH between 11 and 12 and cooled

to a temperature between 5 and 10 °C, were added.

When the phase inversion took place (fairly viscose) 1024 pl (1.1461 g) of DETA were
added in the compensated pressure funnel while continuing to add, dropwise, the rest

of the water with the DETA at greater speed.

The stirring and the cooling to 10°C were maintained until the NCO signal disappeared

from the IR spectrum.

An even, white-bluish product was obtained. The MEK was removed in the rotary

evaporator. The pH was adjusted to 7 with diluted HCI and it was diluted to 10% solids.

A stable emulsion was obtained that was stored in the fridge. It was diluted to 1% for
observation under the transmission electronic microscope. It Iyophilised easily, by
freezing it with liquid nitrogen, and obtaining a white powder. It was redispered in
deionised water or in PBS without any problem, stirring for 3 min. Sometimes it is

advisable to leave it to rest for 24 hour so that the emulsion is fully reconstituted.

This Example is a particularly advantageous embodiment of the invention.

Fig. 22 shows the TEM image of the particles obtained.

Figs. 27a to 27d show a cytotoxicity study on nanocapsules concerning Example 28 by
MTT in cells with an overexpression of lucipherase (HCT-116.Fluc2.C9, HT-
29.Fluc.C4, U87-MG.Fluc2.C9 and MDA-MB.231.Fluc2.C18), after 72 hours incubation
with nanocapsules in antibiotic-free culture media (RPMI).

The maximum concentration tested was 10 uM of plitidepsin equivalent for the empty
nanocapsules, and 1 uM of plitidepsin for the loaded nanocapsules, with 8 serial
quarter log dilutions. For each concentration, in each assay, 6 replicas were tested.

The assays were repeated at least 3 times.

The empty nanocapsules were not toxic at the concentration for therapeutic use.
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Fig. 28 shows a biodistribution study on athymic mice without a tumour in the

nanocapsules in Example 28 loaded with DiR.

The emulsions administered have been given maximum solubility and they were as

follows:

e NC-DiR_0.5 mg DiR/mL (20% solids) 2.5 mg DiR/kg_n (number of mice used)=4
e NC-DiR_0.25 mg DIR/mL (20% solids)_1.25 mg DiR/kg_n=3
e NC-DiR_0.13 mg DiR/mL (20% solids)_0.65 mg DiR/kg_n=4

All the mice survived the injections showing a prolonged photoluminescence.

Example 29.

This Example is the same as Example 28 above, but instead of using LAP 100D,

Priamine 1074 was used.

A total of 4.5506 g of IPDI, 5 g of Crodamol GTCC and 0.6039 g of 2,2-dithiodiethanol
(DEDS), previously stirred in vortex agitator, were added simultaneously to a reactor at
50°C. The remains were entrained with diethyl ether. It was observed that the 2,2-
dithiodiethanol was more dense and appropriate stirring was required to ensure phases

did not form during the reaction. When the reaction started, the medium turned cloudy.

An hour later 6.91 g of dry YMER N-120 were added, and entrained with 1ml of dry

acetone.

When the theoretical NCO was reached (approximately after 4 hours reaction time) the
heating bath was removed and 1.5625 g of Priamine 1074 solubilised in 8 g of dry MEK

were added and it was activated with 2 drops of triethylamine.

After 45 min the reactor was cooled to about 5-10°C and 1.77 g of IPDI and 1.25 g of
Bayhydur 3100 in 16 ml of dry MEK were added. These two isocyanates were the
second prepolymer, which will form the second, internal layer of the wall. A distinctive
thickening of the sample was observed. Two drops of BYK-028 antifoaming agent (at

the most there can be 40 g of MEK in total) were added.

123



10

15

20

25

30

35

Chapter I. Publication 1

Before emulsifying the NCO presence in the reaction was checked using IR.
Then, dropwise 260 ml of milliQ water basified to a pH between 11 and 12 and cooled

to a temperature between 5 and 10 °C, were added.

When the phase inversion took place (fairly viscose) 1237 pl (1.1778 g) of DETA were
added in the compensated pressure funnel while continuing to add, dropwise, the rest

of the water with the DETA at greater speed.

The stirring and the cooling to 10°C were maintained until the NCO signal disappeared

from the IR spectrum.

An even, white-bluish product was obtained. The MEK was removed in the rotary

evaporator. The pH was adjusted to 7 with diluted HCI and it was diluted to 10% solids.

A stable emulsion was obtained that was stored in the fridge. It was diluted to 1% for
observation under the transmission electronic microscope. It lyophilised easily, by
freezing it with liquid nitrogen, and obtaining a white powder. It was redispered in
deionised water or in PBS without any problem, stirring for 3 min. Sometimes it is

advisable to leave it to rest for 24 hour so that the emulsion is fully reconstituted.

This Example is a particularly advantageous embodiment of the invention.

Example 30.

This Example is a variation of Example 29 above, in that it is cross-linked with

cystamine hydrochloride instead of with DETA.

A total of 4.5506 g of IPDI, 5 g of Crodamol GTCC and 0.6039 g of 2,2-dithiodiethanol
(DEDS), previously stirred in vortex agitator, were added simultaneously to a reactor at
50°C. The remains were entrained with diethyl ether. It was observed that the 2,2-
dithiodiethanol was more dense and appropriate stirring was required to ensure phases

did not form during the reaction. When the reaction started, the medium turned cloudy.

An hour later 6.91 g of dry YMER N-120 were added, and entrained with 1ml of dry

acetone.
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When the theoretical NCO was reached (approximately after 4 hours reaction time) the
heating bath was removed and 1.5625 g of Priamine 1074 solubilised in 8 g of dry MEK

were added and it was activated with 2 drops of triethylamine.

After 45 min the reactor was cooled to about 5-10°C and 1.77 g of IPDI and 1.25 g of
Bayhydur 3100 in 16 ml of dry MEK were added. These two isocyanates were the
second prepolymer, which will form the second, internal layer of the wall. A distinctive
thickening of the sample was observed. Two drops of BYK-028 antifoaming agent (at

the most there can be 40 g of MEK in total) were added.

Before emulsifying the NCO presence in the reaction was checked using IR.

Then, dropwise 260 ml of milliQ water basified to a pH between 11 and 12 and cooled

to a temperature between 5 and 10 °C, were added.

When the phase inversion took place (fairly viscose) 3,825 g of cystamine
hydrochloride previously dissolved in as little an amount as possible of milliQ water
basified to pH 11 were added, while continuing to add, dropwise, the rest of the water

with the cystamine hydrochloride at greater speed.

The stirring and the cooling to 10°C were maintained until the NCO signal disappeared

from the IR spectrum.

An even, white-bluish product was obtained. The MEK was removed in the rotary

evaporator. The pH was adjusted to 7 with diluted HCI and it was diluted to 10% solids.

A stable emulsion was obtained that was stored in the fridge. It was diluted to 1% for
observation under the transmission electronic microscope. It lyophilised easily, by
freezing it with liquid nitrogen, and obtaining a white powder. It was redispered in
deionised water or in PBS without any problem, stirring for 3 min. Sometimes it is

advisable to leave it to rest for 24 hour so that the emulsion is fully reconstituted.

Adding the cystamine hydrochloride in a base medium produces a certain degradation
of the cystamine hydrochloride, therefore it loses part of its effectiveness. Therefore,
one alternative is to add the cystamine hydrochloride in an acid medium, in which case
a longer waiting period is required (a few days) until the NCO signal disappears from

the IR spectrum. This is also applicable in Example 35 below.
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Example 31. Method of Encapsulating plitidepsin

Using a prepolymer formed at 50°C with IPDI, DEDS, Crodamol GTCC and YMER N-
120 (see, for example, Examples 28, 29 and 30) the bath heating was switched off and
the necessary amount of LAP 100D in 10 g of MEK was added. It was left to react for

45 min and the formation of polyurea was controlled using IR.

Next the reactor was cooled to 10°C and the rest of the MEK and the excess
isocyanate was added. The reaction medium was homogenised and the proportional
part of the prepolymer + MEK was taken. This proportional part of prepolymer was
added to the amount of plitidepsin needed to be at 1% with respect to the prepolymer +
the cross-linking amine (DETA) (the amount of MEK is not taken into consideration for
this calculation). This way, when it is emulsified so that it is at 10% solids, it will have
0.01% of plitidepsin.

Fig. 23 shows the TEM image of the particles obtained.

Example 32. Method of derivatization of a peptide that promotes the nanocapsule wall.

A total of 122 mg of Bayhydur 3100 were mixed with 36.3 mg of c-(RGDfK) dissolved in
0.9 ml of milliQ water at 5°C and basified to a pH 11.5. It was left to react for 90
minutes, stirring in a vortex agitator every 10-15 minutes. The reaction was controlled

by HPLC, after 90 min the peptide derivatization performance was 95%.

A prepolymer was emulsified (see, for example, the prepolymer in Example 28) + MEK
+ plitidepsin adding, dropwise, the already reacted aqueous mixture of Bayhydur 3100
with the c-(RGDfK). Before starting the emulsion, it was checked using IR, that there
were still a large amount of free isocyanates. If the inversion phase had not taken
place, more water would have been added until the inversion phase occurred. Once
the inversion phase had taken place the rest of the cold, basified water was added

together with the second compound (the cross-linking amine).

The MEK was removed in a rotary evaporator, leaving the product free of organic

solvents and suitable for being lyophilised and then redispersed in PBS.
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Example 33. Method of encapsulating hydrophobic fluorophore.

In a previously weighed (tarred) 100 ml round bottomed flask the prepolymer + MEK
and plitidepsin, were added, where appropriate. A total of 5 mg of DIR (1,1"-
dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide) dissolved in the minimum
amount of dry acetone were added. The mixture was stirred and was ready for being

emulsified following, for example, the method in Example 28.

Fig. 29 shows a reaction diagram and a theoretical representation of the ideal structure

of the nanocapsule in Example 28 loaded and functionalised following Examples 31-33.

Example 34.

This Example synthesises a variant of Example 28 replacing DEDS with 1,6-

hexanediol. This way a similar product is obtained without disulphide in the membrane.

A total of 6.7124 g of IPDI, 6.6363 g of Crodamol GTCC and 0.4765 g of 1,6-
hexanediol were added, simultaneously to a reactor at 55-60°C under an inert gas
current and it was left to react with stirring at 265 rpm for one hour. After one hour
10.2568 g of dry YMER N-120 were added.

When the theoretical NCO is reached (approximately after 4 hours reaction time) the
heating batch was removed 3.0670 g of LAP 100D solubilised in 16,7756 g of dry MEK

were added.

One hour later the reactor was cooled to about 5-10°C and 2,0836 g of IPDI and
1.8408 g of Bayhydur 3100 in 23 ml of dry MEK were added. These two isocyanates
are the second prepolymer, which will reinforce the wall forming a second, internal
layer.

Before emulsifying the NCO presence in the reaction was checked using IR.

Then, dropwise 250 ml de milliQ water basified to a pH between 11 and 12 and cooled

to a temperature between 5 and 10 °C, were added. It was stirred up to 400 rpm.
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When the phase inversion took place 1100 pl (1,1589 g) of DETA was added in the
compressed pressure funnel while continuing to add, dropwise, the rest of the water
with DETA.

The stirring and the cooling to 10°C were maintained until the NCO signal disappeared

from the IR spectrum.

An even, white, bluish product was obtained. The MEK evaporated. The pH was
adjusted to 7 with dilute HCI and it was diluted to 10% solids.

A stable emulsion was obtained which was stored in the fridge. Using electronic
microscopy (SEM) agglomerated capsules were observed with diameters smaller than
200 nm.

Example 35.

A variant of Example 28 where a second very hydrophobic prepolymer was introduced,
which will form an internal wall with greater encapsulation power for very hydrophobic
molecules. However it was cross-linked with cystamine hydrochloride instead of DETA

so that the wall was highly degradable in a medium rich in Glutathione (GSH).

A total of 6.7632 g of IPDI, 5 g of Crodamol GTCC, 520 ul (0.655g) of 2,2-
dithiodiethanol (DEDS) and 8 g of YMER N-120, previously stirred in a cortex agitator,
were added simultaneously to a reactor at 50°C. The remains were entrained with
diethyl ether. The stirring had to be vigorous so that phases did not form during the

reaction. When the reaction started, the reaction medium turned cloudy.

Once the theoretical NCO was reached (approximately after 4 hours reaction time) the
heating bath was removed and 3.6265 g of LAP 100D solubilised in 8 g of dry MEK

were added.

At the same time, in a 100 mL round-bottom flask, 1.9425 g of IPDI and 1.8075 g of
Bayhydur 3100 dissolved in 20 ml of dry MEK were added. Next, in an inert
atmosphere, dropwise, 3.34 g of Priamine dissolved in 8 mL of MEK/acetone were

added. The reaction was followed using FT-IR.
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After 45 min the reactor was cooled to 5-10°C and the hydrophobic prepolymer of IPDI-
PRIAMINE-B3100 dissolved in MEK/ACETONE were added. These two isocyanates
and the Priamine were the second prepolymer, which will reinforce the wall forming a
very hydrophobic second, internal layer. Two drops of BYK-028 antifoaming agent

were added.

Before emulsifying the NCO presence in the reaction was checked using FT-IR.

Then, dropwise, 270 ml de milliQ water basified to a pH between 11 and 12 and cooled

to a temperature between 5 and 10 °C.

When the phase inversion took place 2,343 g of cystamine hydrochloride basified with
triethylamine were added in the compressed pressure funnel while continuing to add,

dropwise, the rest of the water with cystamine hydrochloride at greater speed.

The stirring and the cooling to 10°C were maintained until the NCO signal disappeared

from the IR spectrum.

An even, white, bluish product was obtained. Solvents were evaporated in the rotary

evaporator. The pH was adjusted to 7 with dilute HCI and it was diluted to 10% solids.

A stable emulsion was obtained that was stored in the fridge. It was diluted to 1% for
observation under the transmission electronic microscope. It Iyophilised easily, by
freezing it with liquid nitrogen, and obtaining a white powder. It was redispered in an
80:20 mixture of water/acetone stirring for 3 min. Sometimes it is advisable to leave it

to rest for 24 hour so that the emulsion is fully reconstituted.

Fig. 24 shows the TEM image of the particles obtained.

Example 36. NA-834 Prepolymer - Encapsulation of the Miami Vice® Fragrance

Method for synthesising the NA-834 prepolymer

In a N2 current, 49.2402 g of YMER N-120 and 30.0951 g IPDI (NCO:8/OH:2.5) were

added. The reaction was carried out at 55-60°C with mechanical stirring at 260 rpm.
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After 3-3.5 hours, the total YMER N-120 reaction was checked by valuing the NCO
level (NCOtneoretica= 8.949, NCOrea= 8.945). Then the Duomeen T dissolved in MEK

was loaded. The end of the reaction was checked using IRO follow-up.

Fragrance encapsulating method

A total of 32.3615 g of the previously synthesised NA-834 prepolymer were taken, and
placed in a reactor with a N2 atmosphere. The mixture was fluidified by adding,
approximately, 9 g of MEK and stirring mechanically. A total of 24.5280 g of the
fragrance were added and then 4.6980 g of polymeric MDI were added, which will lead
to the formation of the interior wall. Once the mixture was homogenised, the emulsion
was formed by adding, dropwise, 70.0383 g of cold water (from the fridge, 4°C). The
emulsion was carried out by cooling the reactor with a water-ice mixture bath (0-5°C).
Finally, to the water remaining in the addition funnel (approximately 10 g), 1490 ul of
diethylenetriamine (DETA) were added, the amine stechiometric equivalents for
finishing the reaction with the isocyanate still in excess. The reactions were controlled

using IRs before and after adding each reagent.

Characterisation

Figs. 30 and 31 show a graphical representation of the particle size distribution by DLS
(in Fig. 30 the ordinate axis indicates the % of units, and in Fig. 31 it indicates the %
volume). Using TEM a defined main population of nanoparticles was observed, with a
diameter of 10-30 nm (Figs. 32 and 33: images by transmission electron microscopy

(TEM) of fragrance nanocapsules at 20%.

To study the so-called long-lasting effect of the fragrance nanoparticles, three different

product solutions were prepared:

A) control solution, made up of free fragrance (3%) in a mixture of water (22%) and
ethanol (75%).
B) fragrance nanocapsules (3%), in aqueous medium (water+polymer (97%).

C) fragrance nanocapsules (3%), in water (water+ polymer 22%) and ethanol (75%).

The three prepared solutions were applied to two types of material; glass and cotton.

On this basis, the evolution of the odour intensity over time was studied. Figs. 34 and
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35 show the results, which were assessed aromatically, and independently, by 5

individuals.

This Example is a particularly advantageous embodiment of the invention.

Example 37. Poly 620

This Example cross-links with L-lysine, i.e.: the second compound is L-lysine. The size
of the nanocapsules was reduced considerably, obtaining nanocapsules with a size of
50 nm. As the L-lysine contains carboxylic groups, the nanocapsule's external

hydrophilic nature increases. Its formula is:

o)

H>N
2 \/\/\)J\OH

NH,

In a reactor duly equipped with mechanical stirring at 50°C and with an inert
atmosphere 3.3814 g of IPDI, 0.75 g of Crodamol GTCC, 0.15 g of 2,2-dithiodiethanol
(DEDS), 5.5 g of YMER N-120 and 10 mg of DBTL were added. When the theoretical
NCO was reached (approximately after 4-5 reaction time) the heating bath was
removed and 1.375 g of TAP 100D solubilised in 8 g of dry THF were added. The
stirring was maintained and it was left to react for 30 min. The TAP 100D is more
hydrophobic than LAP 100D, so that with a smaller amount the same hydrophobic
nature was obtained. This way, the superficial hydrophilic nature could be increased by
adding YMER N120 and L-lysine if required to compensate the TAP 100D that was not

added. Its formula is

Hsc/\/\/\/\/\/\/\/\/\u/\/\NHz

The reactor was cooled to about 5 to 10°C and 0.485 g of IPDI and 0.904 g of
Bayhydur 3100 in 16 ml of dry MEK were added on top of the amphiphilic prepolymer
(AMPHIL). As already mentioned, the Bayhydur 3100 can behave as a linker (linking
element) between the cRGDfK peptide (in the event it is desirable to include a peptide
to convey it to the tumour cells) and the nanocapsule. The free IPDI will be the internal

hydrophobic prepolymer which will increase the barrier effect.
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Then, dropwise, 140 mL of milliQ water basified to a pH between 11 and 12 cooled to a

temperature between 5 and 10 °C, was added.

After the phase inversion 1,110 g of L-lysine were added in the compensated pressure
funnel while continuing to add, dropwise, the rest of the water with the L-lysine solution

at greater speed.

After 20 min, using IR the formation of urea functional groups was observed. The
stirring was maintained and the cooling to 5 to 10°C until the NCO signal disappeared

from the IR spectrum.

Fig. 36 shows a TEM image of the nanoparticles obtained.

This Example is a particularly advantageous embodiment of the invention.

Example 38. Poly 636 (AMPHIL-HYFOB)

This Example introduced a second, hydrophobic prepolymer which, unlike previous
Examples, also contained hydrophobic side chains and disulphide bridges in its main
chain to increase the encapsulating power, but without losing degradability in the face

of glutathione.

In a reactor duly equipped with mechanical stirring at 50°C and with an inert
atmosphere 3.3814 g of IPDI, 0.75 g of Crodamol GTCC, 0.15 g of 2,2-dithiodiethanol
(DEDS), 5.5 g of YMER N-120 and 10 mg of DBTL were added. When the theoretical
NCO was reached (approximately after 4 to 5 hours reaction time) the heating bath
was removed and 1.45 g of TAP 100D solubilised in 8 g of dry THF were added. The
stirring was maintained and it was left to react for 30 min. This amphiphilic prepolymer
is called AMPHIL in Figs. 38 and 40.

At the same time, in a 25 mL Schlenk at 50°C purged with nitrogen, 0.486 g of IPDI,
0.15 g of DEDS and 10 mg of DBTL in 2 mL of dry THF were added. After 1 hour
reaction time, 0.15 g of TAP 100D in 4 mL of dry THF was added and the heating was
switched off. The stirring was maintained and it was left to react for 30 min. This

hydrophobic prepolymer is called HYFOB in Figs. 39 and 40.
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The reactor was cooled to about 5 to 10°C and the hydrophobic prepolymer (HYFOB)
and 0.904 g of Bayhydur 3100 in 16 ml of dry MEK was added on to the amphiphilic
compound (AMPHIL). Bayhydur 3100 behaved as a linker (linking element) between
the cRGDfK peptide and the nanocapsule (see Fig. 37). HYFOB was the hydrophobic
prepolymer with disulphide bridges in the wall to make it degradable in the face of

glutathione.

Then, dropwise, 140 mL de milliQ water basified to a pH between 11 and 12 cooled to

a temperature between 5 and 10 °C, was added.

After the inversion phase, 0.500 g of L-lysine were added in the compensated pressure
funnel while continuing to add, dropwise, the rest of the water with the L-lysine solution

at greater speed.

After 20 min, using IR the formation of urea functional groups was observed.

Next 0.236 g of DETA were added. The stirring and the cooling to 5 to 10°C were

maintained until the NCO signal disappeared from the IR spectrum.

Fig. 40 shows a theoretical representation of the structure of the microcapsule in this

Example.

Result: A sample of 0.2 mL 10 mg/mL previously filtered with a 220 nm filter, was
mixed with 0.4 mL of GSH 10 mM at 37 °C. Stirring continued at 37°C and the
degradation of 100 nm nanocapsules continued and consequently the formation of

aggregates larger than 1 micron.

It was proved that adding disulphide groups to the HYFOB accelerated the degradation
of the nanocapsules in a reducing medium similar to the one found in the cytosol of
cancerous cells.

Figs. 41 to 43 represent the evolution of the degradation of microcapsules in this
Example due to the reducing action of glutathione (GSH) according to the time period.
Fig. 41 shows the initial state, Fig. 42 is after 12 hours, and Fig. 43 is after 48 hours

This Example is a particularly advantageous embodiment of the invention.
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Example 39. Coating biocompatible metals- Polytitanium

This Example describes a new application of the microcapsules according to the
invention. It consists of the surface coating of a biocompatible material, preferably a
biocompatible metal and very preferably titanium or its alloys, with microcapsules

according to the invention.

In this Example the cross-linking is done with EDA. Microcapsules are functionalised
on top of a titanium alloy (TisAlsV), which is a suitable biocompatible alloy, for example,

for producing dental implants.

In a reactor duly equipped with mechanical stirring at 50°C and with an inert
atmosphere 3.3814 g of IPDI, 0.75 g of Crodamol GTCC, 0.15 g of 2,2-dithiodiethanol
(DEDS), 5.5 g of YMER N-120 and 10 mg of DBTL were added. When the theoretical
NCO was reached (approximately after 4 to 5 hours reaction time) the heating bath
was removed and 1.375 g of TAP 100D solubilised in 8 g of dry THF were added. The
stirring was maintained and it was left to react for 30 min.

The reactor was cooled to about 5 to 10°C and 0.485 g of IPDI and 0.904 g of
Bayhydur 3100 in 16 ml of dry MEK were added on to the amphiphilic prepolymer
(AMPHIL). The hydrophobic prepolymer (HYFOB) and 0.904 g of Bayhydur 3100 in 16
ml of dry MEK were added on to the amphiphilic compound (AMPHIL).

Then, dropwise, 140 mL de milliQ water basified to a pH between 11 and 12 cooled to

a temperature between 5 and 10 °C, was added.

After the inversion phase, 50 % mass of the total EDA (ethylenediamine) to be added,
was added. After 15 min, using IR a reduction in the isocyanate group signal was

observed.

Next, titanium discs (particularly, from the (TisAlsV) alloy, like the ones shown in Fig.
44), were immersed in the emulsion containing the partially cross-linked nanocapsules
for 1 hour at 5 to 10°C. The discs of titanium underwent a superficial activation process
thanks to which they had covalently linked amines on their surface. The microcapsules
are reactive with the superficial amines on the titanium, in this way they react

covalently with them and remain chemically attached to the surface of the metal.
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After 1 hour the remaining 50 % of EDA was added. The stirring was maintained and

the cooling to 5 to 10°C until the NCO signal disappeared from the IR spectrum.

The surface of the titanium was observed using SEM and a fluorescence microscope in

the case of nanocapsules containing fluorophore (See Fig. 45).

Cell adhesion and immunohistochemical tests were carried out to quantify the quality of

the cell adhesion with satisfactory results.

This Example is a particularly advantageous embodiment of the invention.

Antibacterial agents used

Roxithromycin, clarithromycin (hydrophobic antibacterial agents from the macrolide
family). Via the functionalisation of titanium with nanocapsules that encapsulate this
type of antibacterial agents, its biocompatibility increased for use in dental implants and
for preventing bacterial adhesion to metal. These antibacterial agents can be
encapsulated, for example, by means of the same encapsulating method as shown in

Example 33.

Fluorophore used

Clear blue DFSB-CO0 (highly fluorescent hydrophobic molecule). It was encapsulated in
microcapsules according to the invention and it was used to quantify in the
fluorescence microscope the quality of the adhesion of nanocapsules to the titanium.
The fluorophore can be encapsulated, for example, by means of the same

Encapsulation Method as in Example 33.

Adhesion promoting peptide used

The nanocapsules were covered with cRGDfK peptide following Example 32.

Example 40. (AMPHIL-HYFOB) without cross-linking agent
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This Example is the same as Example 38 but without adding a second compound, i.e.:
without adding a cross-linker (L-lysine and DETA). Since no cross-linking agents are
added, the nanocapsule is less stable in solution and degrades more easily when
treated with GSH

In a reactor duly equipped with mechanical stirring at 50°C and with an inert
atmosphere 3.3814 g of IPDI, 0.75 g of Crodamol GTCC, 0.15 g of 2,2-dithiodiethanol
(DEDS), 5.5 g of YMER N-120 and 10 mg of DBTL were added. When the theoretical
NCO was reached (approximately after 4 to 5 hours reaction time) the heating bath
was removed and 1.45 g of TAP 100D solubilised in 8 g of dry THF were added. The
stirring was maintained and it was left to react for 30 min. This amphiphilic prepolymer
is called AMPHIL in Figs. 38 and 40.

At the same time, in a 25 mL Schlenk at 50°C purged with nitrogen, 0.486 g of IPDI,
0.15 g of DEDS and 10 mg of DBTL in 2 mL of dry THF were added. After 1 hour
reaction time, 0.15 g of TAP 100D in 4 mL of dry THF was added and the heating was
switched off. The stirring was maintained and it was left to react for 30 min. This

hydrophobic prepolymer is called HYFOB in Figs. 39 and 40.

The reactor was cooled to about 5 to 10°C and the hydrophobic prepolymer (HYFOB)
and 0.904 g of Bayhydur 3100 in 16 ml of dry MEK was added on to the amphiphilic
compound (AMPHIL). Bayhydur 3100 behaved as a linker (linking element) between
the cRGDfK peptide and the nanocapsule (see Fig. 37). HYFOB was the hydrophobic
prepolymer with disulphide bridges in the wall to make it degradable in the face of

glutathione.

Then, dropwise, 140 mL de milliQ water basified to a pH between 11 and 12 cooled to

a temperature between 5 and 10 °C, was added.

After the inversion phase, 5 mL of triethylamine were added and left at room

temperature for 72 hours until the NCO signal disappeared from the IR spectrum.
Example 41

A experiment was conducted to know the release kinetics of the inside of the
nanocapsules of a FRET pair (Forster resonance energy transfer) of hydrophobic

fluorophores in an aqueous medium.
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Example 38 was repeated and, on the one hand, a product was synthesised in which
Dil (1,1'-dioctadecyl-3,3,3',3"-tetramethylindocarbocyanine perchlorate) was
encapsulated and another  product that encapsulates DiO (3,3
dioctadecyloxacarbocyanine perchlorate). In both cases, for their encapsulation,
Example 33 was followed. These two fluorophores represent a FRET pair, the DiO
performing the function of donor and the Dil the acceptor. Once both products were
synthesised, they were diluted to the desired concentration, mixed and the

fluorescence analysis was carried out energising the donor to 450 nm.

A mixture's fluorescence was followed-up for 84 hours at 37°C without GSH. As can be
seen in Figures 46 and 47, it was concluded that there was no exchange of
fluorophores from inside the nanocapsules. This data proves that the nanocapsules

were hermetic in an aqueous medium.

When a GSH solution was added to the mixture of nanocapsules, a progressive FRET
increase was observed, since the wall of the nanocapsule degraded, allowing a flow of
fluorophores from its inside to the outside, making them mix together and lead to a
clear FRET increase. Figure 47 show the FRET ratio expressed as la/(ls + la), where |a

and |y are the fluorescence intensity of the acceptor (Dil) and donor (DiO), respectively.
This way, it is concluded that the nanocapsules are hermetic in an aqueous medium,

but with GSH, they release hydrophobic fluorophores due to the degradation of the

capsular wall as shown by FRET.
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CLAIMS

1 - Method for producing a microencapsulate comprising the following stages: [a]
dispersing a first liquid phase in a second liquid phase forming an emulsion, so that
said first phase remains dispersed in said second phase, and [b] forming a polymer
which forms the wall of said microencapsulate, characterised in that between said first
phase and said second phase an interphase is formed which comprises a reactive
amphiphilic compound, where said amphiphilic compound is a prepolymer of said
polymer, and said amphiphilic compound has at least two main functional groups that
react in the subsequent polymerisation for forming said polymer, where said
amphiphilic compound has at least one hydrophilic or hydrophobic functional group in a
chain which is sideways with respect to the chain that links both main functional

groups,

where said main functional groups of said amphiphilic compound are NCO functional

groups, able to form urethane and/or urea type links,

where said second phase comprises a second compound, where said second
compound comprises at least two functional groups that react with said main functional

groups of said amphiphilic compound, to form said polymer.

where said second compound is a polyamine,

where a second prepolymer is added to said first phase, where said second
prepolymer has at least two main functional groups that react in the subsequent
polymerisation for forming said polymer, where said second prepolymer is more
hydrophobic than said amphiphilic compound if said first phase is organic, or said
second prepolymer is more hydrophilic than said amphiphilic compound if said first

phase is aqueous.

2 — Method according to claim 1, characterised in that said first phase is an organic
phase and said second phase is an aqueous phase and in that said amphiphilic

compound has an HLB value greater than 10.
3 - Method according to claim 1, characterised in that said first phase is an aqueous
phase and said second phase is an organic phase and in that said amphiphilic

compound has an HLB value smaller than 10.
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4 — Method according to claim 1, characterised in that said two main functional groups

of said amphiphilic compound are separated from each other by 4 to 12 links.

5 — Method according to claim 1, characterised in that said amphiphilic compound is

added to said first liquid phase.

6 — Method according to claim 1, characterised in that a first precursor and a second
precursor of said amphiphilic compound are added to said first liquid phase, and said

first and second precursors are made to react with each other,

where said first precursor is an isocyanate from the group made up of IPDI, HDI and
HMDI,

where said second precursor is a hydrophilic compound, where said second precursor
comprises at least two functional groups suitable for reacting with functional groups of
said first precursor, said second precursor having its hydrophilic function in a chain
which is sideways with respect to the chain that links the two functional groups that are

suitable for reacting with functional groups of said first precursor.

7 — Method according to claim 6, characterised in that a third precursor of said
amphiphilic compound is added to said first liquid phase or to said second liquid phase,
and it is made to react with the product of the reaction between said first and/er second

precursors,

where said third precursor is a hydrophobic C8-C22 compound, where said third
precursor comprises at least two functional groups suitable for reacting with functional
groups of said first precursor, said third precursor having its hydrophobic function in a
chain which is sideways with respect to the chain that links the two functional groups

suitable for reacting with functional groups of said first precursor.
8 — Method according to of claims 6 or 7, characterised in that the two main functional

groups of said first, second and/or third precursor are separated from one another by 4

to 12 links, preferably by 5 to 10 links.
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9 — Method according to claims 6, characterised in that said second precursor is a
hydrophilic compound from the group made up of polyethoxylenated compounds with a

molecular weight over 100.

10 — Method according to claim 6, characterised in that said second precursor is a diol
or a diamine with a carboxylic function or sulphonic function in a chain which is
sideways with respect to the chain that links the two alcoholic functional groups or

amines.

11 — Method according to claim 6, characterised in that the reaction of said first
precursor with said second precursor, or with said second and third precursor, is

carried out in the presence of an excess of said first precursor.

12 — Method according to claim 7, characterised in that said third precursor is a

compound from the group made up of fatty diols or diamines C1o-Cz,.

13 — Method according to claim 6, characterised in that said first precursor has a
degree of functionality higher than 3, and in that said second precursor and/or third

precursor have a degree of functionality smaller than 2.

14 — Method according to claim 6, characterised in that after the reaction for forming
said prepolymer an active ingredient is added to said first liquid phase, where said
active ingredient is, in the case of an organic, disperse phase, from the group made up
of lipophilic vitamins, coenzyme Q10, essential oils, medicinal oils and fragrances and,
if the disperse phase is aqueous, the active ingredient is a hydrophilic peptide or a

water soluble protein.

15 — Method according to claims 6, characterised in that a fourth precursor is added,

where said fourth precursor comprises an acid group, a disulphide or an ester.

16 — Method according to claim 1, characterised in that said polymer comprises, in its

main chain, an acid group, a disulphide or an ester.
17 — Method according to claim 1, characterised in that said amphiphilic compound

comprises, in the chain that links both main functional groups, an acid group, a

disulphide or an ester.
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18 — Method according to claim 1, characterised in that said polymer or said

amphiphilic compound comprises a functionalising group.

19 — Method according to claim 18, characterised in that said functionalising group is
obtained from the reaction of a functionalising element with a linker, where said linker

comprises two main functional groups.

20 — Method according to claim 18, characterised in that said polymer comprises a

peptide.

21 — Method according to claim 18, characterised in that said amphiphilic compound

comprises a peptide.

22 — Method according to claim 1, where said emulsion is an O/W emulsion,
characterised in that it comprises a stage of adding at least one volatile, polar organic
solvent to said first phase, before said stage [a], and a stage of evaporating said

solvent, after said stage [b].

23 — Method according to claim 1, characterised in that said second prepolymer has a

disulphide bridge in its main chain.

24 — Method according to claim 1, characterised in that said polymer or said

amphiphilic compound is amphoteric.

25 — Amphiphilic compound obtainable according to claim 1.

26 — Microencapsulate characterised in that its wall comprises a reactive amphiphilic

compound according to claim 25.

27 — Microencapsulate according to claim 26, characterised in that it comprises, inside,

an antitumoral active ingredient.

28 — Microencapsulate according to claim 27, characterised in that said antitumoral

ingredient is paclitaxel or plitidepsin.

29 — Microencapsulate according to claim 26, characterised in that it comprises, inside,

a photosensitive hydrophobic fluorophore.
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30 — Microencapsulate according to claim 26, characterised in that it comprises, inside,

an antibacterial agent.

31 — Microencapsulate according to claim 30, characterised in that said antibacterial

agent is roxithromycin or clarithromycin.

32 — Cosmetic or pharmaceutical composition characterised in that it comprises a

microencapsulate according to claim 26.

33 — Use of a microencapsulate according to claims 26, for the superficial coating of a

biocompatible material.
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Fig. 18
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Fig. 24
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Polyurethane-Polyurea (PUUa) reactive prepolymers with adjusted hydrophobic and hydrophilic dangling
chains to achieve multiwalled sub-30 nm nanoparticles are presented. The combination of an amphiphilic
and a hydrophobic prepolymer in the oil-in-water interface creates a stratified shell by hydrophobic
interactions. These novel nanostructures enhance the encapsulation stability of lipophilic compounds
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compared to monowalled nanostructures and facilitate the selective and ordered functionalization along
the multiwalled shell with bioactive motifs. As proof of concept, PUUa nanoparticles have been

engineered with disulfide bonds and an avB3 integrin-selective cyclic RGD peptide (cRGDfK) providing our
system with glutathione (GSH) triggered controlled release and cell targeting specificity to U87 tumor cells,
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1. Introduction

Merging cross-functional fields as chemistry, engineering, medicine,
and biology to achieve multifunctional stimuli responsive drug
delivery systems (DDS) is one of the major challenges in modern
medicinel2. Therefore, large efforts are being undertaken to unravel
the unknowns which provoke that even today an in vivo reliable and
efficient smart nano-system has not been completely achieved.
Obviously, in the past decade, great progress has been made in the
creation of advanced DDS, although, these are usually formed
through the emulsification of a hydrophobic drug in water using
external surfactants34. Unwillingly, this kind of DDS commonly lack
chemical tailorability, encapsulation efficiency, targeting selectivity,
biocompatibility and controlled degradability, among others. One
recurrent issue in top used multiblock polymeric systems like PLA,
PLGA, PMMA, etc. is the lack of reactive sites that enable
multifunctionality. So, smarter nano-systems with complex
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structures such as dendrimers or multibranched polymers arose.
Sadly, sometimes the difficult syntheses, sometimes the costly
purification steps limited their industrial and commercial translation.
Accordingly, nanoparticles (NPs) fulfilling these structural, delivery
and biological requirements are needed in the demanding field of
nanomedicine. The scientific community is nowadays highly
concerned with the possibility to achieve not only multifunctionality
but also self-assembled nanostructured architectures for multiple
purposes>®. Concretely, the capacity of polymers to be self-

structured forming the shell of a nano-system is directly related to
the ease with which their molecular structure can be modified. So,
the tailored design of a polymer is only viable when it is not only
chemically tunable but also cost-efficient’.8. Thus, to get structural
control at the nano-level, a different kind of prepolymers with
adjustable physico-chemical and bioactive characteristics is needed.
Therefore, polyurethanes and polyureas constitute a potential
choice to fulfill such needs. In this aspect, very few publications have
reported on the application of reactive polymeric surfactants
containing free isocyanate groups®1l. The high reactivity of
isocyanates with hydroxyl and/or amine containing precursors allow
a fast structure stabilization by crosslinking and an efficient
functionalization of micro and nanoparticles via polyurethane and/or
polyurea bonds. Specifically, PUUa diisocyanate prepolymers can
create stable shells by anchoring a wide range of nucleophile-
containing (amines, thiols, alcohols, etc.) bioactives!2. In example,
polyisocyanates with high functionality (f>2) allow multiple bonding
of bioactive molecules that confer targeting properties and at the
same time modulation of their intrinsic hydrophilic-lipophilic
balancel3.14, Of note, to ensure a good biocompatibility and reduce
toxicity of biodegraded products aliphatic isocyanates need to be
selected instead of aromatic ones?>'7. Since the late sixties their
biocompatibility for biomedical use has been well proven as it is one
of the materials of choice in clinical use for development of
catheters, stents, valves, etc. The quantitative synthetic procedures,
facile scalable processes and broad chemistry of PUUa opens an
infinite range of potential incorporation of functionalities. Multiple
chemical complexities, biodegradation, targeting and
biocompatibility are some of the clear advantages that PUUa
polymers can bring to the table as future smart and nanostructured
DDS.

Herein we depict the combination of two PUUa prepolymers (one
amphiphilic and the other hydrophobic) in agueous media to create
hydrophobically ordered shells. That novel prepolymers contain
dangling chains of sharply different polarity to promote a controlled
stratification in the oil-water interface to achieve multiwalled
nanostructures and bear terminal isocyanate groups for a final
crosslinking step to “freeze” the preformed architecture. These
nanostructures are designed to improve the encapsulation stability
of hydrophobic cargos providing a deeper encapsulation in the NP
core compared to monowalled nanostructures where cargos are
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closer to the shell surface and burstly-released under in vivo
conditions?8.

2. Materials and methods
2.1. Chemicals

Cyclo(-Arg-Gly-Asp-D-Phe-Lys) (cRGDfK) was synthesized in house
according to previously reported protocols!®. YMER N-120 was kindly
provided by Perstorp (Perstorp, Sweden) and N-Coco-1,3-
propylenediamine (Genamin TAP 100D) by Clariant (Barcelona,
Spain). Capric/caprylic triglyceride mixture (Crodamol GTCC) was
obtained from Croda (Barcelona, Spain) and Bayhydur 3100 was
purchased from Bayer (Leverkusen, Germany). If not indicated
otherwise, all other reagents were purchased from Sigma-Aldrich (St
Louis, MO, USA). Extra dry acetone was used during all the synthetic
process.

2.2. Cell lines and cell culture

Human glioblastoma cell line (U87-MG) and human colorectal cancer
cell line (HT-29) used in cell internalization assays and human cervix
carcinoma cell line (Hela) used in cytotoxicity assays were obtained
from the American Type Culture Collection. All cell lines were
maintained as recommended. Briefly, U87-MG cells were maintained
in DMEM medium and HT-29 and Hela cells in RPMI 1640 medium,
both from Life Technologies. All media were supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (56 °C, 30 min), penicillin
(100 U/mL), streptomycin (100 pug/mL) and Fungizone (250 ng/mL)
(Life Technologies, Madrid, Spain). Cells were maintained in a humid
atmosphere at 37 °C with 5% CO,.

2.3. Experimental methods

2.3.1. Synthesis of reactive prepolymers for Multiwalled PUUa NPs
preparation

2.3.1.1. Preparation of the reactive amphiphilic prepolymer
(Amphil).

To synthesize the amphiphilic prepolymer, a 500 mL four-necked
reaction vessel was pre-heated at 50 2C and purged with nitrogen.
Then, YMER N-120 (5.50 g, 5.5 mmol), 2-Hydroxyethyl disulfide
(DEDS) (0.15 g, 1 mmol), Crodamol GTCC (0.75 g) and IPDI (3.38 g, 15
mmol) were added to the reaction vessel under mechanical stirring
with dibutyltin dilaurate (DBTL) as catalyst (3 mg, 4.65 umol). The
polyaddition reaction was maintained in these conditions until DEDS
and YMER reacted quantitatively with IPDI as ensured by FT-IR (Fig.
S5) and automatic titration20 (Fig. S2). At this point, the vessel was
cooled to 40 2C and Genamin TAP 100D (1.45 g, 4.44 mmol) dissolved
in 10 g of acetone was added under constant stirring and left to react
for 30 min (Fig. S1). The formation of polyurethane and
polyurethane-polyurea prepolymers was followed by automatic
titration (Fig. S2) and FT-IR (Fig. S5) and characterized by NMR2! (Fig.
s7).

2.3.1.2. Preparation of the reactive hydrophobic prepolymer
(Hyfob).

To synthesize the hydrophobic prepolymer, a schlenk flask of 20 mL
was pre-heated at 502C and purged with nitrogen. Then, DEDS (0.15
g, 1 mmol) and IPDI (0.485 g, 2.18 mmol) in acetone (7 g) were added
with DBTL as catalyst (0.24 mg, 0.37 umol) and left to react during 1
h with magnetic stirring. At this point, the Schlenk flask was cooled
to 40 2C and Genamin TAP 100D (0.15 g, 0.5 mmol) in 3 g acetone
was added under constant stirring and left to react for 30 min (Fig.

S1). The formation of polyurethane and polyurethane-polyurea
prepolymers was followed by FT-IR (Fig. S4) and and characterized by
NMR2 (Fig. 7).

2.3.1.3. Preparation of Bayhydur 3100-cRGDfK conjugate (B3100-
cRGDfK).

The peptide cRGDfK (36 mg, 0.0596 mmol) was dissolved in
phosphate buffered saline (PBS) (1 mL, 52C) and 10 pL of pure
triethylamine were added to the mixture (pH 10). Then, the previous
solution was mixed with Bayhydur 3100 linker (B3100) (125 mg,
0.167 mmol) and allowed to react during 2 h at 52C under constant
stirring (Fig. S1). The bonding of one cRGDfK molecule per B3100
linker, the reaction kinetics between cRGDfK and B3100, and the
total concentration of linked cRGDfK in PUUa NP-RGD was ensured
by MALDI-TOF MS (Fig. S9) and HPLC (Fig. S10 and Table S1),
respectively.

2.3.2. Synthesis of Multiwalled

nanoparticles.

polyurethane-polyurea

2.3.2.1. PUUa NPs synthesis.

A previously homogenized aliquote of Amphil+Hyfob (1.69 g, mass
ratio Amphil 13.35:1 Hyfob) (see section 2.3.1.) was added in a
round-bottom flask containing B3100 (125 mg, 0.167 mmol) under
nitrogen atmosphere. This organic mixture was then emulsified in
PBS (16 mL, pH 7.4, 52C) in a magnetic stirrer under an ice bath to
prevent isocyanate reaction with water. Once emulsified, L-lysine
was added (68.56 mg, 0.47 mmol) and the interfacial polyaddition
reaction was controlled by FT-IR. After 30 min, DETA (32.18 mg, 0.31
mmol) was added and the crosslinked nanoparticles were formed by
a second interfacial polyaddition as proved by FT-IR. Acetone was
mildly removed in the rotavapor. PUUa NPs were dialysed (100000
MWCO, Spectrum Laboratories, California, USA) against pure water
during 72 h for Zeta potential experiments. For in vitro experiments
PUUa NPs were dialysed against PBS during 72 hours.

2.3.2.2. PUUa Dil loaded NPs synthesis (PUUa NP-Dil).

These NPs were synthesized as previously described (see section
2.3.2.1.) adding Amphil+Hyfob in a round bottom flask containing Dil
(2.5 mg, 2.67 umol) as fluorophore. The organic mixture was
homogenized and subsequently, section 2.3.2.1 followed without
modifications.

2.3.2.3. PUUa DiO loaded NPs synthesis (PUUa NP-DiO).

These NPs were synthesized as previously described (see section
2.3.2.2.) using DiO (2.5 mg, 2.83 pumol) as fluorophore instead of Dil.

2.3.2.4. All-in-one PUUa NPs formation (PUUa NP-Dil-RGD).

These PUUa NPs were synthesized as previously described (see
section 2.3.2.1.) using B3100-cRGDfK as targeting conjugate.
Amphil+Hyfob organic mixture was mixed with the previously
described B3100-cRGDfK conjugate solution (see section 2.3.1.3.) (16
% w/w) followed by emulsification in PBS (16 mL, pH 7.4, 52C) in a
magnetic stirrer under an ice bath to prevent isocyanate reaction
with water. At this point, section 2.2.1. was followed without
modifications.

2.3.2.5. PUUa NPs DETA crosslinked

Section 2.3.2.1. was followed but crosslinked by interfacial
polyaddition only with DETA (64.36 mg, 0.62 mmol).

2.3.2.6. PUUa NPs Lys crosslinked
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Section 2.3.2.1. was followed but crosslinked by interfacial
polyaddition only with L-lysine (137.12 mg, 0.94 mmol).

2.3.3 Synthesis of reactive prepolymer for Monowalled PUUa NPs
preparation

2.3.3.1. Preparation of the reactive amphiphilic prepolymer
(Amphil).

To allow a logical comparison between nanoparticles, monowalled
ones contained the same total amount of monomers than
multiwalled ones but just in one Amphil prepolymer. To synthesize
the amphiphilic prepolymer, a 500 mL four-necked reaction vessel
was pre-heated at 50 2C and purged with nitrogen. Then, YMER N-
120 (5.50 g, 5.5 mmol), 2-Hydroxyethyl disulfide (DEDS) (0.30 g, 2
mmol), Crodamol GTCC (0.75 g) and IPDI (3.866 g, 17 mmol) were
added to the reaction vessel under mechanical stirring with
dibutyltin dilaurate (DBTL) as catalyst (3.24 mg, 5.02 umol). The
polyaddition reaction was maintained in these conditions until DEDS
and YMER reacted quantitatively with IPDI as ensured by FT-IR and
automatic titration20, At this point, the vessel was cooled to 40 2C
and Genamin TAP 100D (1.6 g, 4.94 mmol) dissolved in 10 g of
acetone was added under constant stirring and left to react for 30
min. The formation of polyurethane and polyurethane-polyurea
prepolymers was followed by FT-IR.

2.3.4. Synthesis of Monowalled

nanoparticles

polyurethane-polyurea

2.3.4.1. PUUa Dil loaded NPs synthesis (PUUa NP-Dil).

A previously homogenized aliquote of Amphil (1.69 g) (see section
2.3) was added in a round-bottom flask containing Dil (2.5 mg, 2.67
pmol) as fluorophore and B3100 (125 mg, 0.167 mmol) under
nitrogen atmosphere. This organic mixture was then emulsified in
PBS (16 mL, pH 7.4, 52C) in a magnetic stirrer under an ice bath to
prevent isocyanate reaction with water. Once emulsified, L-lysine
was added (68.56 mg, 0.47 mmol) and the interfacial polyaddition
reaction was controlled by FT-IR. After 30 min, DETA (32.18 mg, 0.31
mmol) was added and the crosslinked nanoparticles were formed by
a second interfacial polyaddition as proved by FT-IR. Acetone was
mildly removed in the rotavapor. PUUa NPs were dialysed (100000
MWCO, Spectrum Laboratories, California, USA) against pure water
during 72 h for FRET experiments.

2.3.4.2. PUUa DiO loaded NPs synthesis (PUUa NP-DiO).

These NPs were synthesized as previously described (see section
2.3.4.1.) using DiO (2.5 mg, 2.83 pumol) as fluorophore instead of Dil.

2.4. Analytical techniques

2.4.1. Transmission electron microscopy. The nanoparticles
morphology was studied in a Jeol JEM 1010 (Peabody, MA, USA). A
200 mesh copper grid 0,75% FORMVAR coated was deposited on a
drop of 10 mg/mL of nanoparticles in water during 1 min.
Nanoparticles excess was removed by fresh milliQ water contact for
1 min. Then, the grid was deposited on a drop of Uranyl acetate 2 %
w/w in water for 30 sec. The Uranyl acetate excess was blotted off
and air-dried before measurement. For the degradation experiment,
10 L of filtered (0,22 um) PUUa NPs (100mg/mL) were added into 1
mL solution of GSH (10 mM) and incubated at 37 2C during 24 h under
constant stirring. For statistical analysis, 5 different zones of the
copper grid were randomly counted with Image) software (NIH,
Bethesda, MD, USA).

2.4.2. B3100-cRGDfK reaction control. The reaction solution
containing B3100 and cRGDfK (see section 2.1.3.) was analysed at 0
and 2 hours of reaction. Analytical HPLC runs of B3100-cRGDfK were
performed in a WATERS 2998 HPLC (Milford, MA, USA) using a X-
Bridge BEH130, C18, 3.5 um, 4.6 X 100 mm reverse phase column
with the following gradient: 5-15% B in 9 min at a flow rate of 1
mL/min; eluent A: H20 with 0.045% TFA (v/v); eluent B: CH3CN with
0.036% TFA.

2.4.3. PUUa NP-RGD conjugation yield quantification. A calibration
curve was performed by preparing 5 standard solutions of cRGDfK
peptide containing L-phenylalanine amide as internal standard for
quantitative HPLC analysis. Analytical HPLC runs of the PUUa NP-RGD
were performed in a WATERS 2998 HPLC (Milford, MA, USA) using a
X-Bridge BEH130, C18, 3.5 um, 4.6 X 100 mm reverse phase column
with the following gradient: 5-30% B in 9 min at a flow rate of 1
mL/min; eluent A: H20 with 0.045% TFA (v/v); eluent B: CH3CN with
0.036% TFA.

2.4.4. Size distribution by DLS. PUUa NP and PUUa NP-RGD were
analysed on a Malvern Zetasizer Nano-ZS90 (Malvern, UK) at 1
mg/mL in pure water at 37 2C.

2.4.5. Zeta Potential measurements. PUUa NP and PUUa NP-RGD
were analysed on a Malvern Zetasizer Nano-ZS90 (Malvern, UK) at 20
mg/mL in pure water at 37 2C.

2.4.6. Infrared spectra. IR spectra were performed in a FT-IR Nexus
Termo Nicolet 760 (Waltham, MA, USA) by depositing a drop of
previously dissolved prepolymer at 1 % in acetone on a NaCl or BaF,
(for aqueous samples) disk.

2.4.7. Automatic titration. Prepolymer sample after dissolved in dry
toluene reacted with excessive di-n-Butylamine standard, and
residual di-n-Butylamine was back-titrated with 1M hydrochloric acid
up to the endpoint. The content of Isocyanate was calculated from
titration volume.

2.4.8. FRET experiments.

Control experiment. To evaluate the kinetics of hydrophobic
molecules leakage, 10 pL of 100 mg/mL PUUa NP containing Dil (0.15
mg/mL) and 10 pL of 100 mg/mL PUUa NP containing DiO (0.15 mg
/mL) were diluted to 1 mL pure fresh water. Experiments in
spectrofluorimeter Varian Cary Eclipse (Palo Alto, CA, USA) were
carried out by excitation of the donor at 470 nm and measuring the
emission from 480 to 650 nm with constant magnetic stirring at 37
oC during 24 h.

GSH experiment. The same experiment was repeated adding the
needed mg of GSH in the cell to be at 10 mM after 3 h of experiment.

PC-Chol liposomes experiment. The same experiment was
repeated adding 10 pL of 100 mg/mL PUUa NP containing Dil (0.15
mg /mL) and 10 pL of 100 mg/mL PUUa NP containing DiO (0.15 mg
/mL) to a 1 mL, 10 mM solution of PC-Chol liposomes previously
filtered under 0.45 pm.

2.4.9. MALDI-TOF MS. B3100-cRGDfK conjugate formation was
ensured by MALDI-TOF MS. The experiment was carried out on an
Applied Biosystems Voyager-DETMRP mass spetrometer (Waltham,
MA, USA), using a-cyano-4-hydroxycinnamic acid (ACH) as matrix.
B3100 and B3100-cRGDfK at 1 mg/mL after 2 h reaction were
analysed.
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2.4.10. NMR. NMR spectra were recorded on a Varian Mercury (400
MHz) (Agilent) (Santa Clara, CA, USA). Reactive prepolymers Hyfil,
Amphil and Hyfob were previously dissolved in CDCl5 at 100 mg/mL.

2.4.11. Lyophilization and redispersion procedures. Previously
dialysed samples (100 mg/mL) were lyophilized and directly
redispersed at the desired concentration by overnight stirring at
1500 rpm. Lyophilized and redispersed samples were examined by
TEM and DLS to ratify optimal size and morphology characteristics.

2.5. Biological studies

2.5.1. Integrin expression characterization. Expression of ayfs; and
avBs was analyzed by flow cytometry using monoclonal antibodies
against both heterodimers (MAB1976H and MAB1961F from
Millipore). Precisely, cell suspensions deattached using PBS-EDTA
(5mM) were incubated with 3 pg of ayBs antibody and 1 pg of ayB5
antibody during 20 min at 49C. 1gG2 isotype controls from
eBioscience (San Diego, CA, USA) were included. Cells were analyzed
using FacScalibur Becton Dickinson (Franklin Lakes, NJ, USA) and FCS
Express 4 software De Novo Software (Los Angeles, CA, USA).

2.5.2. Cell internalization by flow cytometry. Time dependent
internalization of targeted and non-targeted PUUa NPs was studied
by flow cytometry. Precisely, exponentially growing cultures were
detached using PBS-EDTA (5 mM), resuspended in Caz* and Mg2* free
PBS and incubated at 372C with a final concentration of 38.5 pug/mL
of NPs containing 10 pug/mL of Dil. After the incubation, cells were
washed twice with PBS and stained with DAPI (50 pg/mL) to include
only viable cells into the analysis. Cells were analyzed using LRS
Fortessa Becton Dickinson (Franklin Lakes, NJ, USA) and FCS Express
4 software De Novo Software (Los Angeles, CA, USA).

2.5.3. Cell internalization and lysosomal colocalization by confocal
microscopy. Cells were seeded in 24 well-plates containing
coverslips (50,000 cells/well) and left overnight at 37 °C with 5% CO»
to allow cell attachment. Cells were then washed carefully with PBS
and 1 pg/mL of Dil containing PUUa NPs (with or without RGD
targeting moieties) were added to the cultures diluted in complete
cell growing media. After the incubation period, cells were washed
twice with PBS and stained 15 min with 10 uM of Lysotracker Green
(Life Technologies) and directly visualized using confocal microscope
(FV1000, Olympus). Confocal images of the same Z plane were
obtained for Lysotracker (green signal) and for Dil (red signal), using
excitation peaks at 488/561 nm and emission at 522/585 nm for
Lysotracker and Dil, respectively and merged afterwards to
demonstrate that some of the nanoparticles are allocated inside
acidic organelles labeled by Lysotracker. Images were acquired at 60x
magnification. Quantification of the NP signal outside the lysosomes
was performed using Fiji Image)22 (NIH, Bethesda, MD, USA) in
confocal images taken from at least three different fields. Red signal
in every cell in each field (8-14) was quantified for each z-plane, and
then compared statistically using the t-student test with GraphPad
software (La Jolla, CA, USA).

Cytotoxicity studies. In vitro cytotoxicity of NPs was tested by 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide  (MTT)
method after 72 h incubation?3

3. Results and discussion

As we have shown in our recent methodological patent many
nanoparticles with multiple structural and biological functionalities

can be obtained due to the versatile polyurethane chemistry. In fact,
the novel kind of NPs based on reactive polyurethane and polyurea
prepolymers introduced herein allowed controlled stratification at
the nano-interface and tunable functionality in their multiwalled
structure?* (Fig. 1a and 1b). As proof of concept for cancer therapy,
disulfide bonds were successfully included in the prepolymers to
enable a tailored degradation and a controlled intracellular release
of encapsulated hydrophobic molecules at intracellular GSH
concentration. Moreover, a cyclic hydrophilic RGD peptide located
on the outer shell of the NP was selected and innovatively
conjugated to mediate specific targeting to cells overexpressing av3
integrin (Fig. 1c). Finally, to strengthen this stratified structure a
crosslinking step with polyamines was key to form an isocyanate-
free, ordered and robust nanostructure25-27,

Thus, we synthesized two new reactive prepolymers by successive
quantitative polyaddition reactions of difunctional monomers with
an aliphatic diisocyanate (Isophorone diisocyanate) (see monomers
description in the ESI and Fig. S1 and Table S1) and characterized
them by automatic titration (Fig. S2), FT-IR (Fig. S3 and Fig. S4) and
NMR (Fig. S5 and Fig. S6 in the ESI). On one hand, the reactive
amphiphilic prepolymer (Amphil) contained disulfide bonds (2-
Hydroxyethyl disulfide) in the main chain, hydrophilic (polyethylene
glycol monomethyl ether) and hydrophobic (N-Coco-1,3-
propylenediamine) dangling side-chains and terminal isocyanate
groups. The hydrophilic side-chains self-oriented toward the
aqueous surrounding media and emulsifed in water the whole pre-
formed PUUa NP. The hydrophobic chains stabilized and
encapsulated the inner hydrophobic prepolymer (Hyfob, see below)
and the oily core by hydrophobic interactions. Thus, Amphil worked
as an all-in-one polymer ensuring oil and water miscibility, redox-
degradability and isocyanate reactivity. On the other hand, the
hydrophobic reactive prepolymer (Hyfob) bore disulfide bonds in the
main chain, terminal isocyanate groups and just hydrophobic
dangling side-chains. The idea to introduce a Hyfob in the shell was
based on the wish to prevent premature leakage of the encapsulate
without renouncing to redox-degradability. In this regard, to achieve
this hydrophobically stratified structure, it was also crucial to use a
5% (w/w) of an ultrahydrophobe as core material, such as the
biocompatible capric-caprylic triglyceride (Crodamol GTCC). Its
solubilizing effect of hydrophobic therapeutically active molecules28
and ability to decrease coacervation of oily core nanoparticles due to
Ostwald Ripening effect?® made it the product of choice. In addition,
as introduced previously, to convert these hydrophobically driven
self- stratified structures into covalently stable isocyanate-free PUUa
NPs, the reactive polymeric shell was crosslinked with small
polyamines (Fig. S7 in the ESI). Hence, as seen from figure 3 we
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Figure 1. Schematic illustration of PUUa NPs synthesis, structure and application. After emulsification of prepolymers in water, the
self-stratified shell is consolidated by a two-step interfacial crosslinking creating a robust multiwalled NP a). Dangling side-chains of
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observed that addition of L-Lysine (Lys), a diaminocarboxylate
moiety, into the emulsified reactive prepolymers as pre-crosslinker
and extender, reduced the NP size as a result of the enhanced
internal emulsifying effect of carboxylate rest3931 compared to NPs
carrying only polyethylene glycol monomethyl ether (YMER N-120)
as hydrophilic precursor. Finally, in any of the formulations the shell
was consolidated by a highly reactive small triamine,
diethylenetriamine (DETA) (Fig. S8 in the ESI prove isocyanates
disappearance by FT-IR after crosslinking reaction).

At this point, with the aim of conferring to our system cell targeting
specificity, a novel method was developed to anchor the broadly

used hydrophilic cRGDfK cyclic pentapeptide to our PUUa NPs via
urea linkage without loss of bioactivity32. Concretely, Bayhydur 3100
hydrophilic polyisocyanate linker33 (B3100) and the cRGDfK free
primary amino group of Lys residue were effectively coupled in
aqueous media (pH 10, 5 2C) (Fig. S9 in the ESI). By optimizing the
reaction stoichiometry we were able to maintain free NCO moieties
in the conjugate for further PUUa NP functionalization with only one
peptide per linker molecule, as ensured by MALDI-TOF MS
experiments (Fig. S10 in the ESI). Furthermore, the PUUa NP
functionalization with B3100-cRGDfK conjugate (PUUa NP-RGD)
occurred in a high yield (98.5 %), as quantified by HPLC calibration

—PUUa NP
——PUUa NP-RGD
30 18.4+ 4.5nm -25
w23 215+ 6.4
-é 20 - . ) E_ls =
515 - pr
4 o
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5 .
0 ‘
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Figure 2. TEM images of multiwalled PUUa NP a) and PUUa NP-RGD b). TEM images of PUUa NPs before c) and after treatment with
GSH 10 mM at 37 2C during 24 h d). After treatment with GSH clear degradation of PUUa NPs is achieved and degraded polymers

form aggregates up to 1 um size. e) Hydrodynamic diameter by

DLS and Zeta Potential of PUUa NP-RGD (blue) and PUUa NP (red).

Release dynamics comparison between multiwalled and monowalled PUUa NPs f). Aqueous media (Red), in vivo-like media (green)

and 10 mM reduced GSH (blue).
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curve (Table S2 in the ESI). Then, B3100-cRGDfK isocyanate reactive
conjugate was fixed in the prepolymeric shell via the previously
explained crosslinking step yielding around 2 % cRGDfK per PUUa NP.
Transmission Electron Microscopy (TEM) and Dynamic Light
Scattering (DLS) revealed monomodal size distributions of about 20
nm for PUUa NP-Dil and PUUa NP-Dil-RGD (Fig. 2a and Fig. 2b). Zeta
Potential (Zpot) measurements of dialysis-purified nanoparticles
exhibited similar slightly negative surface charges due to the Lys
carboxylate (Fig. 2e). This experimental result further corroborated
that the hydrophilic character of Lys located him in the outer part of
the shell thus proving the self-stratified nanostructure by
hydrophobic interactions. In addition, the multiwalled nanoparticles
robust structure and hydrophilic surface made them lyophilizable
and redispersable in aqueous media without cryoprotectants¥.

Shell biodegradability and specific cargo release are fundamental
features in drug delivery systems. To this end, the presence of
disulfide bonds in the shell facilitated polymer degradation by
reductive enzymes and peptides overexpressed in the cytosolic
environment of tumor cells34. Concretely, reduced glutathione has
an intracellular concentration of 2-10 mM in the cytosol while the
extracellular concentration is about 2—20 pM. Taking profit of this
intracellular concentration, PUUa NPs degradation and cargo release
under reductive conditions were studied by transmission electron
microscopy (TEM) and Forster resonance energy transfer (FRET)
techniques, respectively. Thus, NPs degradation was determined by
TEM before and after a 24 h treatment with 10 mM GSH. Significant
differences in size were detected due to polymer aggregates
formation after redox-triggered degradation (Fig. 2c and Fig. 2d). To
confirm the differences on the release properties of multiwalled and

Multiwalled Samples

a) DETA-crosslinked PUUa NP

b} Lys-crosslinked PUUa NP

¢} Non-crosslinked PUUa NP

d) Lys-DETA~crosslinked PUUa NP

Diameter  SD PDI
(hm}  (hm)
170.3 32.0 0.04
53.2 22.8 0.18
207.7 590.8 5091
29.0 5.0 0.03

Figure 3. TEM micrographs of multiwalled PUUa NPs showing the importance of the crosslinking process to get a monodisperse
sample. After emulsification of reactive prepolymers in water PUUa NPs were crosslinked by successive additions of Lys and/or
DETA, respectively a, b, d). Non-crosslinked PUUa NPs were kept under magnetic stirring during 3 days until isocyanate group
disappeared from the IR spectra due to reaction with water. It can be observed that without crosslinker, NPs are not interfacially
stabilized and a highly polydisperse sample is obtained c). Images were statistically analyzed by random recording of 5 different

zones of the copper grid.
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monowalled nanostructures, first, monowalled NPs were
morphologically characterized by TEM (Fig. S11) and then, FRET
experiments where performed in different media. Thus, we
encapsulated two typical cell membrane staining agents3> as
fluorescent lipophilic cargos, namely Dil and DiO, in separate PUUa
NPs. As already described by FRET mechanism, changes in
fluorophores proximity allowed us to evaluate the release dynamics
and potential leakiness of different PUUa NPs36. So, both fluorescent
probes were encapsulated at a total concentration of 0.15 % w/w to
avoid static quenching3” (Encapsulation efficiency 100 %, Data not
shown). PUUa NP-Dil and PUUa NP-DiO were then mixed (FRET PUUa
NPs) and the FRET ratio was represented against time as l./(lq+ 1),
where |, was the maximum intensity of the acceptor and I4 the
maximum intensity of the donor. The slope of the linear fit was
defined as the release coefficient at 37 2C for the first 10 h of the
experiment (Fig. S13 in the ESI). For both multiwalled and
monowalled NPs the release coefficient appeared to be almost
negligible in water (0.001 h-1 and 0.0001 h respectively), which
corroborated their outstanding encapsulation stability. Further, as
PUUa NPs are expected to stably encapsulate the lipophilic drug until
reaching the cytosol of the tumor cell, we wanted to ratify that the
cargo would not be released unspecifically during cell internalization.
With this in mind, we sought to mimic a cellular microenvironment
by mixing egg phosphatidylcholine-cholesterol previously reported
liposomes (Lipos)3® (2:1 w/w) to our FRET PUUa NPs (10 mM).
Confirming our expectations, multiwalled NPs were stable during the
first 10 h (0.001 h1), but monowalled NPs exhibited a pronounced
increase of the FRET ratio upon mixing with Lipos (0.007 h-1) due to
unspecific release. Additionally, under treatment with 10 mM GSH,
multiwalled PUUa NPs clearly showed a FRET increase (0.01 h1)
caused by disulfide bonds cleavage and sudden release and mixing of
the fluorophores (See Fig. 2f and Fig. S12 in the ESI).

In a final proof of principle study, we first tested that PUUa NPs were
not cytotoxic to cells (Fig. S14 in the ESI) and then internalization
assays were performed. To that end, PUUa NPs were incubated with
HT-29 and U87-MG cancer cells, known to have very low and high
expression of avB3 integrins, respectively (Table S2). Flow cytometry
and confocal studies revealed that, due to the RGD outer localization
in the multiwalled structure, PUUa NP-RGD encapsulating Dil
fluorophore (PUUa NP-Dil-RGD) entered avB3 integrin expressing
cells more efficiently (Fig. 4a) than non-functionalized ones.
Moreover, internalization of PUUa NP-Dil-RGD in av3-negative HT-
29 cells was similar to non-targeted NP, indicating that the enhanced
uptake of cRGDfK functionalized NPs observed in U87-MG cells was
specific.

Confocal images also showed colocalization of NPs with lysosomal
markers (Lysotracker Green), confirming that NPs entered cells
through the endocytic pathway, and that the uptake and the
lysosomal colocalization was clearly enhanced in the case of PUUa
NP-Dil-RGD (Fig. 4b). In order to trace the final cytosolic release of
the NPs cargo, U87-MG cells were incubated 1 h with PUUa NP-Dil-
RGD washed thoroughly and observed immediately and 24 h later.
The initially observed distinctive punctuated signal corresponding to
the lysosomal localization changed to a more diffuse uniform
fluorescent cell cytoplasm distribution, which, in line with
abovementioned FRET experiments proved that our system was able
to escape from the lysosome and spread their cargo through the
cytosol (Fig. S15 in the ESI).
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Figure 4. PUUa NP internalization. a) Flow cytometry studies were
performed in U87-MG (avp3-positive) and HT-29 (avB3-negative)
cancer cells at different time points with 10 pug/mL of Dil (38.5 pg/mL
of NPs). b) Confocal images of U87-MG cells incubated 24 h with 1
ug/mL of Dil and stained with Lysotracker Green to show lysosomal
localization of PUUa NPs. Magnification bar corresponds to 10 um.

In conclusion, we have depicted a novel methodology to develop
self-stratified PUUa NPs based on the amphiphilic properties of the
different designed pre-polymers, and we have clearly evidenced the
better encapsulation ability of multiwalled NPs compared to their
monowalled counterparts. This multiwalled structure has been
experimentally proved by FRET studies, Zpotential measurements
and cell internalization experiments. The use of L-Lysine as extender
or pre-crosslinker modulated the size of the micelles reaching very
small entities that finally were stabilized by crosslinking with DETA.
Cargo delivery and nanoparticle shell degradability were also
controlled by incorporating DEDS, a redox moiety that responded to
intracellular glutathione. The use of a specifically designed reactive
conjugate containing a hydrophilic RGD peptide ensured the
straightforward functionalization of the outer part of the
nanoparticles shell. These systems convey a multiwalled
nanostructure with on-demand release properties and cancer cell
targeting behavior. This confirms our PUUa NPs as outstanding
platforms for smart drug delivery and opens up a new era in
nanostructured systems with multiple targeting and degradation
possibilities that generate an enormous range of application
opportunities. New characterization techniques are being explored
to visually proof the sub-30 nm self-stratified structures. Biological
studies with a variety of antitumor drugs are also underway.
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SUPPORTING INFORMATION

Multifunctionalized Polyurethane-Polyurea Nanoparticles: Hydrophobically Driven

Self-Stratification at the o/w Interface Modulates Encapsulation Stability

Pau Rocas*, Yolanda Ferndndez, Simo Schwartz Jr, Ibane Abasolo, Josep Rocas*, Fernando Albericio*

1. Monomers information

Ymer N120 is a polymeric non-ionic hydrophilic building block containing two primary hydroxyl groups and a long
ethoxylated capped side chain. From a synthetic point of view, YMER N-120, was chosen because of its low melting point
and viscosity, features that make it amenable for direct addition to the prepolymer acting as co-solubilizer in the
formulation and eliminating the need of an extra co-solvent. We considered YMER N-120 an interesting intermediate to
create a polymer backbone with longer side-chains sideways than equivalent PEG (polyethylene glycol, 1000 g/mol) which

should fold up within itself upon contact with water.

Isophorone diisocyanate (IPDI) is an organic compound in the class known as aliphatic diisocyanates. Interestingly,
aliphatic isocyanates are less pulmonary sensitizing and not carcinogenic compared to aromatic ones. Is particularly
noteworthy that fully reacted isocyanate polymers to form its respective urethane or urea bonds do not contain toxicity
referred to the isocyanate group®. In addition, degradation products of IPDI such IPDA (isophorone diamine) are rapidly

eliminated via urinary excretion?.

Genamin TAP 100D is a hydrophobic building block containing a C18 fatty chain and two reactive amines for
polymerization. We focused on it attracted by its high hydrophobicity and low melting point which allowed us to

perform a more green chemistry avoiding large amounts of solvents.

Bayhydur 3100 is a hydrophilic aliphatic polyisocyanate based on hexamethylene diisocyanate (HDI) and is solvent-free.
It was interesting for our purposes due to its high hydrophilicity and high NCO functionality which allowed as to work in
aqueous media and decorate it easily and fast with a cyclic RGD peptide via urea linkage. More interestingly was that

adjusting the stoichiometry we got conjugates of just one peptide per B3100 molecule maintaining NCO reactivity for

further shell functionalization. In addition it complies with FDA food contact regulations.

*Please refer to figure S1 in the supporting information to see their chemical structure in detail.
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Figure S1. Synthetic process of the idealized structures of reactive prepolymers that form the PUUa NP. 1) Amphil
polymerization process. *Hyfil was formed by random polymerization of DEDS and YMER N-120 with IPDI. 2) Hyfob
polymerization process. 3) B3100-cRGDfK conjugation reaction.
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IPDI  DEDS  YMER N- GENAMIN L-LYSINE DETA B3100  cRGDfK
120 TAP 100D
w/w % Amphil® 24.29 1.08 39.50 10.41 - - - -
w/w % Hyfob? 3.48 1.08 - 1.08 - - - -
w/w % B3100-cRGDfK? - - - - - - 6.49 1.95
w/w % PUUa NPP 27.77  2.15 39.5 11.49 7.2 3.39 6.49 1.95
Equivalents fraction® 9.29 1.04 2.93 2.65 1.83 1.83 1 0.12

Table S1. The quantitative reaction of the monomers was ensured by automatic titration and HPLC (Fig. S2 and Fig. S9
respectively) and qualitatively by FT-IR (Fig. S3 and S4). a) Relative mass proportion of each monomer in the prepolymer
regarding the multiwalled PUUa NP. b) Total mass proportion of each monomer in the multiwalled PUUa NP. c) Equivalents
fraction of reactive species (either NCO, OH or NH2)

Amphil prepolymer formation

a) IPDI + YMER N-120 + DEDS +
14 / CRODAMOL GTCC + DBTL (cat)

/ b)+ TAP 100D

=
o N

NCO percentage

o N b O

0 100 200 300 400 500 600 700 800
Time (min)

NCO% Hyfil = 6.7% NCO% Amphil = 1.2 %

Figure S2. Back titration of free isocyanate. Disappearance of NCO by a first random reaction with —OH groups to form
urethane prepolymer (a), Hyfil) and a second stage with -NH2 groups to form urethane-urea prepolymer (b), Amphil). As
expected, urethane bonds were formed progressively (almost 3h). Urea bonds were formed immediately after addition of
Genamin TAP 100D hydrophobic diamine. When every monomer is totally reacted NCO percentage remains constant over
time, which proves its scalability. As desired, remaining isocyanate functionality for further crosslinking is maintained after
total consumption of Genamin TAP 100D free amino groups.
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Figure S3. IR spectra corresponding to the synthetic process of Hyfob reactive prepolymer. It can be observed how isocyanate

band of polyurethane prepolymer (red) decreases when Genamin TAP 100D is added and polyurea bonds (Hyfob) are formed
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Figure S4. IR spectra corresponding to the synthetic process of Amphil reactive prepolymer. It can be observed how

isocyanate band of polyurethane prepolymer (red) decreases when Genamin TAP 100D is added and polyurea bonds (Amphil)

are formed (Blue).
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Figure S5. 400 MHz *H NMR spectra a) and 400 MHz **C NMR spectra b) of reactive prepolymers in CDCls. The blue and red

spectra correspond to Hyfil and Amphil prepolymers respectively. All the peaks in the reactive prepolymers spectra have

been assigned by a previous singular *3C and *H NMR spectra of each monomer (spectra not shown) and previosuly reported
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bibliography®. As seen from Amphil 1H NMR spectra, the peaks at 0.72, 0.85, 1.47, 1.61 and 2.80 ppm are assighed to IPDI
methylene groups. The peak at 0.64, which can not be found in the Hyfil spectra, corresponds to the fatty diamine methyl
group. The methylene groups of the fatty diamine appear at 1.02, 1.47 and 1.76. The chemical shifts at 0.72 and 3.30 are
ascribed to YMER methyl groups and the peaks at 3.12 and 3.40 correspond to YMER methylene groups. The peak at 2.68 is
ascribed to DEDS (CHs-S-) and those at 3.74 and 4.07 to Amphil and Hyfob (CH3-O-) respectively.

In the 3C NMR spectra the peaks at 22.80, 42.81, 43.27, 45.40, 45.75, 47.53, 48.03, 56.24 and 56.52 are ascribed to
methylene groups of IPDI stereoisomers mixture. The methyl groups of IPDI mixture correspond to the signals at 26.53, 27.08
and 29.21. The IPDI methine group was ascribed to the small signals at 36.05, 34.51 and 31.30. It can be observed some IPDI
peaks appearing as doblets due to stereoisomers and rotamers. The peaks at 7.10, 58.39 and 22.84, 70.03, 70.56, 71.39 are
assigned to YMER N-120 methyl and methylene groups respectively. The peak appearing only in the Amphil spectra at 13.65
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Urethane |
I /
. \ | i
a) Hyfil | | | r \
\- .I I'- i :‘ "I I“‘\h
Ao _I'-'-r.w"#ﬁwu&'h!"“'"‘W"'\."“'im;-r-\&‘""’"‘"I"‘-'L. ‘M‘-.H“'WM*"N* M’q‘paw‘-\dur-\'kﬂ., I -_\*‘""-u“l I‘-" W‘HW*-F"H‘WP-
'.| | 1 I\
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correspond to methyl groups of Genamin TAP 100D and its methylene groups are ascribed to the singlet at 22.14 and the
fatty chain multiplet at 29 ppm. The DEDS methylene groups are ascribed to the broad signals at 40.86 (CHs-S-) and 64.06
(CH3-0-).

Figure S6. The cut-out is an amplification of 400 MHz **C NMR spectra to identify isocyanate, polyurethane and polyurea
carbons during prepolymers formation. a) The signals between 121 and 123 ppm are ascribed to isocyanate carbons of the
prepolymer. Polyurethane carbon signal is ascribed to the bands at 155 ppm. b) In the Amphil, when Genamin TAP 100D
diamine is added multiple bands between 157 and 159 appear due to urea bonds formation.
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Figure S7. Crosslinking process of the nanoparticle. Amphil, Hyfob and B3100-cRGDfK self-stratify after emulsification with
water A). After addition of crosslinkers, interfacial polyaddition with the reactive prepolymers occurs to form the
crosslinked shell. Presumably, due to L-Lysine higher hydrophilia, it will join the most hydrophilic prepolymers (Amphil and
B3100-cRGDfK). DETA, which is more reactive and less hydrophilic, will penetrate the inner shell and join Hyfob, Amphil
and B3100-cRGDfK creating the PUUa NP B).
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Figure S8. 1, 2, 3 spectra corresponding to the emulsified nanoparticles before Lys addition, 30 min after Lys addition and 10
min after DETA addition respectively. Isocyanate band decreases over time as amino crosslinkers are added and polyurea
shell (PUUa NP) is formed. The IR bands at 2270 cm™ correspond to the stretching of the —=N=C=0 functional group. The sharp
band at 1715 cm™ is ascribed to urethane C=0 stretching. At 1690 cm™ appears the isocyanurate C=0 stretching band
corresponding to the B3100 linker structure. The increasing band at 1653 cm™ corresponds to the urea C=0 stretching.
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Figure S9. Conjugation reaction monitoring of cRGDfK peptide with B3100 linker by HPLC at 0 h a) and after 2 h reaction b).

190



Chapter I. Publication 2

o

¢ 8
§ a o b § ) .
g0 B ¢
o] ® § q
Qﬂf i © . | B3100-cRGDfK i
o 8 a
% “E’ eo
HN>:O 8 Og
p & {
! :
:
(| B3100 linker z g
o & = 3
) = 3 g 3
(g e g g
n( 2 B B
g g
Lk

.0 960.8 1222.6 1484.4 1746.2
Mass (m/z)

Figure S10. As seen from MALDI-TOF MS spectrum, the linker Bayhydur 3100 (B3100) has a gauss distribution of 700-900
g/mol (average 800 g/mol)) a). After 2h reaction a new gauss distribution of masses appears centred on 1400 (800 + 603.68
g/mol) which is consistent with the mass of the B3100-cRGDfK conjugate b).

FREE cRGDfK FREE cRGDfK Conjugated cRGDfK Yield
(mM) (mg/mL) (mg/mL) (%)
0.046 0.028 1.93 98.5

Table S2. Quantification of non-reacted cRGDfK peptide to PUUa NP-RGD. A calibration curve by HPLC analysis was
performed with standard solutions of cRGDfK using L-Phenylalanine as internal standard.

Sample Diameter (nm) SD (nm) PDI

Monowalled PUUa NP 11.3 1.3 0.01

Figure S11. TEM micrographs of monowalled NPs. Monowalled NPs did not contain Hyfob prepolymer, just Amphil. Amphil
prepolymer was then crosslinked with Lys and DETA. The absence of Hyfob lead to PUUa NPs with sizes around 10 nm.
Monowalled NPs showed a much more diffuse and less defined shell compared to Multiwalled ones.
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Figure S12. Comparison of fluorescence emission spectra over 24 h of multiwalled and monowalled NPs. Control FRET NPs
a), FRET NPs mixed with Phosphatidyl choline-Cholesterol in PBS b), and FRET NPs with GSH c).
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Figure S13. Comparison of measured FRET ratios between multiwalled and monowalled NPs during the first 10 h. FRET
ratio of NPs in water a) FRET ratio of NPs mixed with Phosphatidyl choline-Cholesterol in PBS b) FRET ratio post GSH
addition in PBS c).
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Integrin expression (%
positive cells)

Cell line ovBs ovBs
us87-MG 98.41 0.0
HT-29 3.63 60.30

Table S3: Expression of ayBs; and ayfs in U87-MG and HT-29 human cancer cell lines (from glioma and colon cancer,
respectively).
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Figure S14. Cytoxicity of Dil loaded NP after 72 h incubation as measured by MTT cell viability assay. Concentrations below
0.1 mg/mL of NP are clearly non-toxic to Hela cells.
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Lysotracker Green PUUa NP-Dil-RGD Merge

1h

1h(+24h)

Figure S15. NP trafficking. Confocal images of U87-MG cells incubated 1 h with 1 pg/mL of Dil and stained with Lysotracker
Green right after the incubation period (upper panel) or 24 h later (lower panel). Significant differences were observed in
confocal images after quantification of the fluorescence signal (z-stacks) confirming that cells pulsed during 1 h and imaged
24 h later showed up to 20 % increase of Dil signal outside lysosomes compared to cells imaged after 1 h incubation (p <
0.001). Magpnification bar corresponds to 20 um. For more details see section 2.5.3. of Materials and Methods.

1 US Environmental Protection Agency_Diisocyanates Toxicology.
http://www.epa.gov/oppt/auto/profile/toxicologyla.pdf (accessed May 7, 2015).

2 L. T. Budnik, D. Nowak, R. Merget, C. Lemiere and X. Baur, J. Occup. Med. Toxicol., 2011, 6, 9.
3 A. Prabhakar, D. K. Chattopadhyay, B. Jagadeesh and K. V. S. N. Raju, J. Polym. Sci. Part A Polym. Chem., 2005, 43,
1196-1209.
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ABSTRACT

Meticulously designed nanosystems conveying multiple functionalities and complex multiwalled

nanostructures will likely enhance pharmacokinetics and biodistribution of lipophilic
chemotherapeutic agents. In the present study, polyurethane-polyurea nanoparticles (PUUa
NP) with a disulfide-rich multiwalled structure have been synthesized, characterized and
biologically tested. Specifically, glutathione degradable PUUa NP were synthesized with sizes
around 100 nm, a neutral Zeta potential and tremendous encapsulation efficiency (above 90%)
for a very lipophilic anticancer drug, called plitidepsin. Moreover, PUUa NP were functionalized
with a cyclic RGD peptide binding avp3 integrins, for further improving their biodistribution and

cell internalization.

In vitro cell toxicity assays revealed that PUUa NP release their cargo, rendering half maximal
inhibitory concentration (IC50) values similar to those of the free plitidepsin. In vivo toxicity
studies indicated that the maximum tolerated dose (MTD) of plitidpesin could be increased from
0.9 mg/kg to 3 mg/kg when the drug was delivered in PUUa NP. Moreover, pharmacokinetic
parameters such as the maximum concentration (Cmax), area under curve (AUC) and plasma
half-life times were higher for the plitidepsin loaded PUUa NP as compared to the free drug. In
vivo biodistribution assays of fluorescently (DiR) labelled PUUa NP showed that RGD-decorated
PUUa NP tended to accumulate less in the liver than the non-decorated version. Ex vivo
analysis of fluorescent DiR and plitidpesin content confirmed that integrin-targeted nanoparticles
had lower accumulation rates in liver and spleen, suggesting that targeted nanoparticles avoid

sequestration by macrophages from the reticuloendothelial system.

Overall, our results indicate that the polyurethane-polyurea nanoparticles represent a very
valuable nanoplatform for the delivery of lipophilic drugs, such plitidepsin. Without affecting its
cytotoxic activity, encapsulation of plitidepsin improves the toxicological, pharmacokinetic and
whole-body biodistribution profiles of the anticancer drug. In addition, the functionalization of the
PUUa NP surface with targeting moieties seems to improve the stealth properties of the delivery

system.

KEYWORDS

Drug delivery systems, nanomedicines, polyurethane-polyurea nanoparticles, RGD peptides,

plitidepsin, cancer, in vivo fluorescent imaging
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INTRODUCTION

Most of the treatment regimes for fighting cancer are based in the use of chemotherapeutic
drugs. However, many chemotherapeutic agents are water insoluble, which greatly reduce their
effectiveness, and even known anticancer drugs such etoposide, paclitaxel or camptothecin are
lipophilic, polar and unstable in aqueous media. These characteristics do not only compromise
the formulation of the active principle but also their final efficacy. Poorly soluble lipophilic drugs,
have usually low bioavailability, do not distribute properly in the body and do not effectively
accumulate in the tumors. Consequently, higher doses of drugs are needed and side-effects
and mechanisms of drug resistance appear. Encapsulation of poorly water-soluble molecules in
nanoparticles has been seen as a way to overcome these problems. Different types of
nanomedicines incorporating chemotherapeutic drugs have already reached the market[1].
However, the necessity to develop alternative delivery vehicles with improved efficacy/toxicity

profiles persists.

When dealing with chemotherapeutic drugs, encapsulation of the active principle is desirable
over the covalent linkage of the drug to the carrier, because it facilitates the manufacturing
process without altering drugs activity. In this type of systems, it is necessary to have a very
efficient and stable encapsulation, meaning that the system will have a high loading capacity
with little release of the drug outside the tumor. Although many nanosystems have shown
stability in water or buffered media such PBS, upon contact with common molecules in the
blood they show a non-specific release of the drug or even aggregation problems[2]. Thus,
systems preventing drug leakage and nanoparticle aggregation are highly needed. In this
regard, few investigators have put efforts to create multiwalled nano-microstructures in order to
enhance encapsulation and stability of the drugs without the need of covalently linking the

active principle to the carrier[3,4].

Overall, drugs with small plasma half-lives are usually encapsulated in systems that protect
them from fast metabolization or excretion. These systems get decorated with polyethylene
glycol (PEG) or other molecules than can reduce the opsonization and the phagocytosis from
the reticuloendothelial system (RES). As the nanoparticles are not efficiently scavenged by
macrophages, the resulting increase in blood circulation time and hence bioavailability is
expected to extend the duration of the controlled drug delivery or to improve the prospects for
nanoparticles to reach target sites by extravasation[5]. This is specially relevant for targeting to
solid tumors, where extension in circulation time is combined with the phenomena known as
enhanced permeability and retention (EPR)[6,7] that explains how the leaky vasculature of the
tumors and their defective lymphatic drainage retain the macromolecular systems within the
tumor. Most of the nanomedicines currently in the market are not targeted, and they relay in
these passive mechanisms to accumulate in the tumors. However, the functionalization of
nanoparticles to effectively target the cancer cells has demonstrated to be a good mechanism to
increase the efficacy of the anti-cancer therapies. In some cases, the presence of the targeting

moiety changes the biodistribution profile of the nanoparticle by increasing its presence in the
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tumors[8]. But it might also happen that the targeting enhances the activity of the system
without altering the tumor accumulation versus the non-targeted system, merely because the
functionalized systems internalize better in cancer cells[9,10]. In this sense, nanosystems
functionalized with specific arginine-glycine-aspartic acid (RGD)-containing peptides binding
integrin avB3 overexpressed on activated endothelial cells of growing vessels and on tumor
cells have shown not only to increase integrin affinity and clustering but also to induce an active
integrin-mediated internalization[11,12].

The goal of this work has been to obtain multiwalled drug delivery systems based in
polyurethane-polyurea nanoparticles (PUUa NP) to improve encapsulation stability of poorly
water-soluble drugs, and thus enhance its pharmacokinetic parameters in vivo. Nanoparticles
with a liquid oily core and a crosslinked shell combining a hydrophobic, an amphiphilic and a
hydrophilic targeting conjugate were efficiently developed following procedures recently
described by our group, including the functionalization with a cyclic RGD peptide binding avp3
integrin[13—15]. PUUa NP offer specific advantages as drug delivery systems for anti-cancer
drugs: possibility of high range of chemical modulation of polymer shell thanks to the high
reactivity of isocyanates with amino and hydroxil groups, very stable and efficient encapsulation
of drugs and easy formulation (lyophilizable without cryoprotectants and fast redispersion in

aqueous media).

As a drug model, we used plitidepsin (Pli), a marine origin drug originally marketed by
Pharmamar S.A. (Aplidin®), currently in Phase Il of clinical stage for myeloma[16,17]. Although
originally isolated from the Mediterranean tunicate Aplidium albicans, Pli is currently produced
by chemical synthesis. Pli is highly hydrophobic drug, and although it has shown strong
anticancer activity against a large variety of cultured human cancer cells[18], its poor
biodistribution and bioavailability renders a pretty narrow therapeutic window for the drug. With
the aim of improving the efficacy/toxicity balance of Pli, we first synthesized and characterized
Pli-loaded PUUa NP superficially functionalized with cyclic RGD peptides. Following extensive
in vitro characterization of PUUa NP, we assessed the in vivo proof-of-principle for their capacity
to improve the maximum tolerated dose (MTD), the pharmacokinetic parameters and the whole-
body biodistribution of the nanoencapsulated Pli compared to the reference formulation
(Cremophor® EL Pli solution).

MATERIAL AND METHODS
1. Chemicals

Pli was kindly provided by PharmaMar S.A. (Madrid, Spain). Cyclo(-Arg-Gly-Asp-D-Phe-Lys)
(cRGDfK) was synthesized in house according to previously reported protocols (23151901).
YMER™ N-120 was obtained as a free sample from Perstorp (Perstorp, Sweden), the same as
N-dodecyl-1,3-propylenediamine (LAP 100D) by Clariant (Barcelona, Spain). Capric/caprylic
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triglyceride mixture (Crodamol GTCC) was obtained from Croda (Barcelona, Spain) and
Bayhydur 3100 was purchased from Bayer (Leverkusen, Germany). If not indicated otherwise,
all other reagents were purchased from Sigma-Aldrich (St Louis, MO, USA). Extra dry acetone

was used during all the synthetic process.
2. Synthesis of reactive prepolymers

Preparation of the reactive amphiphilic prepolymer (Amphil) and the Bayhydur 3100-cRGDfK
conjugate (B3100-cRGDfK) followed previously described methods with slight changes[13].

To synthesize the amphiphilic prepolymer, a 500 mL four-necked reaction vessel was pre-
heated at 50°C and purged with nitrogen. Then, YMER™ N-120 (3.77 g, 15 mmol), DEDS (0.30
g, 1.95 mmol), Crodamol GTCC (2.5 g) and IPDI (3.38 g, 15 mmol) were added to the reaction
vessel under mechanical stirring with dibutyltin dilaurate (DBTL) as catalyst (3 mg, 4.65 pmol).
The polyaddition reaction was maintained in these conditions until DEDS and YMER reacted
quantitatively with IPDI as ensured by FT-IR and automatic titration[13,19]. At this point, the
vessel was cooled to 40°C and LAP 100D (1.87 g, 7.50 mmol) dissolved in 20 g of acetone was
added under constant stirring and left to react for 30 min. The formation of polyurethane and
polyurethane-polyurea prepolymers was followed by FT-IR and characterized by
NMR[13,15,20].

To obtain the Bayhydur 3100-cRGDfK conjugate (B3100-cRGDfK), cRGDfK (36 mg, 0.0596
mmol) was dissolved in phosphate buffered saline (PBS) (1 mL, 5°C) and 10 uyL of pure
triethylamine were added to the mixture (pH 10). Then, the previous solution was mixed with
Bayhydur 3100 linker (B3100) (121 mg, 0.167 mmol) and allowed to react during 2 h at 5°C
under constant stirring. The binding of one cRGDfK molecule per linker and the total
concentration of reacted cRGDfK in these conditions was ensured by MALDI-TOF MS and
HPLC, respectively[13,15].

3. Synthesis of polyurethane-polyurea nanoparticles (PUUa NP)

A previously homogenized aliquote of Amphil+IPDI (1.73 g, mass ratio Amphil 10.6:1 IPDI) was
added in a round-bottom flask containing B3100 (125 mg, 0.167 mmol) or B3100-cRGDfK (16%
w/w) and DiR (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine iodide) fluorochrome (5
mg, 5 ymol) and/or Pli under nitrogen atmosphere. This organic mixture was then emulsified in
PBS (16 mL, pH 7.4, 5°C) in a magnetic stirrer under an ice bath to prevent isocyanate reaction
with water. Once emulsified, diethylenetriamine (DETA) (76 mg, 0.73 mmol) was added and
crosslinked nanoparticles were formed by interfacial polyaddition as proved by FT-IR. Acetone
was mildly removed in the rotavapor. PUUa NP were dialyzed (100000 MWCO, Spectrum
Laboratories, California, USA) against pure water during 72 h for Zeta-potential experiments.
For in vitro and in vivo experiments PUUa NP were dialyzed against PBS during 72 h.

4. Physicochemical characterization techniques

203



Chapter I. Publication 3

Physicochemical characterization of PUUa NP included transmission electronic microscopy
(TEM) for studying the size and morphology of nanoparticles, size distribution and Z-potential
measurements by Dynamic Light Scattering (DLS) and quantification by HPLC of the RGD
conjugation. All these methods have been extensively described in a previous publication by our

group[13] and are explained in the supplementary data.

Every experiment shown in the main text was performed from Iyophilized and redispersed PUUa
NP either in pure milliQ grade water or in PBS. Previously dialyzed formulations at 10% solids
(w/w) were lyophilized and directly redispersed at the desired concentration by overnight stirring
at 1,500 rpm. They were then examined by TEM and DLS to ratify optimal size and morphology
characteristics, confirming that the size and shape of the nanoparticles did not differ significantly

after the lyophilization process (see Suppementary Information).
5. Pli and DiR encapsulation and release

To quantify the total amount of encapsulated Pli in PUUa NP, a calibration curve was performed
by preparing standard solutions of Pli in CH3CN:H20 (1:1 v/v) for HPLC analysis. Lyophilized
PUUa NP loaded with Pli (5 mg) were emulsified in 2 mL CH3CN:DMSO (95:5 v/v) during one
week at 37°C to extract the drug and placed in a centrifugal 3 KDa filter unit (Microcon,
Carrigtwonhill, Ireland) and centrifuged at 14,000 g for 30 min. Analytical HPLC runs of the filtrate
were appropriately diluted in CH3CN:H20 (1:1 v/v) and analysed in triplicate in a Waters 2998
HPLC using a X-Bridge BEH130, C18, 3.5 pym, 4.6 X 100-mm reverse-phase column with the
following gradient: 50 to 100% of B in 8 min at a flow rate of 1 mL/min; eluent A: H20 with
0.045% TFA (v/v); eluent B: CH3CN with 0.036% TFA (v/v) and UV detection at 225 nm.

In vitro drug release from the nanoparticles was evaluated either in a control buffer formed by
PBS (0.01 M) with 4% (w/w) bovine serum albumin (BSA) and 1% (w/w) Tween 20 surfactant or
in a nanoparticle degradation buffer formed by the same components plus 10 mM glutathione
(GSH). The concentration of Pli in the medium was studied by ultrafiltration measuring the
difference between the filtrated and the encapsulated Pli. The study was performed during 144
h due to the low release rates at short time periods probably because of the highly stable
encapsulation method. The filtrate was appropriately diluted in CH3CN:H20 1:1 and analyzed at
different time intervals. In order to correctly monitor PUUa NP in vivo, their stability was also
ensured by measuring the release of DiR (1,1-dioctadecyl-3,3,3',3"-
tetramethylindotricarbocyanine iodide) fluorochrome. To that end, PUUa NP-DiR were
incubated in PBS with 4% of BSA and 1% of Tween 20, ultrafiltrated in a centrifugal 3 KDa filter
unit (Microcon, Carrigtwohill, Ireland) and centrifuged at 14,000 g for 30 min. The amount of free
DiR over time was analyzed in a Waters 2695 HPLC using a Sunfire C18 column (100 x 4.6 mm
x 5 mm, 100 A, Waters) and software EmpowerPro 2 with the following gradient: 70 to 100% of
B in 8 min at a flow rate of 1 mL/min; eluent A: H20 with 0.045% TFA (v/v); eluent B: CH3sCN
with 0.036% TFA (v/v) and fluorescence detection (excitation/emission wavelength, 748/780

nm).
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6. In vitro efficacy studies

Based on the potential indications for Pli, cell lines derived from human glioblastoma (U87-MG)
colorectal cancer (HT-29 and HCT 116) and breast cancer (MDA-MB-231) were used in
cytotoxicity assays. All cells were obtained from the American Type Culture Collection and
maintained as recommended. Briefly, U87-MG cells were cultured in DMEM medium and HT-29
and HCT 116 cells in RPMI 1640 and MDA-MB-231 in DMEM/F12 medium (Life Technologies,
Madrid, Spain). All media were supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (56°C, 30 min), penicillin (100 U/mL), streptomycin (100 pug/mL) and Fungizone (250
ng/mL) (Life Technologies). Cells were maintained in a humid atmosphere at 37°C with 5%
CO:a2. Expression of avp3 and avp5 integrins in these cell lines was analyzed by flow cytometry
using monoclonal antibodies against both heterodimers (MAB1976H and MAB1961F from
Millipore) as previously described[13]. All cell lines express different levels of both integrins,

ensuring the receptor mediated internalization of RGD-functionalized PUUa NP.

In vitro cytotoxicity of nanoparticles was tested by 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) method after 72 h incubation following procedures
previously described[13,21,22]. Pli-loaded PUUa NP were tested starting at a maximum
concentration of 1 yM of Pli. For non-loaded PUU NP, maximum concentration was set at 10

MM of Pli equivalents.
7. Toxicological evaluation

The acute toxicity studies of Pli formulated in PUUa NP and PUUa NP-RGD was performed in
CD-1 female after single intravenous (i.v.) administration of different doses of Pli (0.5 — 1.2
mg/kg). Animals were randomly allocated to dose groups (n=5 per group), and received a single
i.v. administration of the formulation to establish the Maximum Tolerated Dose (MTD). Body
weight, clinical signs and mortality were recorded daily during the whole assay (14 days). Any
mouse showing signs of extreme weakness, toxicity or in a moribund state was euthanized. The
MTD was defined as the dose level resulting in less of 15% of weight loss and without any
mortality record. All procedures for animal handling, care and treatment were carried out
according the procedures approved by the regional Institutional Animal Care and Use

Committees.
8. Pharmacokinetic parameters evaluation

The pharmacokinetic studies were performed in athymic female mice (n=54) upon a single i.v.
administration of 2 different formulations (integrin targeted PUUa NP-DiR-Pli-RGD and non-
targeted PUUa NP-DiR-Pli) at 0.20 mg/kg of Pli. Blood samples were collected in EDTA
microtubes at the following times post administration: 0, 5, 15 and 30 min, and 1, 2, 4, 8 and 24
h. The samples were centrifuged at 4,000 g for 15 min at approximately 5°C, and the resulting
plasma was frozen at -20°C analysis by HPLC-MS/MS. Pli concentrations were quantified by
HPLC-MS/MS after solid-liquid extraction with a mixture of tert-butyl methyl ether
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(TBME):hexane (1:1, v/v). The pharmacokinetic parameters of Pli were performed using a non-
compartmental pharmacokinetic method a WinNonlin™ Professional Version 4.01 (Pharsight
Corporation, Mountain View, CA, USA). The AUC values given are normalized to the dose
given. Again, all procedures for animal handling, care and treatment were carried out according

the procedures approved by the regional Institutional Animal Care and Use Committees.
9. In vivo biodistribution of PUUa NP-DiR

Biodistribution studies of near infrared fluorescence labeled nanoparticles were preformed in 6
week-old female athymic nude mice (Harlan Interfauna Iberica, Barcelona, Spain). Mice were
treated intravenously with a single dose of integrin targeted PUUa NP-DiR-PIi-RGD and non-
targeted PUUa NP-DiR-Pli at 1.7 mg/kg of Pli (0.4 mg/kg of DiR) or the empty integrin targeted
PUUa NP-DiR-RGD and non-targeted PUUa NP-DIR (0.4 and 1.5 mg/kg of DiR) resuspended in
saline. At 4, 6, 24, 48 and 72 h post administration, the mice were anesthetized and non-
invasive DiR fluorescence images were acquired in order to track in vivo whole-body
biodistribution of drug-loaded and empty PUUa NP. Mice were euthanized at 24 and 72 h post
administration. Blood was collected from each animal by cardiac puncture and processed for
plasma fractionation. The major organs such as liver, spleen, kidneys and lungs were dissected
from mice, weighted and imaged by ex vivo fluorescence imaging (FLI). Plasma and tissues
samples were harvested and stored at —80°C to quantify Pli levels by HPLC. The in vivo and ex
vivo tissue biodistribution of the labeled-nanoparticles was monitored non-invasively by FLI
using the VIS Spectrum imaging system with the Living Image 4.3 software (PerkinElmer, MA,
USA) (21756949). Animals were anesthetized using 1-3% isoflurane (Abbott Laboratories,
Abbott Park, IL). Five mice were imaged at a time, and imaging settings were set depending on
the fluorescence of the tissues. The light emitted from the fluorescent PUUa NP containing DiR
was detected, digitalized and electronically displayed as a pseudocolor overlay onto a gray
scale animal image. Regions of interest (ROI) from displayed images were drawn manually
around the fluorescent signals and quantified as Radiant Efficiency. The mean FLI intensities,
mean DiR tissue accumulations, and corresponding standard errors of the mean (SEM) were
determined for each experiment. All the analyses and graphs were performed using Prism 5

software (GraphPad, San Diego).

Animal care was handled in accordance with the Guide for the Care and Use of Laboratory
Animals of the Vall d’'Hebron University Hospital Animal Facility, and following experimental
procedures previously approved by VHIR’s Animal Experimentation Ethical Committee (AEEC).
All the in vivo biodistribution studies were performed by the ICTS “NANBIOSIS”, more
specifically by the CIBER-BBN'’s In Vivo Experimental Platform of the Functional Validation &

Preclinical Research (FVPR) area (Barcelona, Spain).
RESULTS AND DISCUSSION

In this work, we describe the development and physicochemical characterization of PUUa NP

as drug delivery systems, taking Pli and the near infrared lipophilic dye DiR as model
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molecules. The encapsulation and delivery of both molecules and the ability of PUUa NP to

modify the toxicity, pharmacokinetic and biodistribution profiles of Pli are herein discussed.

1. Preparation and characterization of PUUa NP

Novel PUUa NP were synthesized from a first step of polyaddition reaction followed by
emulsification in water. Afterwards, crosslinking of preemulsified reactive monomers by
interfacial polyaddition reaction was performed by adding a polyamine. The resulting PUUa NP
(Fig. 1) encompassed disulfide bonds in their crosslinked shell, allowing a controlled
intracellular release upon contact with cytosolic GSH and the interior core, while the oily core
incorporated the drug (Pli) and/or the near infrared dye (DiR) for in vivo monitoring purposes. In

addition, PUUa NP were superficially decorated with the cRGDfK targeting peptide.

Emulsification

00 Amphil
O~ Hyfob
QY Crosslinker

[ )eRGDIK

® Plitidepsin
DiR
© Disulfide

Fig. 1. PUUa NP synthetic process.

PUUa NP were based on emulsifying in water an isocyanate reactive amphiphilic prepolymer
(Amphil) together with isophorone diisocyanate monomer (IPDI). Interestingly, Amphil beared
hydrophobic and hydrophilic side chains that confer water dispersability and great encapsulation
capacity respectively. In order to enhance the encapsulation stability, IPDI hydrophobic
monomer (Hyfob) was added with Amphil to create a hydrophobic inner shell. Amphil
prepolymer promoted self-stratification in the oil-water interface from the more hydrophobic
internal core to the more hydrophilic external phase, sorted by their intrinsic hydrophilic-
lipophilic balance (HLB). Interestingly, the pendant chains driving the self-stratification of the
shell by hydrophobic assembly were located orthogonally to the main polymer backbone.
Therefore, interaction of the hydrophobic dangling chains with the hydrophobic monomer (inner
shell) and the oily core was geometrically favored. Very conveniently, as the stratification was

controlled by hydrophobic interactions, we could control the localization of each polymer in the
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interface by chemically tuning their HLB values. For example, the disulfide containing
prepolymer (Amphil) was amphiphilic, meaning that would be primordially located in the middle
of the shell; in change, the targeting peptide conjugate, which was hydrophilic, would be mainly
located in the surface of the shell, ready to interact with cell integrin receptors. At last, Hyfob,
which was completely insoluble in water would be stabilized in the inner shell of the
nanoparticle. When the system was completely self-assembled in its multiwalled ordered form
(Oil-Hyfob-Amphil-cRGDfK-Water), a step of crosslinking of the isocyanate prepolymers with
DETA wss cornerstone to fix the tricomponent polymeric shell. This interfacial polyaddition
reaction strengthened by polyurea linkages the previous hydrophobic and hydrophilic
interactions in the shell.

Robust multiwalled nanoparticles were fully characterized in terms of morphology, size
distribution and surface charge. These three aspects might determine the failure-success rate of
nanoparticles including cellular uptake by RES, targeting to target cells, in vivo distribution, and
corona formation with proteins in body fluids and matrix structures[23,24]. In this regard, PUUa
NP showed a polymeric dense morphology with monodisperse sizes around 90-110 nm, which
are between the optimal size range to achieve tumor accumulation in vivo by EPR and active
targeting phenomena (Fig. 2 and Table 1)[25]. Neutral or slightly positive surface charges have
been reported as the most adequate for cell internalization and PUUa NP indeed showed Z-
potential values ranging from 0 to 1. Moreover, these values did not changed when PUUa NP
were loaded with Pli or DiR or functionalized with cRGDfK, cyclic RGD peptide (Table 1). This
moiety specifically binds av33 integrins allowing a faster and more efficient internalization in
cancer cells overexpressing such integrins[13]. To effectively couple the RGD peptide to the
nanoparticles surface we applied our recently described new method consisting on two steps.
First, the cRGDfK reacted with a hydrophilic polyisocyanate (Bayhydur 3100) via urea bond
formation with the amino group of cRGDfk quantitatively[13,15] (almost 100% conjugation yield)
forming the isocyanate-reactive targeting conjugate. Afterwards, the free isocyanate reactive
targeting conjugate was immediately fixed in the shell surface via urea bonds during the
interfacial crosslinking with DETA, bearing 0.02 mg of cRGDfk per mg of PUUa NP.
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Fig. 2. TEM micrographs of PUUa NP. a) PUUa NP-DiR; b) PUUa NP-DiR-Pli; ¢) PUUa NP-DiR-RGD; and d) PUUa
NP-DiR-PLIi-RGD.

Table 1. Characterization of size, Z-potential and polidispersity indez (PDI) of different PUUa NP loaded with DiR (0.25

mg/mL) and Pli (0.9 mg/mL), respectively. Mean + SD are indicated with an n=3 in all cases

Nanoparticle TEM (nm), PDI DLS (nm), (PDI) Z-Pot (mV)
PUUa NP DiR 111 £ 26, (0,06) 105 + 37, (0.13) 0.90 £0.15
PUUa NP DiR-RGD 105 £ 31, (0,09) 106 + 38, (0.13) 0.45+0.10
PUUa NP DiR-Pli 108 + 30, (0,08) 96 + 33, (0.11) 0.38£0.20
PUUa NP DiR-Pli-RGD 89 £ 37, (0,17) 91 + 33, (0.13) 0.66 £ 0.10

2. Drug encapsulation and release studies

Many types of cancer are associated with elevated intracellular concentrations of GSH. GSH is
a tripeptide with reductive potential involved in proliferative responses and is essential for cell
cycle progression. So, PUUa NP polymeric shell contained disulfide moieties to be biodegraded
by intracellular levels of GSH. The degradation by GSH and the changes on nanoparticles
morphology were studied during one week by TEM. As seen from TEM micrographs (Fig. 3),
PUUa NP were gradually degraded and polymeric aggregates clearly appeared after one week
of incubation in 10 mM GSH at 37 °C.
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Fig. 3. TEM micrograph proving the nanoparticles degradation process over time in 10 mM GSH at 37°C. a) During the
first day, spherical shaped nanoparticles start to exhibit a diffuse shell. b) After 2 days of incubation, irregular
aggregates larger than 0.22 ym appear. ¢) Seven days after incubating cells with GSH, degradation of polymers in the
nanoparticles results in shell destabilization and aggregates larger than 2 ym are formed. d), e), f) Disulfide-free PUUa
NP were incubated with the same conditions and no degradation was observed.

Pli was loaded into the polymer nanoparticles with high encapsulation efficiency (99%) at a final
drug loading of 1% (w/w) (0.9 mg/mL of Pli). Such results were attributed to the high affinity of
the drug for the oily core. The drug release experiment confirmed that PUUa NP were very
stable and only released the drug in presence of GSH. When PUUa NP-PIi were incubated with
PBS-BSA-TW20 (control buffer) minimal release was observed over 144 h (Fig. 4). However,
when PUUa NP-Pli were incubated with PBS-BSA-TW20-GSH (degradation buffer) a quite rapid
released was observed for the first 10 h (~30%) that followed with a slower release rate that
was sustained at 144 h (70%). In addition, inexistent release of DiR dye after 24 h incubation of
PUUa NP-DiR in PBS containing BSA (4% w/w) and Tween 20 (1% w/w) was observed, which
made them particularly appropriated for the in vivo fluorescent monitoring.
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Fig 4. Pli drug release in control media (PBS-BSA-Tween20, red dots) and degradation media (PBS-BSA-Tween20 + 10

mM GSH, blue dots). Mean + SD are indicated with an n=3 in all cases.

3. Freeze-drying studies of plitidepsin-loaded PUUa nanoparticles

Although polyurethanes and particularly polyureas are highly resistant to hydrolysis in aqueous
media[26,27], PUUa NP were specifically designed to be lyophilizable and redispersable without
the addition of any cryoprotectant or external surfactant and avoiding ultrasonication steps.
Lyophylized PUUa NP were characterized by TEM and DLS after redispersion (Table 1S and
Fig. 1S) results indicated that shape, size and surface charge of the nanoparticles did not
change significantly after lyophilization. To the best of our knowledge, this is the first time that
PUUa crosslinked NP have been lyophilized and redispersed without any external surfactants or
cryoprotectants. Thus, this finding is expected to, on the one hand, facilitate the handling and
storage of PUUa NP, and the other hand, avoid the use of cryoprotective agents that could

cause side-effects in vivo.
4. In vitro efficacy

Cell cytotoxicity assays clearly showed that Pli loaded PUUa NP were as effective as the free
drug (Fig. 5 and Table 2). Interestingly, in MDA-MB-231 cells, know to be resistant to many
chemotherapeutic agents the efficacy of the drug was improved (IC50 value of drug loaded and
targeted NP was 9.684 + 2.688 uM) compared to the free drug (IC50 value of 22.100 + 7.357
MM). These differences could be related with the intrinsic endocytic capacity of the cells or their

relative levels of GSH.

In this case, no differences were observed between targeted (PUUa NP-PIi-RGD) and non-
targeted (PUUa NP-Pli) systems, probably because the extended incubation time (72 h).
Shorter incubation times would allow seeing differences in cell internalization and efficacy[13].
However, long incubation times were warranted to test the potential toxicity of empty

nanocarriers[28].
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Fig. 5. In vitro efficacy of Pli loaded PUUa NP versus empty PUUa NP after 72 h incubation as read by MTT assay.a)
U87-MG and b) MDA-MB-231 cells. Results of the Pli-loaded nanoparticles were compared to equivalent doses of non-
loaded PUU NP or non-conjugated cRGDfK PUUa NP.

Table 2. IC50 values of Pli-loaded PUUa NP.. Values represent the mean + SEM in Pli concentration (uM) of 3

independent experiments

Cell line PUUa NP-Pli-RGD PUUa NP-Pli Pli

us7-MG 1.258 +0.378 2.069 +0.927 2.261 + 1.265
MDA-MB-231 9.684 + 2.688 8.980 £1.217 22.10 + 7.357
HCT-116 1.117 £ 0.639 1.216 + 0.586 0.616 £ 0.473
HT-29 2.304 + 1.206 3.288 + 1.663 0.904 + 0.289

5. Toxicological evaluation

The toxicity of Pli-loaded PUUa NP was evaluated by determining the MTD in CD-1 mice.
Previous studies had already established that the MTD of the reference formulation of Pli
(Cremophor® EL/ethanol/water 15/15/70 w/w/w) was 0.3 mg/kg[29]. In our case, the MTD of Pli-
loaded PUUa NP in CD-1 mice was 0.9 mg/kg for both, targeted and non-targeted PUUa NP.
Thus, encapsulation of Pli in PUUa NP reduces significantly the toxicity associated to the
administration of Pli, widening the therapeutic window of the drug. Moreover, there are
differences in the maximum toxicity of targeted and non-targeted PUUa NP, indicating that the
addition of the RGD moiety does not alter significantly the toxicological profile of the PUUa NP.
Interestingly, alternative drug delivery systems for Pli based in polyglutamic acid (PGA) —
polyethylenglicol (PEG) has also a reported MTD of 0.9 mg/kg[29]. However, Gonzalo et al. only
studied the plasmatic pharmacokinetic profile of non-targeted PGA systems. They did not study
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tissue biodistribution of the PGA-based systems, nor did they offer alternatives to avoid RES

sequestration other than PEGylating the nanoparticles.

Furthermore, no toxicity was observed upon administration of the unloaded nanoparticles up to
1 g/kg of solid weight. From these results it can be inferred that the maximum toxicity reduction
was achieved for Pli-loaded RGD-targeted and non-targeted PUUa NP (MTD 3 times higher

than that of the reference formulation, respectively).
6. Pli pharmacokinetic profile by PUUa NP

The objective of encapsulating Pli into PUUa NP was to improve the plasma residence time of
the drug and to improve its biodistribution, as a way to enhance drug’s antitumoral efficacy. In
order to assess the plasma half-life of the drug encapsulated in PUUa NP, Pli reference
formulation as well as RGD-targeted and non-targeted Pli-loaded PUUa NP were administered
intravenously to healthy CD-1 mice. The plasmatic drug concentrations following i.v.

administration of the different formulations are shown in Fig. 6.

It can be note that Pli plasmatic levels achieved after administration of drug-loaded targeted and
non-targeted PUUa NP are much higher than those corresponding to the free Pli. Similar
conclusions can be drawn from Table 3, which shows the pharmacokinetic parameters
associated to all formulations. Non-targeted PUUa NP showed higher half-life times compared
to RGD-targeted and free Pli. Both RGD-targeted and non-targeted PUUa NP showed lower

clearance compared to the free PIi.

1000

[Pli] (ng/mL)
(Mean + SD)
3 8

-
1

o
-

10 2 30
Time (h)
-+ P
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o

Figure 6. Pharmacokinetic profile of Pli after i.v. administration to mice of 2 mg/kg Pli PUUa NP. Each point represents

the mean and SD of n = 3.
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Table 3. Pharmacokinetic parameters of Pli-loaded PUUa NP after single i.v. administration to mice.

Nanoparticle Cmax AUC.24 ti2 CLp Vdss
(ng/mL) (ng.h/mL) (h) (mL/h/kg) (mL/kg)
PUUa NP-DiR-Pli 434.3 1212.8 11.7 0.0001 0.0018
PUUa NP-DiR-PIi-RGD  506.0 1871.9 8.9 0.0001 0.0009
Pli 2.6 11.4 8.5 15657.9 137035.5

7. In vivo biodistribution of RGD-targeted PUUa NP

A unique dose of PUUa NP-DiR RGD-targeted and non-targeted were well tolerated up to 72 h
post administration. At 72 h post administration, the treated to control (T/C) body weight ratio
were -6% and -1% for the PUUa NP-DIR-RGD and PUUa NP-DIR, respectively. The non-
invasive in vivo FLI of targeted and non-targeted DiR-labelled PUUa NP demonstrated that in
vivo monitoring of PUUa NP biodistribution was feasible using DiR at a concentration of 1.5 and
0.4 mg DiR/kg (see Supplementary Data). Non-invasive in vivo FLI showed that targeted RGD-
decorated PUUa NP-DIR tended to accumulate less in liver that the non-targeted PUUa NP-DiR
(see Fig. 7a). Liver accumulation ratio increased up to 48 h post administration, and then after,
the fluorescent signal tended to diminish for up to 72 h post administration. To further confirm
the results obtained by in vivo FLI at 24 and 72 h post administration, a subgroup of mice were
euthanized and livers were collected. As expected, ex vivo results corroborated what observed
in vivo; that was that targeted PUUa NP-DiR-RGD were less uptaken by the liver than the non-
targeted PUUa NP-DIR (Fig. 7b). Moreover, the liver accumulation slightly decreased from 24 to
72 h.
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Figure 7. Liver accumulation of DiR labelled PUUa NP RGD-targeted and non-targeted in mice. a) Non-invasive in vivo
FLI images of PUUa NP-DiR and PUUa NP-DIiR-RGD tissue biodistribution over time (left panel), and the
semiquantitative estimation of fluorescence DIR intensity ratio in the liver in respect to 1 h post administration (right
panel). b) Ex vivo FLI liver images and the quantification of liver DiR fluorescence per weight of tissue at 24 and 72 h

end time points. Pseudocolor scale bars were consistent for all images in order to show relative changes with time.

Moreover, the whole-body biodistribution of the PUUa NP-DiR RGD-targeted and non-targeted
loaded with Pli as a therapeutic drug were evaluated after a unique i.v. dose of the PUUa NP
loaded with 1.7 mg/kg of Pli and labeled with 0.4 mg/kg of DiR fluorophore. A unique dose of
PUUa NP-DiR-Pli RGD-targeted and non-targeted induced body weight loss up to 72 h post
administration. At 72 h post administration, the T/C body weight ratio were -13% and -21% for
the PUUa NP-DiR-PIi-RGD and PUUa NP-PIi-DiR, respectively. Moreover, other side effects
such as apathy and hypothermia were detected and associated to Pli toxicity. It is worth
mentioning that MTD of Pli, as a free drug, is 0.3 mg/kg. The dose of 1.7 mg/kg, although toxic,
is one order of magnitude higher the MTD described for Pli, and 5 times greater than that

described for other drug delivery systems carrying PIli[29].
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The semiquantitative estimation of fluorescence DiR intensity in plasma, liver, spleen, lung,
kidney, heart, muscle and skin were analyzed by ex vivo FLI at 24 and 72 h post administration
of the targeted and Pli-loaded PUUa NP-DiR-RGD-PIi and the non-targeted PUUa NP-DiR-PIi.
Results showed that PUUa NP greatly biodistribute into liver, spleen and lungs (Figure 8). This
is an expected biodistribution for nanoparticulated drug delivery systems administered
intravenously. The accumulation of nanoparticles in liver and spleen responds to the fact that
these two organs have fenestrated vessels that allow the extravasation of nanoparticles. In
addition, both organs are home of macrophages of RES, known to be responsible of the fast
clearance of nanoparticles from the bloodstream. However, our results show that along time
RGD-decorated PUUa NP accumulate less in liver and spleen than non-targeted PUUa NP,
indicating that the functionalization of the nanoparticles reduces the sequestration of
nanoparticles by the RES. In the case of plasma, no significant differences were observed
between RGD-targeted and non-targeted PUUa NP levels at 72 h post administration. As for the
other tissues, similar tissue accumulation patters were also observed in kidneys, heart, muscle

and skin.
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Figure 8. Tissue biodistribution of integrin targeted and non-targeted PUUa NP loaded with Pli in mice. Ex vivo plasma
and tissue intensity per tissue weight at 72 h post administration of integrin targeted PUUa NP-DiR-PIli-RGD and non-
targeted PUUa NP DiR-Pli at 1.7 mg Pli/kg and 0.4 mg DiR/kg by i.v. administration route is shown. Mean percentage
values of each corresponding formulation tissue-accumulation per tissue weight in respect to the total maximal tissue

fluorescence and corrected by DiR light emission in each compound are displayed.

DiR biodistribution results were further corroborated by the quantification of Pli levels in tissues
collected 24 h post administration of a single dose of DiR labelled PUUa NP. Liver and spleen
tissues accumulated higher levels of drug when Pli was delivered in non-targeted PUUa NP,
whereas these tissues showed lover levels of drug when RGD-decorated PUUa NP were

administered.
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Table 4. Tissue accumulation of Pli (ng/mL) 24 h after a single administration of DiR labeled PUUa NP at 1.5 mg/kg Pli

to athymic nude mice. Values indicate the mean +/- SD of two independent samples.

Nanoparticle Liver Spleen
PUUa NP-DiR-PIi 4315 + 346 34100 £ 15698
PUUa NP-DiR-PIli-RGD 3680 + 325 22100 + 8061

Interestingly, in the case of the targeted nanoparticles, the linkage of the RGD through the
amine residue leaves two charges per molecule, one positive and one negative, available in the
surface of the nanoparticle, without altering the overall neutral surface charge. This zwitteronic
characteristic of the RGD-decorated nanoparticles, could explain the observed differences
between the targeted and non-targeted systems. Zwitteronic coatings reduce the opsonization
and the adsorption of a protein corona, since they prevent electrostatic interactions between
circulating proteins and charged polymer surface and cancel the subsequent release of
counterions and water molecules from the nanoparticle surface[30]. As a consequence,
nanoparticles with zwitteronic surfaces are known to escape the fagocitosis by the RES.
Kuppfer cells in the hepatic sinusoids of the liver and marginal zone and red pulpe
macrophages in the spleen are the principal contributors to the RES, and this explains the
significantly lower accumulation of our targeted PUUa NP in these two organs. Moreover, this
fact has been already demonstrated for smaller size nanoparticles such quantum dots[31]. Sun
et al, showed that the extent of uptake by the liver and spleen was about 3—6-fold lower for the
zwitterionic quantum dots[32] and furthermore, Choi et al. also shown that the RGD
functionalization can be achieved in nanoparticles while maintaining their zwiteronic
characteristics[33]. These optimized biodistribution of the targeted nanoparticles, could also
help to widen the therapeutic window of nanoparticles by reducing potential toxicities due to a

lower degree of off-target binding.
CONCLUSION

Herein, we report the use of PUUa NP for improving the toxicity, pharmacokinetic and
biodistribution profile of a highly insoluble drug. The in vitro efficacy of Pli in different cancer cell
lines was maintained when drug was non-covalently encapsulated in polyurethane-based
nanosystems. In vivo, toxicity and pharmacokinetic profiles of the Pli in PUUa was greatly
improved when compared to the standard formulation of Pli. Moreover, the functionalization of
PUUa NP with cRGDfk moieties ameliorate the biodistribution of the nanosystem and the drug
by avoiding their accumulation in tissues with high presence of macrophages such liver and
tissue. Overall, this study highlights the promising potential of RGD-targeted and non-targeted

PUUa NP as delivery carrier systems for anticancer drugs.
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1. SUPPORTING METHODS
1.1. Analytical techniques
2.1.1. Physicochemical characterization techniques

Transmission electron microscopy. The nanoparticles morphology was studied in a Jeol JEM
1010 (Peabody, MA, USA). A 200 mesh copper grid 0,75% FORMVAR coated was deposited
on a drop of 10 mg/mL of nanoparticles in water during 1 min. Nanoparticles excess was
removed by fresh milliQ water contact for 1 min. Then, the grid was deposited on a drop of
Uranyl acetate 2 % w/w in water for 30 sec. The Uranyl acetate excess was blotted off and air-
dried before measurement. For the degradation experiment 10 yL of filtered (0,22 ym) PUUa
NPs (100mg/mL) were added into 1 mL solution of GSH (10 mM) and incubated at 37 °C during
1 week under constant stirring. Samples were withdrawn at the desired intervals and TEM
analyzed following the explained above methodology. For statistical analysis, 5 different zones

of the copper grid were randomly counted with ImageJ software (NIH, Bethesda, MD, USA).

Peptide conjugation yield quantification. A calibration curve was realised by preparing 5
standard solutions of cRGDfK peptide containing L-phenylalanine amide as internal standard for
quantitative HPLC analysis. Analytical HPLC runs of the PUUa NP-RGD were performed in a
WATERS 2998 HPLC (Milford, MA, USA) using a X-Bridge BEH130, C18, 3.5 ym, 4.6 X 100
mm reverse phase column with the following gradient: 5-30% B in 9 min at a flow rate of 1
mL/min; eluent A: H20 with 0.045% TFA (v/v); eluent B: CH3CN with 0.036% TFA.

Size distribution and zeta potential measurements. PUUa NPs were analysed on a Malvern
Zetasizer Nano-ZS90 (Malvern, UK) at 1 mg/mL in pure water at 37 °C.

Infrared spectra. IR spectra were performed in a FT-IR Nexus Termo Nicolet 760 (Waltham,
MA, USA) by depositing a drop of previously dissolved prepolymer at 1 % in acetone on a NaCl

or BaF2 (for aqueous samples) disk.

MALDI-TOF MS. Coupling reaction between B3100 and cRGDfK was ensured by MALDI-TOF
MS. The experiment was carried out on an Applied Biosystems Voyager-DETMRP mass
spetrometer (Waltham, MA, USA), using a-cyano-4-hydroxycinnamic acid (ACH) as matrix.
B3100 and B3100-cRGDfK at 1 mg/mL after 2 h reaction were analysed.

NMR. NMR spectra were recorded on a Varian Mercury (400 MHz) (Agilent) (Santa Clara, CA,
USA). Reactive prepolymers Hyfil, Amphil were previously dissolved in CDCI3 at 100 mg/mL.

1.2. Flow cytometry assays

Integrin expression characterization. The expression of aV3 and aV5 was analyzed by flow

cytometry using monoclonal antibodies against both heterodimers (MAB1976H and MAB1961F
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from Millipore). Specifically, the cell suspensions detached using PBS—-EDTA (5 mM) were
incubated with 3 mg of avb3 antibody. 1 mg of avb5 antibody for 20 min at 4 1C, and 1gG2
isotype controls from eBioscience (San Diego, CA, USA) were included. Cells were analyzed
using FacScalibur Becton Dickinson (Franklin Lakes, NJ, USA) and FCS Express 4 software De
Novo Software (Los Angeles, CA, USA).

2. SUPPORTING RESULTS
2.1 Lyophilization of nanoparticles

Supplementary Table 1. Size and surface charges of empty PUUa NP before and after

lyophilization process.

PUUa NP Size TEM Size DLS

Before 109 + 28 101 £ 21

After 105 + 31 103 £33

Supplementary Figure 1. TEM pictures of PUUa NP before a) and after b) lyophilization

process.
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2.2 Expression of aV3 and aV5 integrins

Supplementary Table 2. Percentage of positive cells for aVB3 and aVp5 integrins as
determined by flow cytometry. HMEC-1, human microvasculature endothelial cell, were used as

positive controls.

Cell line aVp3 aVB5
HMEC-1 97.49 17.10
ug7-MG 98.41 0.95
MDA-MB-231 29.21 15.48
HCT-116 14.56 53.40
HT-29 3.63 60.30
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Introduction 2. Nanobiomaterials for Tissue Regeneration and Infection

Prevention

Nanoparticle-coated titanium implants

Globally, more than 1000 tons of titanium are implanted into patients in the form of
biomedical devices every year[1]. Metallic prostheses, fixation and anchoring devices
are used extensively for dental, orthopedic, and craniofacial rehabilitation and their
effects on the body are generally perceived to be predictable after initial
implantation[2]. Its biocompatibility, resistance to corrosion, and excellent mechanical
properties converts titanium implants as the gold-standard for bone substitution[3].
Currently, the excellent biocompatibility of titanium is associated with a high degree of
“bioinertness”, which in some cases may be translated into poor rates of
osseointegration[3]. Therefore, Ti implants functionalization is being studied to improve
the surface bioactivity for effective adhesion between an implant surface and the host
bone tissue to lower the risk of implant loosening over time and implant failure. Hence,
an osteoinductive or “bioactive” surface capable of promoting the rapid adhesion of
osteoblasts[4], as well as the osteogenic differentiation of mesenchymal stem cells at
the site of injury, may ensure a faster osseointegration and improve the clinical

outcome of implant materials[5].

Mimicking the natural environment that supports and mediates bone growth on the
metallic surface represents a very powerful approach to install bioactivity on such
materials. This approach, also known as biofunctionalization, focuses on grafting
biomolecules derived from bone extracellular matrix (ECM) on the surface of the
implant. These ECM-derived molecules are capable of interacting with cell-expressed
receptors like integrins, which trigger essential biological processes of most cells. In
particular, integrins avp3 and o531 (widely expressed by osteoblasts and
osteoprogenitor cells) have been described to have crucial functions in the

development of bone tissue[6,7].

In recent years, interest in treating Ti surfaces with bioactive agents, such as variable
Arg-Gly-Asp (RGD) peptide sequence or osteoinductive growth factors, has grown
because these agents can mediate cellular responses and promote osteogenic activity
in osteoblastic cells[5,8]. Of these emergent biochemical approaches, incorporating
RGD peptides onto Ti surfaces is recognized as one of the most promising methods to
stimulate new bone formation and osseointegration[6,9,10]. However RGD peptides

alone lack multifunctionality and novel macromolecular structures conveying multiple
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functions are needed in the complex bone environment[11,12]. Multifunctionality, is the
intrinsic characteristic of a material to perform different functions at the same time,
which is obviously a plus in medicine. Regarding this matter, polymeric materials, and
more concretely polyurethanes, bring light into this concern as they can be easily
synthesized in one pot procedures by quantitative and solvent-free reactions and have
been more than sufficiently proven to be biocompatible as implantable materials for
clinical purposes[13—15]. Moreover, polyurethane materials allow a broad range of
chemical properties (biodegradability, stiffness, hydrophilicity, etc.) from simple and
commercial monomers[16,17]. Multiple chemical structures can be formed such as
linear, star-like, dendrimeric, crosslinked polymers depending on the functionality (f) of
the precursors used. In example, if a diisocyanate and a diol are mixed a linear
polyurethane will be formed. In change, if a diisocyanate and a tetrafunctional glycol
are reacted, a crosslinked polyurethane structure will be created in a couple of hours,
quantitative vyields and green chemistry[18]. More interestingly, nanoparticulate
systems can be engineered by the meticulous combination of amphiphilic materials
with hydrophobic and hydrophilic segments enclosing not only biomolecules in their
polymeric shell surface but also in its hydrophobic core. Potentially, by coating implant
surfaces with nanoparticles, nanomaterials would upgrade combining multiple functions

such as drug delivery, diagnostics and imaging[4].

Titanium implants infection

The number of patients with a need for orthopedic implants has increased rapidly over
the past few years with the optimization of orthopedic surgery techniques and the
material performance of orthopedic implants[2]. Due to bacterial contamination and
soft-tissue damage, particularly in invasive orthopedic surgery, patients show a higher
susceptibility to infection. As a result, an undesired raise of the risk of infection related
to implants has been observed during the first 6 hours post-implantation and even over
long-time periods, being therefore cornerstone the long lasting effect of antibacterial
implants[19]. Implant-related infections following invasive orthopedic surgery are a
maijor clinical problem and are one of the main causes of implant failure[20,21]. Primary
bacterial colonizers belong mainly to the Streptococci family (Streptococcus
Sanguis)[22]. Current strategies for the management of implant-associated infections
are the administration of perioperative systemic antibiotics. Although antibiotics can be
administered systemically as part of routine clinical therapy, a high concentration of the
drug is delivered unspecifically throughout the body losing important amounts far away

of the desired site. Systemic antibiotic administration may result in various systemic
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toxicities, side-effects and the development of antibiotic-resistant micro-organisms.
Hence, a localized, controlled release antibiotic delivery strategy, where the antibiotic is
targeted to the desired site and released at high concentrations over a prolonged
period of time, is a potential promising alternative approach to systemic antibiotic

administration.

Multifunctional Titanium surfaces

In this chapter, a novel approach will be followed to biofunctionalize the implant
materials focusing on the use of a new class of multifunctional polyurethane-polyurea
nanoparticles (PUUa NPs) to coat materials with high targeting specificity for avp3-
expressing cells and drug-encapsulation capacity[4,23]. The biodegradable PUUa NPs
are composed of a stratified multiwalled amphiphilic nanostructure and display the

following features (Figure 1):

i) Shell functionalization with an av3-selective cyclic RGD peptide to provide cell

specificity.
ii) High capacity to encapsulate hydrophobic drugs in the NP oily core.

i) Tunable drug-release by diffusion or degradation mechanisms based on the

polymers functionality.

iv) Tunable isocyanate-reactive shell for implant high-throughput functionalization of

biomaterials.
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Figure 1. Schematic representation of multifunctional PUUa NPs structure.

Concretely, we developed a new methodology named Interfacial Functionalization to
coat amine-containing titanium surfaces with isocyanate-containing PUUa NPs. The
urea bonds formation reaction took place at the interface of material-nanoparticle in

water during one hour, obtaining homogeneously coated surfaces (Figure 2).
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Figure 2. Interfacial Functionalization of titanium implants with isocyanate-reactive multifunctional PUUa

NPs.

Thus, functionalization of porous titanium with RGD-decorated PUUa NPs loaded with
roxithromycin antibiotic drug will enhance implants osseointegration via a dual effect:
enhancing the adhesion of osteoblasts, and reducing the occurrence of bacterial

adhesion and/or unwanted inflammatory syndromes (Figure 3).

e

I ANTIBACTERIAL

OSSEOINTEGRATION

IMPLANT

Figure 3. Dual-effect approach to bioactivate titanium impants.
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The following chapter proposes a highly multidisciplinary approach exploiting the
synergy between engineering sciences, chemistry and biology to overcome a medical

challenge currently not addressed in a specific manner.
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Installing Multifunctionality on Titanium with RGD-
Decorated Polyurethane-Polyurea Roxithromycin Loaded
Nanoparticles: Toward New Osseointegrative Therapies

Pau Rocas,* Mireia Hoyos-Nogués, Josep Rocas, José M. Manero, Javier Gil,

Fernando Albericio, and Carlos Mas-Moruno*

Metallic biomaterials such as titanium (Ti) and its alloys have
long been used for applications in bone fixation and regenera-
tion owing to their excellent biocompatibility and mechanical
properties.!l However, their use is not exempt from limitations,
which still today may compromise the long-term performance
of these materials. In the first place, the high degree of “bioinert-
ness” displayed by such metals may, in some clinical scenarios,
translate into poor rates of osseointegration (i.e., insufficient
implant-bone interactions) and inadequate mechanical fixa-
tion.l'l Moreover, bacterial infection and subsequent inflamma-
tion (i.e., peri-implantitis) has been described as another major
cause of implant failure.”l To address these drawbacks surface
biofunctionalization with bioactive motifs has extensively been
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investigated.!'*l Thus, cell adhesive peptides and proteins from
the extracellular matrix (ECM) have been immobilized aiming
at increasing the material's capacity to improve the adhesion of
osteoblast cells.l Alternatively, antimicrobial coatings including
antifouling polymers, drug releasing matrices or bactericidal
peptide sequences, have also been developed.P!

As evidenced by recent research and debate in the literature,
it is expected that the combination of distinct biological func-
tions on the surface may improve the biological performance of
classical biomaterials.l! However, the majority of current strate-
gies only focus on either improving cell adhesion or reducing
bacterial adherence. Thus, the aim of the present study was to
exploit the novel concept of multifunctionality by simultane-
ously installing cell adhesive and antimicrobial properties on
the surface of Ti.

Herein, we present a new class of shell-stratified amphiphilic
polyurethane-polyurea nanoparticles (PUUa NPs, Figure 1A).7!
These innovative nanopolymeric systems display the following
unique features:

(i) NPs shell decorated with an ovf33-selective cyclic RGD pep-
tide, which provides cell specificity.

(if) High capacity to encapsulate hydrophobic drugs in the NPs
oily core.

The RGD peptide motif, an integrin-binding sequence
present in natural ECM proteins, such as fibronectin and vit-
ronectin,®l is a common cell adhesive motif used to enhance
biointegrative effects on biomaterials.”l In particular, the cyclic
RGD peptide cRGDfK, designed and developed by Kessler and
co-workers,/'? has gained increasing interest over the last years
due to its much higher specificity toward integrins ovfB3 and
owvfi5, which are widely expressed by osteoblasts and bone pre-
cursors, and capacity to effectively promote osseointegrative
events.'!l Moreover, encapsulation of an antibiotic drug in the
PUUa NPs would tackle another recurrent problem: bacterial
infection associated with orthopedic and dental implants sur-
gery. In this regard, the drug roxithromycin (Rx) was considered
a promising candidate due to its potent antibacterial and anti-
inflammatory effects.'?) Moreover, the lipophilicity of this drug
(log P 2.9) ensured its effective encapsulation into PUUa NPs
via hydrophobic interactions.'¥l Thus, PUUa NPs represent
an unprecedented dual approach to improve the osseointegra-
tion of implant materials: accelerated osteoblast adhesion and
inhibition of bacterial infection (Figure 1B). To functionalize Ti
materials, in this work we will focus on a novel approach we
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Figure 1. Installing multifunctionality on Ti. A} Schematic representation of the stratified structure of PUUa NPs. B) A dual biclogical activity on Ti
implants. C) Methodology to immobilize PUUa NPs on Ti by means of interfacial functionalization. D) Morphology of EDA-crosslinked PUUa NPs by
scanning electron microscopy. E) Ti surfaces coated with fluorescently labeled EDA-crosslinked PUUa NPs.

described as interfacial functionalization (IF), where PUUa NPs
bearing isocyanate reactivity and Ti surfaces containing super-
ficial amino groups react to create highly stable urea bonds in
the metal-nanocoating interface (Figure 1C). Significantly, one
of the major advantages of this technique relies on the efficient
and well established polyurethane and polyurea chemistry in the
field of industrial coatings and biomedical devices.'*] Another
key point of this methodology with respect to other approaches
is the wide range of molecules that can be either hydrophobi-
cally encapsulated or covalently conjugated via quantitative ure-
thane and/or urea bonds in the polymer backbone.

The production of PUUa NPs was based on the synthesis
and self-assembly of a reactive amphiphilic prepolymer des-
ignated as Amphil (Figure S1, Supporting Information). This
prepolymer bears two terminal isocyanate groups and multiple
pendant hydrophilic and hydrophobic chains, which represent
key structural features to mediate the stratification of the PUUa
shell in the oil-water interface. Given the fact that the hydro-
philic dangling chains of Amphil self-orient toward the water
phase, while hydrophobic chains orient into the oily core, an
increasing gradient of hydrophilicity is created from the hydro-
phobic core to the outer shell. This process stabilizes the struc-
ture of PUUa NPs in water and encapsulates the hydrophobic
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shell with the drug in the inner core. Hence, such emulsifica-
tion process yields a hydrophobically stratified PUUa NP with
high encapsulation efficiency and capacity (see the Supporting
Information for details).

Emulsification in water of the reactive prepolymers was fol-
lowed by a precrosslinking step to fix the amphiphilic structure
of the PUUa NPs. To this end, a diamino molecule was added to
crosslink 50% of the total amount of free isocyanate functional
groups of the shell (Figure S3, Supporting Information). This
methodology ensured that PUUa NPs still contained accessible
reactive isocyanate groups for further functionalization.

As schematized in Figure 1C, Ti surfaces were activated by
oxygen plasma treatment followed by amino-silanization with
(3-aminopropyl)triethoxysilane (APTES) to obtain an accessible
monolayer of amino groups. Next, amino-activated Ti disks
were immersed in reactive PUUa NPs and left to react during
either 1 h or overnight (ON) both at 5 °C to prevent reaction of
isocyanate groups with water. After such time, the remaining
unreacted isocyanate groups in the NP shell were totally
crosslinked adding the 100% of the crosslinking diamine.

To characterize the presence and distribution of PUUa NPs
on Ti as well as to optimize the process of surface biofunctional-
ization, the fluorophore Clear Blue DFSB-C0 was encapsulated
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into the PUUa NPs and the fluorescence intensity on the NP-
coated surfaces quantified by microscopy. Two crosslinking
diamines of different hydrophilicity were used, L-lysine (Lys) or
ethylenediamine (EDA). Moreover, two surface immobilization
times were studied, 1 h and ON. As shown in Figure S4, Sup-
porting Information, statistically significant higher densities of
PUUa NPs were achieved at longer incubation times and when
using EDA as crosslinker. Based on these data, the use of EDA
and 1 h of incubation seemed to be optimal conditions for sur-
face biofunctionalization.

Fluorescence analysis also revealed a very homogenous dis-
tribution of the PUUa NPs under all conditions (Figure 1E and
Figure S5, Supporting Information). Moreover, scanning elec-
tron microscopy corroborated the presence of the PUUa NPs,
which showed a well-defined spherical shape and suggested the
formation of “root-like” polymeric linkages with the metallic
surface (Figure 1D and Figure S6, Supporting Information).

The stability of the coatings was also analyzed with PUUa
NPs that contained the fluorophore cadaverine-Oregon Green
488 covalently anchored via urea bonds. These NPs were immo-
bilized on Ti surfaces and their stability analyzed after one and
two weeks of incubation in phosphate-buffered saline (PBS)
under orbital agitation. The binding of PUUa NPs onto Ti was
proven stable under these conditions (Figure S7, Supporting
Information).

As previously introduced, PUUa NPs were decorated with
the integrin selective cRGDfK peptide to convey osseointegra-
tive properties to the surfaces. For such purpose, the free pri-
mary amine of the Lys residue of cRGDfK was the cornerstone
of our experimental design because represented the functionali-
zation point between the polymeric shell and the peptide. Thus,
the hydrophilic polyisocyanate linker Bayhydur 3100 (B3100)**
was bounded to cRGDfK without affecting its bioactivity and
capacity to mediate the specific interaction with avf33 integrin

receptors!'®! (Figure S1B, Supporting Information).
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As monitored by MALDI-TOF MS and HPLC techniques
(Figure S10 and Table S2, Supporting Information), B3100
reacted in a quantitative manner via urea linkage with cRGDfK
peptide in PBS. At this point, the resulting hydrophilic B3100-
cRGDfK reactive conjugate was added to the prepolymers mix-
ture, homogenized and coemulsified leading to PUUa NPs
encompassing the cRGDfK functionality in the outer shell
(Figure S2, Supporting Information).

To determine the capacity of these functionalized biomate-
rials to trigger osteoblast-like cell adhesion, PUUa NPs-coated
materials, and their controls, were incubated with sarcoma
osteogenic (Saos-2) cells for 4 h and the number and area of
adherent cells analyzed (Figure 2). Noteworthy, the presence
of RGD-decorated PUUa NPs (Lys RGD or EDA RGD) yielded
an outstanding increase in both cell attachment and spreading
compared to uncoated (Ctrol) or aminosilanized (APTES)
Ti (p < 0.05) (Figure 2A,B). In particular, cells seeded on sur-
faces coated with RGD-containing NPs developed clear actin
filaments, and a well-defined cytoskeleton with some nascent
focal adhesions (see Figure 2C). PUUa NPs not expressing
the RGD motif (Lys or EDA) also enhanced cell binding com-
pared to plain Ti, however these values were statistically lower
(p < 0.05) than those achieved for RGD-decorated NPs. More-
over, PUUa NPs without the RGD motif failed to stimulate an
adequate cell spreading and cytoskeleton (Figure 2), thus indi-
cating that integrin binding and activation is required to suc-
cessfully support cell adhesion'® Interestingly, the highest
efficiency in cell adhesion was observed when EDA was used
as crosslinking diamine, which is in agreement with previous
surface characterization data (see Figure S4, Supporting Infor-
mation). To demonstrate the long-term biological functionality
of these coatings, cell proliferation studies were also performed
for one and two weeks of incubation (Figure $11, Supporting
Information). Of note, surfaces biofunctionalized with EDA
RGD supported and promoted the growth of Saos-2 cells with

Figure 2. Adhesion of Saos-2 cells on biofunctionalized Ti surfaces after 4 h of incubation in serum free medium. A) Cell attachment (cells cm™).
B) Cell spreading (averaged cell area, pm?). Cell numbers and spreading were analyzed by immunostaining and fluorescence microscopy. Distinct let-
ters denote statistically significant differences (p < 0.05) between groups. C) Visualization of actin filaments with phalloidin-rhodamine staining (scale
bars: 200 pm). Visualization of vinculin on Ti surfaces functionalized with EDA-RGD was done with mouse anti-vinculin and anti-mouse Alexa 488 at

a higher magnification (images a and b, scale bar: 100 pm).
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Figure 3. A) Cumulative release profiles of Rx in Todd-Hewitt (TH) broth (red) and in BSA-liposomes (black). B) Bacterial adhesion of S. sanguinis on
biofunctionalized Ti surfaces after 4 h of incubation in TH broth. Distinct letters denote statistically significant differences (p < 0.05) between groups.

proliferation rates statistically comparable to those obtained
with the ECM protein fibronectin.

Incorporation of antibacterial properties to the Ti surface was
the final step of our studies. In this regard, the antibiotic drug
Rx was selected and encapsulated in our system. The encapsu-
lation efficiency (EE) and drug loading (DL) of Rx into PUUa
NPs was of 95% + 1% and 9.5% =+ 0.1%, respectively, as proved
by HPLC analysis. Moreover, its in vitro drug release was moni-
tored by mixing Rx-loaded PUUa NPs with either bacterial
growth medium or a protein and lipid-rich buffer, which aims
to mimic physiological conditions (Figure 3A).

Interestingly, crosslinked PUUa NPs released 60%—70%
of the encapsulated drug during the first 4-6 h of incubation.
Such initial burst release would respond to the elevated risk of
bacterial infection described for implant materials during the
6 h postimplantation period,'”! followed by a prolonged and
sustained antibacterial effect.

Thus, as a final proof of concept study, Ti surfaces were
functionalized with PUUa NPs loaded with Rx, and bacterial
adhesion to these surfaces investigated after 4 h of incubation.
Streptococcus sanguinis was chosen as model bacteria because
this oral strain is commonly involved in peri-implantitis and
other implant-related pathologies.' The susceptibility of this
bacterial strain to Rx was demonstrated in preliminary assays
(Figures S12 and S13, Supporting Information). As illustrated
in Figure 3B, PUUa NPs containing Rx were able to strongly
suppress S. sanguinis adhesion in a concentration-dependent
manner. The efficacy of our coating system after the initial
burst release of the drug was also investigated. To this end,
biofunctionalized samples were first incubated in TH broth for
20 h (i.e., a time point where more than the 70% of the drug is
released, see Figure 3A) and bacterial adhesion checked after-
ward. Noteworthy, biofunctionalized surfaces were still able to
significantly inhibit bacterial adhesion on Ti substrates (inhi-
bition rate of 76%, see Figure S14, Supporting Information).
Therefore, PUUa NPs are not only effective in preventing ini-
tial bacterial colonization but also reducing the risk of repeti-
tive or late bacterial infection. Furthermore, the presence of Rx
did not affect the positive effects previously observed on Saos-2
cell adhesion (Figure S15, Supporting Information), thereby
proving the feasibility of our strategy to confer multifunction-
ality to Ti-based materials.

To conclude, we have described a novel methodology to pro-
duce PUUa NPs and their immobilization on Ti surfaces. These
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systems combine outstanding cell-adhesive and antibacterial
properties and thus represent excellent candidates to install
multifunctionality on metallic surfaces in order to develop new
generation biomaterials for bone regeneration.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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1. Chemicals

Cyclo(-Arg-Gly-Asp-D-Phe-Lys) (cRGDfK) was synthesized in house according to
previously reported protocols!!!. YMER N-120 was kindly provided by Perstorp
(Perstorp, Sweden) and N-Coco-1,3-propylenediamine (TAP 100D) by Clariant
(Barcelona, Spain). Capric/caprylic triglyceride mixture (Crodamol GTCC) was
obtained from Croda (Barcelona, Spain) and Bayhydur 3100 was purchased from Bayer
(Leverkusen, Germany). Clear Blue DFSB-CO was kindly provided from Risk Reactor
Inc. (Santa Ana, CA, USA). Oregon Green 488 Cadaverine was purchased from Life
Technologies (Grand Island, NY, USA). If not indicated otherwise, all other reagents
were purchased from Sigma-Aldrich (St Louis, MO, USA). Extra dry grade acetone was
used in every step of the polymers syntheses.

2. Experimental methods

2.1. Preparation of titanium disks

Titanium (T1) disks (2 mm thick, 10 mm diameter) were obtained from commercially
pure (c.p.) cylindrical Ti bars (Technalloy S.A., Sant Cugat del Valles, Spain). After
turning, Ti surfaces were sequentially grinded with abrasive silicon carbide papers
(Neuertek S.A., Eibar, Spain; Beortek S.A., Asua-Erandio, Spain) of decreasing grit size
(from P800, P1200 and P2500 - European P-grade standard). Smooth surfaces (Ra <40
nm) were finally achieved by polishing with suspensions of alumina particles (1 um and
0.05 um particle size) on cotton clothes. After polishing, mirror-like samples were
ultrasonically cleaned with ciclohexane, isopropanol, distilled water, ethanol and
acetone (3 x 2 min), and stored dry under vacuum. The average roughness of each
sample after this process was assessed by white light interferometry using a Wyko
NT9300 Optical Profiler (Veeco Instruments, New York, NY, USA).

2.2. Surface activation and silanization
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Prior to silanization, samples were activated by oxygen plasma treatment. To this end,
Ti samples were placed in a low-pressure plasma Femto reactor (Diener electronic,
Ebhausen, Germany) and treated with oxygen plasma at 100 W and 0.5 mbar for 5 min.
These conditions were optimized to yield highly hydrophilic surfaces, as indicated by
wettability measurements (not shown). After this treatment, samples were immediately
immersed in anhydrous toluene and silanized with (3-aminopropyl)triethoxysilane
(APTES) (2 %, v/v) for 1 h at 70 °C under nitrogen atmosphere. Samples were then
subjected to ultrasonication in toluene (5 min) to remove non-covalently bound silanes,
and extensively rinsed with toluene, distilled water, ethanol and acetone. Samples were
finally dried with nitrogen and the silane layer cured at 120 °C for 5 min. This method
was adapted, with some modifications, from previously reported protocols?].

2.3. Preparation of prepolymers

2.3.1 Preparation of the reactive amphiphilic prepolymer (Amphil). The synthesis
of the Amphil prepolymer was conducted on a 500 mL reaction vessel, which was
initially pre-heated at 50 °C and purged with nitrogen. Then, YMER N-120 (5.50 g, 5.5
mmol), DEDS (0.30 g, 2.0 mmol), IPDI (3.38 g, 15 mmol), Crodamol GTCC (0.75 g) as
oily core and DBTL (3 mg, 4,65 umol) as catalyst were added to the reaction vessel
under mechanical stirring to synthesize Hyfil, a reactive polyurethane prepolymer. The
polyaddition reaction was followed by FT-IR, automatic titration and the final
prepolymer characterized by NMR (Figure S8 and Figure S9 respectively)l. After 4 h
of reaction, the vessel was cooled to 40 °C and TAP 100D (1.375 g, 4.28 mmol),
dissolved in 10 g acetone as co-solvent, was added under constant agitation and kept
under these conditions for 30 min to form Amphil, a reactive polyurethane-polyurea

prepolymer. See Figure S1 A.
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2.3.2 Preparation of Bayhydur 3100-cRGDfK conjugate (B3100-cRGDfK). The
peptide cRGDK (36 mg, 0.0596 mmol) was dissolved in phosphate buffered saline
(PBS) (1 mL, 5°C) and 10 pL of pure triethylamine were added to the solution. Then,
this solution was mixed with the linker Bayhydur 3100 (125 mg, 0.167 mmol) and left
to react for 2 h at 5 °C under constant agitation. See Figure S1 B.

2.4. Synthesis of PUUa NPs

2.4.1. Synthesis of Clear Blue fluorescent PUUa NPs. Lysine (Lys) as crosslinker.
IPDI (0.485 g, 2.18 mmol) was added to the Amphil reaction vessel (see section 2.3.1)
(mass ratio Amphil 21.75:1 IPDI) and were readily mixed during 10 min and purged
with N>. Then, an aliquot of this Amphil+IPDI mixture (1.785 g) was homogenized in
another round-bottom flask with B3100 (125 mg, 0.167 mmol) and the lipophilic
fluorophore Clear Blue DFSB-CO (5 mg, 11.61 umol). This organic mixture was
emulsified in PBS (16.5 mL, pH 7.4, 5 °C) with a magnetic stirrer under an ice bath to
prevent isocyanate reaction with water. Once emulsified, Lys (152 mg, 1.04 mmol) was
either added to crosslink 100 % of the total amount of free isocyanate groups or added
to crosslink just 50 % of free isocyanate groups (Lys amount needed= 76 mg, 0.52
mmol) and left for 30 min. The reaction was followed by FT-IR. After this time, 100 %
crosslinked PUUa NPs were used for characterization studies, and 50 % crosslinked
reactive PUUa NPs to functionalize Ti surfaces (see below).

2.4.2. Synthesis of RGD-functionalized PUUa NPs. Lys as crosslinker. An aliquot
consisting of a mixture of Amphil and IPDI (1.785 g) was prepared as previously
described and mixed with the Bayhydur B3100-cRGDfK conjugate solution (16.1 %
w/w) (see section 2.3), followed by emulsification in PBS and crosslinking with Lys as

previously detailed (see section 2.4.1).
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2.4.3. Synthesis of Clear Blue fluorescent PUUa NPs. Ethylene diamine (EDA) as
crosslinker. The synthesis of these NPs was conducted as described above (see section
2.4.1) using EDA as crosslinking amine instead of Lys.

2.4.4. Synthesis of RGD-functionalized PUUa NPs. EDA as crosslinker. The
synthesis of these NPs was done as detailed in section 2.4.2 but using EDA instead of
Lys as crosslinking unit.

2.4.5. Synthesis of Oregon Green 488 Cadaverine fluorescent PUUa NPs. EDA as
crosslinker. IPDI (0.485 g, 2.18 mmol) was added to the Amphil reaction vessel (see
section 2.3.1) (mass ratio Amphil 21.75:1 IPDI) and were readily mixed during 10 min
and purged with N». Then, an aliquot of this Amphil+IPDI mixture (0.87 g) was
homogenized in another round-bottom flask with B3100 (62 mg, 0.084 mmol) and the
fluorophore Oregon Green 488 Cadaverine (3.2 mg, 6.47 pmol), which contains a free
primary amine that quantitatively reacts with isocyanate groups. Thus, Oregon Green
488 Cadaverine was left to react for 30 min with an excess of isocyanate-reactive
species at 5 °C in nitrogen atmosphere and magnetic stirring (278.75 mg polymer per
mg of dye). At this point, the prepolymers were emulsified in water and the synthesis of
these NPs was conducted as described above (see section 2.4.1) using EDA as
crosslinking amine instead of Lys.

2.4.6. Synthesis of all-in PUUa NPs (NP-cRGDfK-roxithromycin). IPDI (0.485 g,
2.18 mmol) was added to the Amphil reaction vessel (see section 2.3.1) (mass ratio
Amphil 21.75:1 IPDI) and were readily mixed during 10 min and purged purged with
Naz. Then, an aliquot of this Amphil+IPDI mixture (1.785 g) was added to another
round-bottom flask containing roxithromycin (220 mg, 0.26 mmol). As detailed in
section 2.4.2, B3100-cRGDfK conjugate (16.1 % w/w) was added to this organic

mixture under constant agitation followed by emulsification with PBS (16.5 mL, pH
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7.4, 5 °C) using a magnetic stirrer under an ice bath to prevent isocyanate reaction with
water. Once emulsified, EDA (62.5 mg, 1.04 mmol) was either added to crosslink

100 % of the total amount of free isocyanate groups or added to crosslink just 50 % of
free isocyanate groups (EDA amount needed=31.25 mg, 0.52 mmol) and left for 30
min. The reaction was followed by FT-IR. After this time, 100 % crosslinked PUUa
NPs were used for MIC assays (see Figure S12) and roxithromycin encapsulation
quantification. Alternatively, 50 % crosslinked reactive PUUa NPs were used to
functionalize Ti surfaces (see below).

2.5. Functionalization of Ti surfaces with PUUa NPs

Aminosilanized Ti disks were immersed in a 20 mL emulsion containing 50 %
crosslinked PUUa NPs (still bearing reactive isocyanate groups in the surface) and left
to react for 1 h or overnight (ON) at 5 °C under magnetic stirring. After this time, the
remaining 50 % of crosslinker, either Lys (76 mg, 0.52 mmol) or EDA (31.25 mg, 0.52
mmol), was added and the non-reacted isocyanate groups were crosslinked forming urea
bonds by interfacial polyaddition as proved by FT-IR. After the immobilization of the
NPs, Ti samples were rinsed in milliQ water, air dried and stored under vacuum. The
resulting surfaces functionalized with PUUa NPs, and their controls, are encoded as

follows:

Ctrol: Ti surfaces non-functionalized

APTES: Ti surfaces silanized with APTES

FN: Ti surfaces functionalized with fibronectin (50 pg/mL)

EDA / EDA 1h: Ti surfaces silanized with APTES and functionalized with PUUa NPs

for 1h crosslinked with ethylenediamine.
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EDA ON: Ti surfaces silanized with APTES and functionalized with PUUa NPs

overnight crosslinked with ethylenediamine.

EDA RGD: Ti surfaces silanized with APTES and functionalized with RGD-decorated

PUUa NPs for 1h crosslinked with ethylenediamine.

Lys / Lys 1h: Ti surfaces silanized with APTES and functionalized with PUUa NPs for

1h crosslinked with L-Lysine.

Lys ON: Ti surfaces silanized with APTES and functionalized with PUUa NPs

overnight crosslinked with L-Lysine.

Lys RGD: Ti surfaces silanized with APTES and functionalized with RGD-decorated

PUUa NPs for 1h crosslinked with L-Lysine

EDA-RGD + Rx: Ti surfaces silanized with APTES and functionalized with RGD-

decorated PUUa NPs encapsulating Rx crosslinked with ethylenediamine.

3. Analytical techniques

3.1. Chemical characterization

3.1.1. Quantification of conjugated cRGDfK peptide to PUUa NPs. To quantify the
total amount of bound peptide to PUUa NPs, a calibration curve was performed by
preparing standard solutions of cRGDfK peptide containing L-phenylalanine amide as
internal standard for quantitative HPLC analysis. Analytical HPLC runs of the NP-RGD
were performed in a WATERS 2998 HPLC (Milford, MA, USA) using a X-Bridge
BEH130, C18, 3.5 um, 4.6 X 100 mm reverse phase column with the following
gradient: 5 to 30 % of B in 9 min at a flow rate of 1 mL/min; eluent A: H,O with

0.045 % trifluoroacetic acid (TFA) (v/v); eluent B: CH3CN with 0.036 % TFA (v/v)

with UV detection at 220 nm.
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3.1.2. Drug loading (DL) and encapsulation efficiency (EE) of Rx into PUUa NPs.
To quantify the total amount of encapsulated Rx into PUUa NPs, a calibration curve
was performed by preparing standard solutions of Rx in CH3CN:KH2PO4 buffer (30:70
v/v) adjusted to pH 5.3 with dilute ammonia for HPLC analysis. A volume of 0.5 mL of
PUUa NPs 10 % (w/w) was placed into a centrifugal 3 KDa filter unit (Microcon,
Carrigtwohill, Ireland) and centrifuged at 14000 g for 45 min. Analytical HPLC runs of
the filtrate were performed by triplicate in a WATERS 2998 HPLC using a X-Bridge
BEH130, C18, 3.5 um, 4.6 X 100 mm reverse phase column with the following
gradient: 5 to 100 % of B in 8 min at a flow rate of | mL/min; eluent A: H>O with
0.045 % TFA (v/v); eluent B: CH3CN with 0.036 % TFA (v/v) with UV detection at
205 nm.

3.1.3 In vitro RX cumulative release. The release kinetics of Rx from PUUa NPs was
determined using two different release media: 1) Todd-Hewitt (TH) broth medium
(Scharlab SL, Sentmenat, Spain), a common medium for bacterial growth, or ii) PBS
containing 4 % (w/w) of bovine serum albumin (BSA) and 1 mM phosphatidylcholine-
cholesterol (4:1 mol %) liposomes, which mimic in vivo physiological conditions.

To determine the amount of Rx released from PUUa NPs, 2 mL of PBS-BSA-
Liposomes or TH broth medium were mixed with 0.5 mL of PUUa NP-Rx (10 % w/w).
Mixtures were incubated at 37 °C during 137 h and centri-filtrated at appropriate time
intervals with centrifugal 30 KDa filter units (Vivaspin 6, Sartorius, Gottingen,
Germany) at 4000 g for 30 min. The filtrates were analysed by HPLC following the
same protocol used for DL and EE analysis. The supernatant (non-filtered) was refilled

either with fresh TH broth medium or 1 mM liposomes.
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3.1.4. Infrared spectra (FT-IR). IR spectra were performed using a FT-IR Nexus
Termo Nicolet 760 (Waltham, MA, USA) by depositing a drop of the previously
dissolved prepolymers at 1 % in acetone (v/v) on a NaCl disk.

3.1.5. MALDI-TOF MS. To characterize the coupling reaction between c-RGDfK
peptide and Bayhydur 3100 linker a MALDI-TOF analysis was carried out on an
Applied Biosystems Voyager-DETMRP mass spectrometer (Waltham, MA, USA)
using a-cyano-4-hydroxycinnamic acid (ACH) as matrix.

3.1.6. NMR analysis. 'H, *C and HSQC NMR spectra were recorded on a Varian
Mercury, 400 MHz (Agilent, Santa Clara, CA, USA). Reactive PUUa prepolymer
(Amphil) was dissolved in CDCl; (285 mg/mL).

3.2. Characterization of Ti surfaces

The size (particle diameter) and distribution of the PUUa-NPs onto Ti surfaces was
studied by means of scanning electron microscopy (SEM) and fluorescence microscopy.
3.2.1. Scanning electron microscopy. SEM analysis was conducted on a Zeiss Neon40
microscope (Carl Zeiss, Jena, Germany). For each sample, five images were taken at a
working distance of 7 mm and a potential of 5 kV. Samples were analyzed by triplicate.
3.2.2. Fluorescence microscopy. Functionalized Ti with fluorescent NPs was then
analyzed by fluorescence microscopy on a Nikon E600 (Nikon, Tokyo, Japan). The
average intensity of five images per sample was measured by triplicate using ImageJ
1.46R software (NIH, Bethesda, MD, USA).

3.3. Stability of the coatings

Ti surfaces were coated with PUUa-NPs crosslinked with EDA, containing the
fluorophore cadaverine-Oregon Green 488 covalently attached (see section 2.4.5) as
explained in section 2.5. Non-functionalized Ti disks were used as negative controls.

Next, samples were immersed in 500 uL of PBS and left under orbital agitation
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protected from light. After 1 week and 2 weeks, the intensity of fluorescence of each
sample (five images per sample, three disks per condition) was analyzed via
fluorescence microscopy on a Nikon E600 and processed using ImageJ 1.46R software.
4. Cell studies

4.1. Cell culture

The human osteogenic sarcoma (Saos-2) cell line was chosen as osteoblast-like cellular
model. Saos-2 cells were cultured in McCoy’s 5A medium (Sigma-Aldrich)
supplemented with 10% (v/v) fetal bovine serum (FBS), 1 M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 1% (w/v) sodium pyruvate, 50 U/mL
penicillin, 50 pg/mL streptomycin and 1% (w/v) L-glutamine (all cell culture
supplements from Aldrich). Cells were cultured at 37 °C in a humidified incubator at
5% (v/v) CO, changing culture medium every 2-3 days. Subconfluent cells were
detached by trypsin-EDTA and subcultured into a new flask. All experiments were
performed using cells at passages between 25 and 35.

4.2. Analysis of cell adhesion by immunofluorescence

The analysis of short-term cell adhesion events on Ti surfaces biofunctionalized with
PUUa-NPs was conducted by means of immuno-staining of nuclei, actin fibers and
vinculin. To this end, Ti substrates were transferred into 48-well plates and blocked
with 1% (w/v) BSA in PBS for 30 min at room temperature. Next, Saos-2 cells were
seeded at a density of 25,000 cells/disk (50,000 cells/mL) and allowed to attach in
serum free medium at 37 °C. After 4 h of incubation, samples were rinsed twice with
PBS to remove non-adherent cells and attached cells were fixed with 4% (w/v)
paraformaldehyde for 30 min. Cells were then permeabilized with 0.05% (w/v) triton X-
100 in PBS for 20 min and blocked with 1 % BSA (w/v) in PBS for 30 min. Washings

between all steps were performed with PBS-Gly (PBS containing 20 mM of glycine) for
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3 x 5 min. Next, samples were incubated 1 h with mouse anti-vinculin primary antibody
(1:100 in 1 % (w/v) BSA in PBS), and then with anti-mouse Alexa 488 (1:2000) and
phalloidin-rodhamine (1:300) (both in triton 0.05 % (w/v) in PBS for 1 h in the dark).
Finally, samples were incubated with 4°,6-diamidino-2-phenylindole (DAPT) (1:1000)
in PBS-Gly for 2 min in the dark and mounted on microscope slides. Cells were
examined by fluorescence microscopy (Nikon E600) and images processed with Imagel
1.46R software. The number of cells attached was measured by counting stained nuclei
(five fields per disk, three disks per condition). Cell spreading was calculated by
measuring the area of at least 10 cells for each sample and averaged for three samples
for each condition. Cellular studies were done using triplicates and repeated at least in
three independent assays to ensure reproducibility.

4.3. Analysis of cell proliferation

The capacity of the biofunctionalized samples to support cell proliferation was analyzed
after 1 and 2 weeks of incubation using the indicator of cell viability Alamar Blue
(Invitrogen Life Technologies, Merelbeke, Belgium). Thus, surfaces were
functionalized, rinsed and blocked with BSA as previously explained, and Saos-2 cells
seeded at a density of 10,000 cells/disk (20,000 cells/mL) in serum free medium. After
4 h of incubation, the medium was aspired and replaced with complete medium
supplemented with FBS. On days 7 and 15, culture medium was replaced with fresh
medium containing 10 % (v/v) of Alamar Blue and further incubated for 2.5 h. After
this time, fluorescence of the dye was quantified (Aex= 560 nm; Aem= 590 nm) using a
multimode microplate reader (Infinite M200 PRO, Tecan Group Ltd., Médnnedorf,
Switzerland) and cell numbers calculated with a standard curve.

5. Antibacterial studies

5.1. Bacterial strains, media and growth conditions
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Bacterial assays were done with the bacterial strain Streptococcus sanguinis (CECT
480, Coleccion Espaiiola de Cultivos Tipo (CECT), Spain), a well known early
colonizer critically involved in oral biofilm formation and the onset of periodontitis!* .
sanguinis was growth and maintained in TH broth (Scharlab SL). Cultures were
incubated overnight at 37 °C before each assay. Bacterial suspensions were adjusted by
measuring optical density (0.2 = 0.01 at 600 nm), giving approximately 1-10® colony
forming units (CFU)/mL. All assays were performed using three replicates for each
condition. Bacterial numbers were confirmed by a colony forming units (CFUs) count.
5.2. Analysis of bacterial adhesion on functionalized samples

Functionalized and sterilized (UV treatment for 5 min at 254 nm) Ti samples were
placed into 48-well plates and incubated with 1 mL of bacterial suspensions (1-10®
CFU/mL) for 4 h at 37 °C. After this incubation period, substrates were rinsed twice
with sterile PBS to remove non-adherent bacteria. Then samples were transferred to
graduated centrifuge tubes containing 1 mL of PBS and vortexed for 5 min to detach
adherent bacteria. Serial dilutions of these bacteria were seeded on TH agar plates
(Scharlab SL) and CFUs counted after 48 h of incubation at 37 °C.

To determine the efficacy of our coating system after the initial burst release of
roxithromycin (ca. 70%) observed within the initial 4-5 h, biofunctionalized samples
were first sterilized with UV for 5 min and incubated in TH broth for 20 h at 37 °C as
explained for the drug release experiments (see section 3.1.3). After this treatment,
samples were washed with sterile PBS and bacterial adhesion assays performed as
detailed above.

5.3. Determination of the minimal inhibitory concentration (MIC)

Bacterial cell numbers were adjusted to approximately 1-10° CFU/mL and these

solutions incubated with PUUa-NPs loaded with increasing concentrations of
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roxithromycin (Rx) (0.48, 0.24, 0.12, 0.06, 0.03, 0.015, 0.0075 and 0.00375 pg/mL). In
detail, 100 pL of each bacterial suspension were added to a 96-well plate already
containing 100 pL/well of each Rx concentration by triplicate. The final volume in each
well was 200 pL. Controls were prepared using only culture medium, bacterial
suspensions or PUUa-NPs loaded with Rx. To monitor bacterial growth, the plate was
incubated at 37 °C for 16 hours and every 15 min, with prior mixing for 5 s, the
absorbance was measured at 600 nm using a microplate reader (Infinite M200 PRO,
Tecan Group Ltd., Mannedorf, Switzerland).

6. Statistical analysis

Data presented in this study are given as mean values + standard deviations. Significant
differences between group means were analyzed either by ANOVA test followed by
post-hoc pairwise comparisons using Tukey’s test, or by Kruskal-Wallis non-parametric
test followed by Mann-Whitney test. Confidence levels were set with p<0.05 unless

otherwise stated.
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FIGURE S1
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Figure S1. Synthesis of the reactive prepolymers Amphil (A) and B3100-cRGD{K (B).
Reaction conditions for A: (a) DBTL (cat), Crodamol GTCC, N2, 50 °C, 4 h (ran means
random polymerization). b) Acetone, N2, 40 °C, 30 min. For B: c¢) PBS, Et3N (cat), 5°C,
2 h.
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FIGURE S2
o:c:N«QN:c:O Inner shell
0 <
(o] H A% H H
n 0\/\ .S\/\ JL n (o] O)LN N N\/\/N\WN N\\ Amphl|
N v s 0N e e N J I c
o/,c (o] H (o] \_\ ‘\o
190—
ran n
0_~g~% 0 N i
Hallle e i gt g e °wr”V’\/\”T*N«wvxNcc? B3100-RGD
o OV\N/&O
|
oo | o 2
HO
Ay o E
NH
o={_H HN"O o
H
WNVNHZ
HN
NH,
/\/\)\’%o Lys
HoN
o-
HoN
2 \/\NHZ EDA

& L

Figure S2. Schematic synthesis and stratified structure of a PUUa NP. Amphil, IPDI
and B3100-RGD form the amphiphilic shell, inner shell and conjugated targeting
peptide respectively. Crosslinking with Lys or EDA strengthens PUUa NP shell.
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FIGURE S3
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Figure S3. A) Crosslinking process of the PUUa NP shell. Amphil, IPDI and B3100-
RGD self-stratify forming the shell after emulsification with water. B) After addition of
EDA, interfacial polyaddition between the crosslinker and the reactive prepolymers
occurs to form the crosslinked shell. EDA will fix the prepolymers by urea bonds
creating a single structured shell.
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FIGURE S4
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Figure S4. Fluorescence intensity of Ti samples functionalized with Clear Blue DFSB-
CO0-loaded PUUa-NPs and controls. Letters (a-c) denote statistically significant
differences (p<0.05) between groups. Values are expressed as mean + standard
deviation.

FIGURE S5

Figure SS. Fluorescence images of Ti samples functionalized with Clear Blue DFSB-
C0-loaded PUUa NPs and controls. (A) Ctrol; (B) APTES; (C) Lys 1h; (D) Lys ON;
(E) EDA 1h; and (F) EDA ON.
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FIGURE S6

Figure S6. In the above cut-out can be observed a specific area of Ti functionalized
with EDA NPs for 1 h. EDA NPs show a spherical shaped morphology. Moreover, the
largest EDA NPs suggested polyurethane-polyurea roots between them and Ti
aminosilanized surface.

FIGURE S7
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Figure S7. Fluorescence intensity of Ti samples functionalized with Oregon Green 488
Cadaverine fluorescent PUUa-NPs and controls. Samples were immersed in PBS and
left under orbital agitation for 2 weeks. Fluorescence intensity was analyzed after 1
week and 2 weeks of incubation. Letters (a,b) denote statistically significant differences
(p<0.05) between groups. Values are expressed as mean + standard deviation.

TABLE S1
Diameter (nm) PDI
EDA 101.3 0.22
EDA RGD 1274 0.32

Table S1. Particle size (diameter) of PUUa NPs was statistically analyzed on 5 different
zones for each sample. The polydispersity index (PDI) was calculated as PDI =
(Standard Deviation/Mean Diameter)?
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FIGURE S8
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Figure S8. A) IR spectra of Amphil polymerization process. Blue spectrum corresponds
to polyurethane prepolymer formation. The addition of TAP 100D results in the
appearance of a polyurea band at 1650 cm’!, concomitant with the proportional decrease
of the isocyanate band (Red). B) IR spectra of the emulsified PUUa NPs before the
addition of 50 % EDA (Blue); 30 min after EDA addition (green); and 10 min after
100 % addition of EDA (Red). The isocyanate band clearly decreases over time as the
diamino crosslinker is added. The IR band at 2270 cm corresponds to the stretching of
the -N=C=O0 functional | group. The sharp band at 1715 cm’! is ascribed to urethane C=0
stretching. At 1690 cm’! appears the isocyanurate C O stretching band corresponding to
the B3100 linker. The increasing band at 1653 cm! is attributed to the urea C=0
stretching and the one at 1520 cm™ to urethane N-H deformations.
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FIGURE S9
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Figure S9 400 MHz '"H NMR spectra (A) and 400 MHz '*C NMR spectra (B) of
reactive prepolymer Amphil in CDCl;. All peaks have been assigned according to
previous '*C and 'H NMR and HSQC analysis of each monomer (spectra not shown)

and bibliographic datal®!.
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Figure S10. As seen in the MALDI-TOF experiment, the free monomer Bayhydur 3100
(hydrophilic polyisocyanate) has a mass distribution of 700-900 g/mol (A) After 2h of
reaction a new mass distribution appears centred on 1400 (800+603.68 (cRGD{K)),
which is consistent with the mass of the B3100-cRGDfK conjugate (B)

TABLE S2
FREE RGD FREE RGD Conjugated RGD  Yield

(mM) (mg/mL) (mg/mL) (%)

EDARGD yQ NQ 1.95 100

Table S2. A calibration curve of standard cRGD{K solutions was performed to obtain
the total amount of conjugated cRGD{K peptide in the PUUa NP-RGD sample. NQ =
non conjugated cRGDfK concentration was below 1.5 pg/mL (below HPLC detection
limit)
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FIGURE S11
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Figure S11. Proliferation (cells/cm?) of Saos-2 cells on biofunctionalized Ti surfaces
after 7 and 15 days of incubation. Quantification of cell numbers was done using the
indicator of cell viability Alamar Blue. Distinct letters denote statistically significant
differences (p<0.05) between groups. Values are expressed as mean + standard
deviation.

FIGURE S12
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Figure S12. Growth curves of planktonic S. sanguinis were performed to obtain
minimum inhibitory concentration (MIC) values of EDA + Rx. The curves show an
initial growth inhibition at the lowest concentration of Rx (0.001875 mg/L).
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FIGURE S13
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Figure S13. Growth inhibition rates were determined after 10.5 h of incubation from
MIC curves. MICso is defined as MIC at which 50% of isolates were inhibited. In this
case, MICso was reached at [Rx] = 0.00375 mg/L. MICoyy is defined as MIC at which
90% of isolates were inhibited by a specific antimicrobial. MICog appears at [Rx] = 0.03
mg/L values. Concretely, EDA + Rx MICSO and MICO90 values show 16 and 133 fold
decrease in comparison with free Rx values!®

FIGURE S14
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Figure S14. Bacterial adhesion of S. Sanguinis on biofunctionalized Ti surfaces after 4
h of incubation in TH broth. Prior to conducting this assay, surfaces were immersed in
TH broth and incubated during 20h to ensure the release of >70% of the drug
Roxithromycin. Distinct letters denote statistically significant differences (p<0 05)
between groups. Values are expressed as mean =+ standard deviation.
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FIGURE S15
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Figure S15. Attachment of Saos-2 cells (cells/cm?) on biofunctionalized Ti surfaces
after 4h of incubation in serum free medium. Cell numbers were analyzed by
immunostaining and fluorescence microscopy. Letters (a,b) denote statistically
significant differences (p<0.05) between groups. Values are expressed as mean +
standard deviation.
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Introduction 3. Polyurethane-Polyurea Nanoparticles for Autoimmune Diseases

Autoimmune diseases therapy

Autoimmune diseases (AD) affect up to 50 million people in the United States,
according to the American Autoimmune Related Diseases Association (AARDA) and
75% of those affected are women. Moreover this increasing incidence of autoimmune
diseases is generalized through developed countries. The approximate cost per year of
treating autoimmune diseases is $100 billion dollars, however, the standard therapies
are not effective enough and frequently invoke numerous undesirable side effects[1].
The current standard of therapy for autoimmune diseases seeks to broadly suppress
the immune system, however the nonspecific nature of these treatments may result in
enhanced patient susceptibility to opportunistic infections. Clearly, new strategies
focused on the induction of long-term antigen-specific tolerance, rather than unspecific
immunosuppression, need to be further investigated for the treatment of human

immune-mediated diseases.

Autoimmune diseases arise from an exacerbate immune response against autologous
proteins, which ends with the attack and destruction of healthy tissues. By now, most of
them are still poorly understood and chronic. Concretely, in autoimmune diseases,
certain immune cells subsets contribute to the loss of tolerance towards self-antigens
that are presented as foreign antigens initiating an immune response which involves
autoantibodies production as well as inflammation and tissue damage. Most of
autoimmune diseases are directly associated to autoinflammation, where antigen
presenting cells (APC) such as dendritic cells (DC), macrophages and B lymphocytes
uptake and process self-proteins and present them to T-cells that are specific for this
autoantigen. The immune system, structured in innate (rapid response of the organism)
and adaptive (cellular and humoral response) components, defends the body. It is
mainly involved in the recognition and elimination of externally acquired antigens such
as virus and bacteria as well as being responsible of immunologic memory and
tolerance to self-antigens. Tolerance to self-antigens is maintained by negative
selection processes that prevent the existence of some self-antigen-specific
lymphocytes by induction of anergy. Loss of self-tolerance (which provokes an
autoimmune disease) may happen if autoreactive lymphocytes are not deleted or
inactivated during their maturation and self-antigens are presented to the immune

system in an activated manner.
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Although advances have been achieved, current therapies still have limitations in the
routes of administration, high drug doses over long time periods, low specificity for the
desired target, side-effects and thus, patient dissatisfaction. In this regard,
nanotechnologies offer promising solutions to current limitations of immunosuppressive

and biological treatments.

Dendritic cells

From the group of APC together with macrophages and B lymphocytes, DCs are
particularly interesting as they play a key role in linking both primary and secondary
immune responses and also determine if the immune response will perform immunity

or tolerance depending on the stimuli they have previously received (Figure 1).

T b o /

Self-protein Self-protein
K : mDC K [ Tol-DC
N’olerance signals

Pro-inflammatory signals
Tolerance against
self-proteins

. T-cell Immune homeostasis ‘ T-cell

Proliferation No proliferation

Immune attack
against self-proteins

Autoimmune disease

Figure 1. a) Autoimmune disease produced by an autologous autoimmune response against healthy self-

proteins. b) Immune homeostasis induced by a tolerogenic response against self-proteins.

Specifically, DCs are a group of cells derived from bone-marrow that are found in the
blood, epithelia and lymphoid tissues and are commonly referred as professional APCs
as their main function is to present antigens in its cell surface along with the
appropriate co-stimulatory molecules. They are highly specialized to capture and
process antigens in vivo, having the key ability to digest macromolecules and present
them as smaller entities on major histocompatibility complex (MHC) molecules and
later recognized by T cells[2]. In consequence, their molecular sensors and antigen
processing machinery self-classify them as critical in the establishment of
immunological memory. When DCs don’t have the ability to recognize foreign entities
are named immature DCs (iDCs). In contrast to mature DCs their primary function is to
find and capture foreign bodies and antigens in their home tissue. Once they recognize
pathogens through pattern recognition receptors (PPRs) they start a maturation

process in order to acquire the capacity to simulate T cells, converting themselves to
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mature DCs (mDCs). This T cell stimulation is done through co-stimulatory molecules
such as CD40, CD80, CD83, MHCII as well as the secretion of pro or anti-inflammatory
cytokines like interleukin (I1)-6, IL-12p70, IL-23 TNFa or IL-10. Cytokine secretion
pattern strongly defines the resulting T cell lymphocyte polarization to balance the

response to immunity or tolerance against the presented antigen.

Tolerogenic dendritic cells

Tolerance is the ability of the immune system to ignore specific antigens. Central
tolerance occurs in the thymus for T cells and the bone marrow for B cells. Antigens
can be derived endogenously from the host cells or externally from foreign entities, the
immune system has to be able to distinguish between innocuous and harmful antigens
to avoid autoimmune diseases or undesired immune responses. Dendritic cells also
play a key role in maintaining immune tolerance. Tolerogenic DCs (Tol-DCs) generated
with corticosteroids and a maturation cocktail, which is a combination of cytokines (IL-
18, IL-6, TNFa) and Prostaglandin E2 (PGEZ2), present impaired up-regulation of
costimulatory molecules such as CD80, CD83, MHCII compared with mature DCs
(mDCs). Moreover, Tol-DCs present higher production of the anti-inflammatory
cytokine IL-10 meanwhile the inflammatory cytokines IL-12p70 and IL-23 remain
undetectable[3]. In fact, Tol-DCs keep the ability to produce high levels of IL-10 after a
secondary stimulation with lipopolysaccharide (LPS)[4]. Tol-DCs induced lower
proliferative allo-response compared to mDCs. Furthermore, recently Mertk has been
described as a positive marker for Tol-DCs generated with corticosteroids[5].
Therefore, Tol-DCs generated ex vivo show a great potential for immunotherapy

applications in autoimmunity, acquired immune diseases and transplantation.

Nanoparticles based immunotherapy

Immunotherapy is a strategy that is based on the stimulation of the immune system to
help fight the body against a disease attack for example cancer or allergy[6-8]. To
date, immunotherapeutic strategies involve ex vivo loading of DCs associated antigens
and adjuvants. This technique requires autologous cells and is extensive and costly
due to its human-personalized nature[9,10]. Apart from that it limits standardization of
DC-based treatment protocols[11]. Therefore, manipulation of DCs using nanoparticles
could be a useful therapy to treat human autoimmune diseases in vivo[12,13]. To date
few kinds of nanoparticles have been used to target DCs and deliver specifically their

cargo (e.g. drugs, antigens, antibodies, etc.). Moreover, most of these few systems are
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not fully stable under in vivo conditions leading to sub-optimal therapeutic effects[14—
16]. Thus, new nano-based strategies ensuring long blood circulation, targeted
behaviour and controlled release pattern are needed in the demanding field of

immunotherapy.

Targeting dendritic cells by nanoparticles

As DCs have a natural talent to kidnap foreign bodies in the blood, in principle, the
directionalization of drug delivery systems towards them should be more easily
accomplished in comparison with other cell subsets[17-19]. In the present chapter, we
evaluate a novel corticosteroid loaded-nanosystem for the effective in vitro generation
of Tolerogenic-DCs (Tol-DCs). Accordingly, encapsulated budesonide (BDS) in
multiwalled polyurethane-polyurea nanoparticles (PUUa NPs) based on self-stratified
polymers by hydrophobic interactions in the oil-water interface were developed. DCs
generated with encapsulated BDS presented better tolerogenic profile compared with
the ones generated from free BDS. A significant reduction of cell surface costimulatory
molecules as well as secretion of large amounts of IL-10, an anti-inflammatory
cytokine, crucial to induce tolerance in the organism were observed, giving to the

encapsulated BDS a great potential to the in vivo generation of Tol-DCs (Figure 2).
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Figure 2. a) Schematic process for the generation of Tol-DCs from PUUa NP-BDS with a better tolerogenic
profile for tolerance induction. b) Schematic process for the generation of mDCs with an immunogenic

profile.

278



Chapter lll. Introduction

In addition, in multicellular human samples of T lymphocytes, B-lymphocytes and DCs
progenitors PUUa NPs showed a specific quantitative internalization only into DCs

(CD14 positive monocytes) proving the targeted behavior of our NPs.
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ABSTRACT

The design of novel strategies that efficiently target specific components of the immune system and in
particular dendritic cells (DCs) in vivo to induce a tissue specific immune tolerance is gaining in importance
and interest for the treatment of autoimmune diseases and for transplantation.

A novel corticosteroid loaded-nanosystem for the effective targeting of human DCs was evaluated in order to
avoid the need to generate tolerogenic DCs (tol-DCs) ex vivo. Accordingly, budesonide (BDS) was encapsulated
in multiwalled polyurethane-polyurea nanoparticles (PUUa NPs-BDS). This nanosystem was based on
self-stratified polymers by hydrophobic interactions in the oil-water interface. DCs generated with
encapsulated BDS presented a higher downregulation of costimulatory molecules (CD80, CD83, MHCII) and a
more potent upregulation of inhibitory receptors than those produced from free BDS. Moreover, tol-DCs
generated with encapsulated BDS secreted large amounts of IL-10, an anti-inflammatory cytokine that is crucial
to induce tolerance in the organism. Altogether, conferred a better tolerogenic profile to tol-DCs generated with
encapsulated BDS than tol-DCs generated with free drug In addition, tol-DCs generated with PUUa NPs-BDS
inhibited T lymphocytes activation, proliferation and IFN-y production. Interestingly, these nanoparticles were
specifically targeted to phagocytic cells in primary mononuclear cells. Thereby, the results showed here
provided stunning evidence of the potential of PUUa NPs as drug carrier system to induce cells with a
tolerogenic phenotype avoiding ex vivo cell isolation and culture.
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1. Introduction

In the last decade, nanoimmunotherapy has emerged as a novel strategy to help the immune system fight
diseases, ranging from cancer to autoimmune conditions[1-3]. Several studies have demonstrated the great
therapeutic potential of manipulating and unleashing our own immune system to tackle cancer or infectious
diseases[4]. In this regard, deregulated functions of immune system can lead to autoimmune diseases, where
healthy tissues are attacked and destroyed by the immune system in the absence of a pathogenic situation[5].
Dendritic cells (DCs) are a heterogeneous subset of immune cells recognized as highly potent
antigen-presenting cells (APCs) linking innate and adaptive immune responses. DCs are crucial in inducing
immunogenic or tolerogenic responses to pathogens or harmless antigens respectively[6,7]. DCs are highly
specialized in capturing and processing antigens in order to convert proteins into small peptides. These
peptides are then presented to T-cells by major histocompatibility complexes (MHC) to initiate immune
responses[8,9]. Once immature DCs have recognized pathogens through specialized receptors, such as pattern
recognition receptors (PRRs), they mature to acquire the capacity to stimulate T-cells. T-cell activation and
polarization is induced through costimulatory molecules such as CD40, CD80, CD83 and CD86, which are
up-regulated on mature DCs (mDCs) membrane, as well as through the secretion of pro- or anti-inflammatory
cytokines such as interleukinll-6, IL-12p70, IL-23 TNF-a or IL-10 among others. The cytokine secretion pattern
strongly defines the resulting polarization of T-cells in order to determine the type of immune response; either
effector Th1 or Th17 immunity (IL-12p70, IL-23 and TNF-a) or tolerance induction through T regulatory cells or
Tr1 (IL-10)[10].

Due to their physiological properties and the availability of clinical grade reagents, immunogenic DCs have
been safely and successfully used in clinical trials aiming to generate an efficient immune response against
tumors or infectious diseases[11-13]. Furthermore, as DCs play a key role in maintaining immune tolerance,
the generation of tolerogenic DCs (tol-DCs) has great potential for immunotherapy applications in several
immune-based diseases and transplantation, namely diabetes, rheumatoid arthritis, multiple sclerosis or
Crohn’s disease[14-18]. In this regard, there is evidence that DCs treated with immunosuppressive drugs can
dampen inflammatory autoimmune responses, at least in vitro[19,20].

Several protocols, including the generation of DCs in the presence of corticosteroids, have been used to
produce tol-DCs in vitro. These cells present a semi-mature phenotype, a pronounced shift towards
anti-inflammatory versus inflammatory cytokine production and low T-cell stimulatory properties. The
increased secretion of IL-10 by these cells is considered as a crucial factor to induce tolerance[21].

To date, immunotherapeutic strategies for the treatment of human diseases involve the isolation and ex vivo
generation of DCs.[22,23] These approaches require the isolation and preparation of individualized autologous
cells and thus call for costly culture protocols in certified GMP laboratories[24]. Moreover, this autologous
requirement limits standardization among laboratories. An alternative to ex vivo cell generation is the in vivo
targeting of specific immune cells in order to manipulate and modulate their function. Several approaches to
deliver immunogenic or regulatory agents have been explored, including nanopolymeric systems as PLGA,
PLA, and liposomes, among others[25]. Nanoparticle systems improve DC-targeted delivery of tumor antigens,
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amplify immune activation via the use of new stimuli-responsive or immunostimulatory materials, and
increase the efficacy of adoptive cell therapies[26,27]. Interestingly, the possibility to target DCs in vivo paves
the way for immunotherapeutic approaches to treat human diseases by modifying immune responses without
the need to culture cells. Recent studies have shown that nanoencapsulated corticosteroids in polymeric
systems enhance the therapeutic properties of DCs[28-30]. However, these delivery systems tend to suffer
limited performance as most show insufficient stability under in vivo conditions and limited encapsulation
capacity[31]. We have recently demonstrated that common approaches based on drug encapsulation with
monowalled nanostructures are not stable upon interaction with amphiphilic and hydrophobic cell membrane
molecules (e.g. phospholipids, cholesterol)[32]. Thus, the cargo is non-specifically released from the
nanoparticle core, poorly internalized by cancer cell lines, and less bioactive[33]. Hence, we envisaged that a
disulfide-rich nanopolymeric system based on hydrophobically stratified polymers creating robust multiwalled
nanostructures would be an interesting approach to improve encapsulation stability and maintain in-target
redox biodegradation and drug release. However, the effect of these multiwalled nanostructures on human
cells remains to be determined. Neither is it known whether human DCs are an appropriate target

Here we evaluated the performance of our previously described redox-sensitive self-stratified multiwalled
nanoparticles [32,34,35] to quantitatively encapsulate various concentrations of budesonide (BDS) and
analyzed the specific internalization of these particles by primary human monocyte-derived DCs (Figure 1).

STRATIFIED REACTIVE CROSSLINKED
NANOPARTICLE

o

Figure 1. Nanoparticles synthetic strategy and cell internalization. (a) Emulsification of Hyfob and Amphil leads
to reactive nanostructures that are further crosslinked in the o/w interface. (b) Dendritic cell internalization, drug

release in the cytosol and tolerance signaling scheme.

In addition, we studied the generation of tol-DCs in vitro, comparing equal doses of encapsulated to soluble
BDS. For this purpose, polyurethane-polyurea nanoparticles (PUUa NPs) carrying different doses of BDS
were incubated with human monocyte-derived DCs. The toxicity of these particles was then measured by
cell viability determination and their internalization was monitored over time. In addition, to validate PUUa
NPs as an appropriate carrier for immunosuppressive drugs, we measured the expression of costimulatory
molecules and production of cytokines after DC activation by LPS stimulation and the capacity of DCs
NP-treated to activate T-cells.

2. Experimental
2.1. Materials

YMER N-120 was provided by Perstorp (Perstorp, Sweden) and N-Coco-1,3-propylenediamine (Genamin TAP
100D) by Clariant (Barcelona, Spain). Capric/caprylic triglyceride mixture (Crodamol GTCC) was obtained

286



Chapter Ill. Publication 5

from Croda (Barcelona, Spain) and Bayhydur 3100 was purchased from Bayer (Leverkusen, Germany). If not
indicated otherwise, all other reagents were purchased from Sigma-Aldrich (St Louis, MO, USA). Extra dry
acetone was used during the syntheses.

2.2. Experimental methods
2.2.1. Synthesis of reactive prepolymers for multiwalled PUUa NP preparation.

2.2.1.1. Preparation of the reactive amphiphilic prepolymer (Amphil). A 500-mL four-necked reaction vessel
was pre-heated at 50°C and purged with nitrogen. YMER N-120 (5.50 g, 5.5 mmol), 2-Hydroxyethyl disulfide
(DEDS) (0.15 g, 1.0 mmol), Crodamol GTCC (0.75 g) and Isophorone diisocyanate (IPDI) (3.38 g, 15 mmol) were
then added to the reaction vessel under mechanical stirring in the presence of dibutyltin dilaurate (DBTL) as
catalyst (3 mg, 4.65 umol). The polyaddition reaction was maintained in these conditions until DEDS and
YMER reacted quantitatively with IPDI, as determined by FT-IR and the automatic titration[36]. At this point,
the vessel was cooled to 40°C, and Genamin TAP 100D (1.45 g, 4.44 mmol) dissolved in 10 g of acetone was
added under constant stirring and left to react for 30 min. The formation of polyurethane and
polyurethane-polyurea prepolymers was followed by FI-IR and characterized by NMR[37].

2.2.1.2. Preparation of the reactive hydrophobic prepolymer (Hyfob). To synthesize the hydrophobic
prepolymer, a 20-mL Schlenk flask was pre-heated to 50°C and purged with nitrogen. DEDS (0.15 g, 1.0 mmol)
and IPDI (0.485 g, 2.18 mmol) in acetone (7 g) were then added with DBTL as catalyst (0.24 mg, 0.37 umol) and
left to react for 1 h with magnetic stirring. At this point, the Schlenk flask was cooled to 40°C, and a solution of
Genamin TAP 100D (0.15 g, 0.5 mmol) in 3.0 g acetone was added under constant stirring. The reaction left to
react for 30 min. The formation of polyurethane and polyurethane-polyurea prepolymers was followed by
FT-IR and characterized by NMR[37].

2.2.2. Synthesis of multiwalled PUUa nanoparticles.

2.2.2.1. Synthesis of PUUa NPs. A previously homogenized aliquot of Amphil+Hyfob (1.69 g, mass ratio
Amphil 13.35:1 Hyfob) (see section 2.2.1.) was added to a round-bottom flask containing B3100 (125 mg, 0.167
mmol) under nitrogen atmosphere. This organic mixture was then emulsified in pure water (16 mL, 5 °C) in a
magnetic stirrer under an ice bath to prevent isocyanate reaction with water. Once the mixture was emulsified,
L-lysine was added (68.56 mg, 0.47 mmol). The interfacial polyaddition reaction was controlled by FI-IR. After
30 min, DETA (32.18 mg, 0.31 mmol) was added, and the crosslinked nanoparticles were formed by a second
interfacial polyaddition, as shown by FI-IR. Acetone was removed gently under reduced pressure. PUUa NPs
were dialysed (100000 MWCO, Spectrum Laboratories, California, USA) against pure water during 72 h for
Zeta potential experiments. For in vitro experiments, PUUa NPs were dialysed against PBS for 72 h.

2.2.2.2. Synthesis of PUUa Dil-loaded NPs (PUUa NPs-Dil). These NPs were synthesized as previously
described (see section 2.2.2.1.) adding Amphil+Hyfob in a round bottom flask containing Dil (2.5 mg, 2.67 pumol)
as lipophilic fluorophore. The organic mixture was homogenized and subsequently, section 2.2.2.1 followed
without modifications.

2.2.2.3. Synthesis of PUUa Oregon Green 488 Cadaverine-conjugated NPs (PUUa NPs-cad). An aliquot of this
Amphil+Hyfob mixture (0.87 g, mass ratio Amphil 13.35:1 Hyfob) was homogenized in another round-bottom
flask with the amine reactive fluorophore Oregon Green 488 Cadaverine (3.2 mg, 6.47 umol) and B3100 (62 mg,
0.084 mmol). The amino-reactive Oregon Green 488 Cadaverine was left to react for 30 min with excess
isocyanate-reactive species at 5°C under a nitrogen atmosphere and magnetic stirring (273 mg of polymer/mg
of dye). At this point, the prepolymers were emulsified in water (8 mL, 5 °C), and L-lysine was added (34.2 mg,
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0.24 mmol) to the solution. The interfacial polyaddition reaction was followed by FI-IR. After 30 min, DETA
(16.1 mg, 0.16 mmol) was added, and the crosslinked nanoparticles were formed by a second interfacial
polyaddition, as shown by FT-IR. Acetone was removed gently under reduced pressure.

2.2.2.4. Synthesis of 0.5% (w/w) BDS-loaded PUUa NPs (PUUa NPs-BDS 0.5%). These PUUa NPs were
synthesized as previously described (see section 2.2.2.1.) using BDS as encapsulated molecule. The polymeric
organic mixture was homogenized with BDS (10 mg, 23.22 umol), followed by emulsification in PBS (16 mL,
5¢C) in a magnetic stirrer under an ice bath to prevent isocyanate reaction with water. At this point, section
2.2.2.1. was followed without further modifications.

2.2.2.5. Synthesis of 10% (w/w) BDS-loaded PUUa NPs (PUUa NPs-BDS 10%). These PUUa NPs were
synthesized as previously described (see section 2.2.2.1.) using BDS as encapsulated molecule. The polymeric
organic mixture was homogenized with BDS (200 mg, 0.46 mmol), followed by emulsification in PBS (16 mL,
5¢C) in a magnetic stirrer under an ice bath to prevent isocyanate reaction with water. At this point, section
2.2.2.1. was followed without further modifications.

2.3. Analytical techniques

Transmission electron microscopy. Nanoparticle morphology was studied in a Jeol JEM 1010 (Peabody, MA,
USA). A 200 mesh copper grid coated with 0.75% FORMVAR was deposited on a drop of 10 mg/mL of
nanoparticles in water for 1 min. Excess nanoparticles were removed by washing in fresh MilliQ water for 1
min. The grid was then deposited on a drop of uranyl acetate 2% w/w in water for 30 sec. Excess uranyl acetate
was blotted off, and the grid was air-dried before measurement.

BDS drug loading (DL) and encapsulation efficiency (EE). To quantify the total amount of encapsulated BDS

in PUUa NPs, a calibration curve was performed by preparing standard solutions of BDS in EtOH:H2O (1:1 v/v)
for HPLC analysis. Lyophilized PUUa NP-BDS 0.5% (w/w, 5 mg) or PUUa NP-BDS 10% (w/w, 250 ug) to

maintain the same final BDS concentration, were emulsified in EtOH:H2O (1:1 v/v) and placed in a centrifugal

3 KbDa filter unit (Microcon, Carrigtwohill, Ireland) and centrifuged at 14000 g for 30 min. Analytical HPLC

runs of the filtrate were performed in triplicate in a WATERS 2998 HPLC using a X-Bridge BEH130, C18, 3.5 pm,
4.6 X 100-mm reverse-phase column with the following gradient: 5 to 100% of B in 8 min at a flow rate of 1

mL/min; eluent A: H20 with 0.045% TFA (v/v); eluent B: CH3CN with 0.036% TFA (v/v) and UV detection at

220 nm.

Size distribution by DLS. 0.5% PUUa NPs and 10% PUUa NPs were analysed on a Malvern Zetasizer
Nano-Z590 (Malvern, UK) at 1 mg/mL in pure water at 37°C.

Lyophilization and redispersion procedures.

Previously dialysed samples (100 mg/mL) were lyophilized and directly redispersed at the desired
concentration by overnight stirring at 1500 rpm. They were then examined by TEM and DLS to ratify optimal
size and morphology characteristics.

2.4. Biological studies
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2.4.1. Generation of human DCs. Peripheral blood mononuclear cells (PBMCs) were isolated from whole
blood of healthy donors after ficoll separation and cultured for 2 h at 37°C to allow monocytes to adhere to
the flask. Non-adherent cells, namely Peripheral Blood Lymphocytes (PBLs), were washed and
cryopreserved. Monocytes adhered to the plate were cultured in X-VIVO 15 medium (BioWhittaker, Lonza,
Belgium) supplemented with 2% AB human serum (Sigma-Aldrich,Spain), IL-4 (300U/ml), and GM-CSF
(450U/ml) (both from Miltenyi Biotec, Madrid, Spain) for 6 days to obtain immature DCs (iDCs). Maturation
cocktail (MC) composed by IL-1p3, IL-6 (both at 1000 U/ml) TNF-a (500U/ml) (CellGenix, Freiburg, Germany)
and PGE: (10pg/ml) (Sigma-Aldrich, Spain) was added on day 6 for 24 h. To generate tol-DCs, BDS (10 M)
(AstraZeneca Farmaceutica, Spain) was added at day 3. Nanoparticles with BDS (PUUa NPs-BDS 0.05, 0.1
and 1 uM) and empty nanoparticles control (PUUa NPs) were also added at day 3 to compare their effect to
those carrying soluble BDS.

For DC stimulation, 100 ng/ml of LPS (Sigma-Aldrich, Spain) was added at day 7 and incubated for 24 h.
After stimulation, DC supernatant was collected for cytokine detection.

2.4.2. Flow cytometry analysis. In order to evaluate the DC phenotype, flow cytometry was performed.
Monoclonal antibodies (mAbs) or their appropriate isotype control were used: Anti-CD80, CD83 and MHCII
PE-labeled (BD-pharmigen), anti-hMer APC labeled (R&D systems). Flow cytometry was performed using
FACSCanto II, and data were analyzed with BD FACSdiva 6.1™ software.

To confirm PUUa NP internalization by DCs, Dil-fluorescently labeled NPs were added to iDCs and
incubated for 10, 30 or 120 min at 37°C. iDCs positive for Dil-NP were measured and quantified by flow
cytometry (BD LSRFortessa™ cell analyzer).

2.4.3. Fluorescence microscopy. In order to confirm NP internalization by DCs, cells were incubated with
PUUa Dil-loaded NPs for 120 min, and then washed, fixed, stained with MHC II-FITC, and adhered to a
cover slip previously treated with poly L-lysine (Sigma-Aldrich, Spain). Images were obtained with a
fluorescence microscope Olympus BX51.

2.4.4. T-cell proliferation. A mixed lymphocyte reaction (MLR) was used to test the immunogenicity of DCs.
DCs were co-cultured with T-cells from a different donor at a ratio of 1:20 (105 T-cells) in 96 round-bottom
well plates. T-cell proliferation was measured using tritiated thymidine (1 uCi/well, Amersham, UK), which
was added at day 6. Incorporation was measured after 16 h. Supernatant was collected at day 6 for IFNy
analysis.

2.4.5. Cytokine production. IL-10, IL-12p70 and IL-23 production by DCs was analyzed by ELISA
(eBioscience), following the manufacturer’s guidelines. Supernatant from T-cell cultures was collected after 6
days of allogeneic response, and IFN-y (eBioscience) was analyzed by ELISA following the manufacturer’s
guidelines.

2.4.6. Statistical analysis. Results are shown as the mean + SD. To determine statistical differences between
the means, the paired or independent sample ANOVA test was used. Bonferroni post-test was applied to
determine differences between two data sets. Statistical significant differences were set at p<0.05 (¥),
p<0.01(**) or p<0.001(***).

3. Results and discussion

3.1.1. PUUa NP characterization
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Multiwalled PUUa NPs have been extensively characterized by FI-IR, automatic titration, NMR and
fluorescence spectroscopy in a previous proof-of-principle study[32]. In the present study, both PUUa NPs
and PUUa NPs-BDS 0.5% were found to be monodisperse (PDI<0.1), with sizes between 24.4 + 6.1 (PDI=0.06)
and 28.2 + 8.1 (PDI=0.08) nm respectively (Figure 2). Our system allowed almost 100% of encapsulation
efficiency at a drug loading of 5.2 ug BDS per mg PUUa NPs. BDS encapsulation at 0.5% (w/w) did not
significantly affect the size distribution of nanoparticles. However, a slight increase of + SD was observed for
the 0.5% BDS-loaded nanosystem. This observation may be attributable to minimal hydrophobic interactions
of the drug with the stratified prepolymers during NP emulsification. Of note, the morphology of 10%
BDS-loaded PUUa NPs, which contained 106 pg BDS per g PUUa NPs, changed as the core mass was
increased 20 times. This led to NP sizes of around 170 + 52 nm (PDI=0.09), as confirmed by TEM and DLS.

35
° . ©
o o . C %30
o b} ——PUUa NP
£25
£ 20 ——PUUa NP-8DS 1 uM
<
- e 215 PUUa NP-BDS 20 uM
o o
" o £ 10
» K E
- % ° 2\,
o o o °
o a 0 50 100150200250 300 350400 450 500
- ° - > ° Diameter (nm)
o - . "9 o_2um -

Figure 2. Nanoparticles characterization. (a) TEM micrograph of PUUa NP-BDS 0.5%.(b) TEM micrograph of PUUa NP-BDS
10%. (c) DLS plot of hydrodynamic diameters of our case study formulations.

Several strategies have been developed to target specific cell subsets in vivo to achieve improved control over
the function and phenotype of immune cells. In particular, DCs are used to modify the immune response to
tumors or autoimmune diseases. Therapeutic strategies are based on cell isolation and culture to obtain
mature or tolerogenic DCs. In vivo targeting strategies would circumvent the costly and time-consuming
procedures required for ex vivo generation of human DCs for immunotherapy of human diseases The present
study is the first to address polyurethane-polyurea NP (PUUa-NP) delivery into phagocytic cells using BDS
as a model immunosuppressive drug to generate tol-DCs. This innovative drug delivery system consists
mainly of a self-stratified nanostructure formed by hydrophobic interactions between an amphiphilic and a
hydrophobic prepolymer. Moreover, their stratified nanostructure is further stabilized by chemical
crosslinking, which translates into a greater capacity to encapsulate hydrophobic drugs in the core. Finally,
the disulfide-rich shell provides the nanosystem with glutathione-triggered drug release, thereby preventing
the release of the drug before PUUa NPs are internalized into the cell. Interestingly, PUUa NPs did not
contain any external surfactant, and cryoprotectants were not required for lyophilization or redispersion
procedures. We propose that this behavior is due to the combination of the PEG-like structure of YMER
N-120, which retains water molecules, and the robustness conferred to the NPs during crosslinking, a process
that allows the NP shell to maintain its nanostructure during freeze-drying, thereby conserving dangling
hydrophilic chains on the surface of the polymeric shell[38]. These characteristics will be clear advantages for
the future translation of this nanosystem to in vivo preclinical experiment.

3.1.2. Drug loading (DL) and encapsulation efficiency (EE).

BDS was encapsulated at 0.5 and 10% (w/w) in PUUa NPs. As expected, both nanosytems exhibited excellent
encapsulation efficiency (above 95%), as quantified by the HPLC calibration method explained above. DLs of
0.48 + 0.06% and 9.9 + 0.1% were achieved respectively. EE was 99.7 + 0.2% for NP-BDS 0.5% and 99 * 0.1%
for NP-BDS 10%.)
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3.2 Generation of tol-DCs using PUUa NPs-BDS 0.5%
3.2.1. DCs internalize PUUa NPs.

DCs are highly specialized in capturing soluble and particulate antigens To establish whether NPs were
internalized by human DCs, we analyzed DCs incubated with Dil-loaded PUUa NPs for 10, 30 and 120 min.
Internalization efficiency was measured using flow cytometry. DCs incubated with NPs-Dil presented the
highest ratio of internalization at 120 min, with about 70% (+ 14.4 SD) of DCs positive for Dil staining (Figure
3a). Moreover, in order to confirm that the PUUa NPs were indeed internalized and not merely bound to the
membrane, fluorescence microscopy was used to visualize the distribution of PUUa NPs-Dil. Most of the
NPs-Dil internalized by DCs was located inside the cytoplasm as they did not co-localize with membrane
MHC class II (Figure 3b). We previously described that the structure of PUUa NPs is stable under
physiological media and that the cargo is specifically delivered into the cells and not passively diffused like
other NPs such as liposomes or PLGA[31,33]. To demonstrate that PUUa NPs are internalized by active
phagocytes and not passively incorporated by other cells, we incubated freshly isolated PBMCs with
Cadaverine-labeled PUUa NPs. NP internalization was analyzed by flow cytometry in T-lymphocytes (CD3+),
B-lymphocytes (CD19+) and monocytes (CD14+). As expected, PUUa NPs were internalized efficiently only
by phagocytic cells, CD14+ monocytes (Figure 1S a).

Internalization

100+

% DCs Dil+

Pitla-lPs

Figure 3. NPs internalization by DCs. (a) DCs were incubated with PUUa NPs-Dil loaded for 10, 30 or 120 min. Incorporation of
Dil was measured by flow cytometry. Percentage of Dil+ cells is presented as mean + SD of n=2 independently performed
experiments. (b) Fluorescence microscopy images (20X) of DCs incubated with PUUa NPs-Dil for 120 min. Picture shows
membrane MHCII-FITC (in green), PUUa NPs-Dil (in red), and nucleus (in blue).
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3.2.2. Incorporation of NPS-BDS 0.5% efficiently generates tol-DCs.

As shown above, PUUa NPs were efficiently internalized by human DCs. To rule out toxicity of NPs in
human primary cells, we analysed DCs viability after 4 days in culture with PUUa NPs-BDS (Figure S1b). We
observed that the viability of DCs treated with PUUa NPs-BDS at maximum dose (1uM) was over 85%.

It has been previously described that tol-DCs generated with glucocorticoids are characterized by low
expression of costimulatory molecules compared to mature DCs. In addition, MERTK was recently described
to be up-regulated in tol-DCs and may be involved in tolerance induction.

We evaluated the efficiency of generating tol-DCs using PUUa NPS-BDS 0.5% as a tolerogenic agent instead
of free BDS treatment. To assess the tolerogenic properties of DCs treated with different BDS concentrations
of PUUa NP-BDS 0.5% (0.05, 0.1 and 1uM) or free BDS (1pM)the expression of activation surface markers
was analysed by flow cytometry and cytokine secretion profile by ELISA.

Our results showed that the addition of PUUa NPs-BDS 0.5% at 1.0 uM impaired the upregulation of CD80,
CD83 and MHCII (18.8%, 37.6% and 25.7% reduction, respectively)compared to mDCs as expected of
corticosteroid treated-DCs. Moreover the low expression of costimulatory molecules was significantly higher
than free BDS at 1.0 uM (Figure 4a).

Interestingly, these significant differences in the upregulation of maturation markers compared with free
BDS indicate that PUUa NP-encapsulated corticosteroid is more efficient than free BDS in inducing a
tolerogenic phenotype on DCs. To confirm the generation of tolerogenic signals, the expression of MERTK, a
recently described tolerogenic-related molecule expressed on human tol-DCs[39] was analyzed. As expected,
MERTK was up-regulated in tol-DCs and its expression in PUUa NP-BDS 0.5% treated DCs showed a
directly proportional dose-dependent positive effect (Figure 4a).
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Figure 4. Characterization of tol-DCs generation using PUUa NPs-BDS 0.5%. (a) tol-DCs were generated
with PUUa NPs-BDS 0.5% at different BDS doses (0.05, 0.1 and 1uM) and compared to soluble BDS (1uM).
Expression of surface costimulatory molecules was analysed by flow cytometry.. Results are presented as the
mean = SD of n=6 independently performed experiments.(b) Cytokine production by DCs stimulated with
LPS (100ng/mL) for 24 h. IL-10, IL-12 and IL-23 levels were analysed in the supernatants of DC culture by

ELISA.Results are presented as the mean = SD of n=6 independently performed experiments.

To determine the influence of PUUa NP-treated DCs on cytokine production, DCs were stimulated with 100
ng/ml of LPS for 24 h at day 7. Interestingly, those cells treated with PUUa NPs-BDS 0.5%produced higher
levels of IL-10 compared to mDCs.Surprisingly 11-10 produced by DCs treated with PUUa NPs-BDS 0.5%
1uM  were significantly higher (about 60% more) than DCs treated with free BDS at the same concentration
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(Figure 4b) (180 * 88 pg/ml versus 420 + 120 pg/ml; p=0.0007). These results are in agreement with the
semi-mature phenotype shown in Figure 4and indicate a more specific anti-inflammatory effect induced by
encapsulated BDS compared to the free form. The expression of pro-inflammatory cytokines IL-12p70 and
IL-23 was efficiently reduced in DCs treated with free BDS and in DCs treated with PUUa NPs-BDS 0.5%
compared with control DCs and DCs treated with blank PUUa NPs. Furthermore, a BDS dose-response
reduction of both IL-12 and IL-23 secretion was observed (Figure 4b).

In order to check a possible difference in BDS encapsulation, BDS was encapsulated using two different
concentrations(0.5% versus 10%) were assessed. Howevernon differences in regulation of the phenotype of
costimulatory molecules were detected (Figure 2S).

PUUa NPs-BDS 0.5% were efficiently targeted into phagocytic cells both in circulating monocytes when
co-cultured with PBMCs and in in vitro-derived DCs, and the NPs were located in the cytoplasm. DCs have
an endogenous capacity to degrade internalized pathogens and show a high constitutive concentration of
reduced glutathione (GSH) compared to other immune cells[40]. PUUa NPs 0.5% combine fundamental
properties for drug delivery such as high encapsulation stability, redox degradability, and very small sizes (<
30 nm) as they exhibited a superior cell internalization and only intracellular localization. We can attribute
these effects to the full digestion of PUUa NPs-BDS 0.5% upon endocytosis and considerable intracellular
drug release, as we also observed a high rate of PUUa NPs 0.5% internalization in phagocytic cell
populations of the immune system.

DCs incubation with PUUa NPs-BDS caused a profound effect on the phenotype and on the production of
the immunosuppressive cytokine IL-10. It is tempting to speculatethat the encapsulation of BDS provides
each DC with a full dose of the drug, while DC treatment with the free drug leads to a lower final
concentration per cell because BDS shows poor solubility and it is diluted in the extracellular media.
Consequently, DCs expressed lower amounts of surface costimulatory molecules and also secreted large
amounts of IL-10, a crucial anti-inflammatory cytokine. In contrast, the production of pro-inflammatory
cytokines like IL-12 and IL-23 in response to LPS was reduced or absent.

3.2.3. Kinetics of IL-10 production by tol-DCs

As shown in our previously results, the release of BDS inside DCs is crucial to induce the production of IL-10
by tol-DCs. Therefore, we studied the connection between the amount of encapsulated BDS and DC
anti-inflammatory response by examining IL-10 secretion kinetics. In this regard, secreted IL-10 was
analyzed 4, 8, 12, 24 and 48 h after addition of LPS to DCs incubated with free BDS, PUUa NP-BDS 0.5%, and
PUUa NP-BDS 10%, and the blank PUUa NPs control. Interestingly, tol-DCs treated with PUUa NP-BDS
0.5% initiated IL-10 production at 12 h and the highest secretion of this cytokine was at 48 h. However PUUa
NPs-BDS 10% did not produce the same amounts of IL-10. For that reason we considered PUUa-BDS 0.5%
the best option for tolerance induction in DCs.Morevoer, these results indicates that there is a release of the
drug and it is likely to affirm that the release should be done inside the cell. (Figure 2S B).

3.2.4. DCs treated with PUUa NPs-BDS 0.5% show tolerogenic function.

To study the functional consequences of tol-DCs generated by PUUa NPs-BDS 0.5% incubation, we set up
an assay to evaluate the T-cell stimulatory properties of DCs. Mixed Leukocyte Response (MLR) consists of
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DCs co-cultured with allogeneic T-cells to induce T-cell activation. tol-DCs generated with free BDS or PUUa
NPs-BDS 0.5% (1 uM) showed less capacity to induce T-cell proliferation (measured by Tritiated thymidine
incorporation and IFN-y production) than mDCs or DCs incubated with blank PUUa NPs. In this case, we
did not observe statistically significant differences between free and encapsulated BDS (p = 0.33) (Figure 5),
although the proliferative response induced by PUUa NPs-BDS 0.5% was lower than the proliferation
induced by free BDS.

To confirm that PUUa NPs-BDS 0.5% were active only upon specific cell internalization, total PBMCs were
subjected to free or encapsulated BDS, and T-cell proliferation was polyclonally induced using aCD3aCD28
stimulation. Our results showed that both encapsulated BDS and free BDS reduced drastically lymphocyte
proliferation (Figure 2S C).
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Figure 5. Lymphocyte activation. (a) Mixed lymphocyte reaction (MLR) .DCs treated with PUUa NPs-BDS 0.5% using
diffenrent BDS doses (0.05,0.1 and 1uM) and with free BDS 1uM were co-cultured with allogenic PBLs for 7 days.. Results
are presented as the mean +£SD of n=5 independently performed experiments (b) IFN-y production was analyzed from the
supernatant by ELISA.. Results are presented as the mean +£SD of n=5 independently performed experiments.

These results indicate that the release of BDS is achieved upon PUUa NPs 0'5% internalization into the
cytoplasm of phagocytic cells and not passively diffused, as tol-DCs were carefuly washed before
co-culturing with PBLs, all together suggest the specificity of the cargo delivery.

In agreement with the tolerogenic phenotype, DCs generated with PUUa NPs-BDS were unable to activate
T-cell proliferation and IFN-y production, thus revealing strong tolerogenic properties. Interestingly, the
effect of PUUa NPs-BDS was restricted to phagocytic cells (monocytes or DCs), as it was not observed in
other immune cells like T- or B-lymphocytes.

Taken together, these results reveal that PUUa NPs efficiently deliver their cargo once internalized by DCs
and modify the cell phenotype to a tolerogenic status. Moreover this results open new possibilities to
encapsulated different drugs to modulate the response of DCs.
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4. Conclusions

In summary, herein we report that self-stratified PUUa NPs boost the effect of lipophilic corticosteroids in
human DCs. Specifically, PUUa NP-BDS 0.5%exhibited a profound encapsulation ability which allowed the
simultaneous internalization of the drug-loaded nanosystem as observed by flow citometry and fluorescence
microscopy. Moreover, this internalization and release of the drug translated into a better tolerogenic profile of
DCs. Furthermore, PUUa NPs exhibited a specific targeting to dendritic cells and their precursors without
affecting other immune cell subsets, which provided stunning evidence of their potential as smart drug
delivery system for autoimmune diseases treatment. Nowadays, more research is underway to actively target
DCs in in vivo animal models of human diseases like autoimmunity or chronic inflammatory diseases.
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Figure 1s: NPs internalization by PBMCs and DCs viability. (a) PBMCs were isolated from whole blood and
incubated with NPs-Cadaverine after 120 minutes of incubation. Results are presented as the mean + SD of
n=3 independently performed experiments. (b) Viability of DCs incubated with PUUa NPs was assessed.
PUUa NPs did not cause any effect on DCs viability . Results are presented as the mean + SD of n=5
independently performed experiments PUUa NPs-Cadaverine for 120 min. About 90% of monocytes
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Figure 2S: assessment of BDS loading and PPUa tested in T-cells (a) CD80 and CD83 were evaluated using
two different BDS loadings 0.5 and 10 % respectively. Results are presented as the mean + SD of n=3
independently performed experiments (b) Kinetics of IL-10 production by tol-DCs (c) PBMCs incubated with
PUUa NPs-BDS. Results show that encapsulated BDS did not reduced. (c) Activation of Peripheral blood
Lymphocytes (PBLs) with anti-CD3/CD28. PBLs where incubated with anti-CD3/CD28 after 2 hours PUUa
NPs-BDS were added
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General Conclusions

As plotted in this thesis, we have showed the fitting of choice of polyurethane-polyurea
polymers to create hydrophobically stratified nanosystems to achieve a controlled drug
delivery. Taking advantage of the well-established isocyanate chemistry, a robust and
scalable methodology for the synthesis of PUUa NPs has been developed. The research
covered herein has therefore contributed to the development of straightforward synthetic
tools for the manufacturing of multifunctional NPs for the pharmaceutical industry. From
the methodology established here, a broad range of possibilities arise for the creation of
bioactive nanostructured nanoassemblies.

According to the proposed objectives, the main conclusions of this thesis are:

Chapter 1

Multiple PUUa NPs have been engineered with tailored core volume, shell width,
stratification, crosslinking degree, surface charge, HLB value, lyophilization and
redispersion ease, encapsulation stability, biodegradability and targeting moieties. In
addition we have proved the larger encapsulation stability when using self-stratified
multiwalled PUUa NPs compared with their monowalled counterparts.

Thanks to the free amino group of the lysine residue we have developed a novel
approach to conjugate the cRGDfK peptide to a hydrophilic polyisocyanate linker via
urea bonds formation in a quantitative (yield >95 %), rapid (2 h) and green (aqueous
buffer as solvent) chemistry to further decorate our PUUa NPs via an interfacial
polyaddition crosslinking step.

The targeting conjugate was proved to be active to guide faster and more efficiently both
in vitro and in vivo the PUUa NPs to the desired tumor cells. In addition PUUa NPs
encapsulating plitidepsin exhibited better toxicity profile, pharmacokinetics and
biodistribution in mice than that observed for out reference cremophor-plitidepsin

formulation.

Chapter 2

The robust synthetic methodology opened new areas of application with incredibly
encouraging results in the creation of multifnctional titanium implants. PUUa NPs were
innovatively covalently anchored to the titanium surface by the here presented method
Interfacial Functionalization. At the optimized conditions, this coating resulted to be

homogeneous as characterized by SEM and fluorescnece microscopy. Bioactivated
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titanium surfaces with cRGDfK-decorated PUUa NPs loaded with roxithromycin antibiotic
drug translated into a tremendous enhancement of osteoblastic cells adhesion to
accelerate bone formation and profound inhibition of Streptococcus Sanguinis bacteria

adhesion for bacterial infections prevention.

Chapter 3

PUUa NPs loaded with budesonide immunosuppressive drug induced tolerogenicity to
dendritic cells much more efficiently than the free drug. Concretely, PUUa NPs, which
were not cytotoxic to DCs, were endocytosed just in phagocytic cells in a multicellular
sample of peripheral blood mononuclear cells. BDS-loaded PUUa NPs reduced
significantly costimulatory molecules expression as well as significantly higher amounts
of IL-10 immunosuppressive cytokine were secreted compared to free BDS. In addition,

tolerogenic dendritic cells reduced significantly lymphocytes proliferation.
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Capitol I. Nanoparticules de poliureta i poliurea per a la terapia i visualitzacié del

cancer
1. Introduccid

2. Sintesi de polimers reactius de poliureta-poliurea autoestratificables en emulsions oli

en aigua.

3. Multifuncionalitzacié de la paret de la nanoparticula amb molécules bioactives per
obtenir biodegradabilitat, alliberament controlat de 'encapsulat i direccionalitzacié activa

a cel-lules cancerigenes que sobreexpressen av3 integrina a la seva membrana.

4. Encapsulacio i alliberament del farmac anticancerigen plitidepsina i de fluorofors

lipofilics.

5. Estudis in vitro en cel-lules cancerigenes i estudis in vivo de toxicitat, farmacocinética

i biodistribucio.
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Capitol I. Nanoparticules de poliureta i poliurea per a la terapia i visualitzacié del

cancer
1. Introduccio

Avui dia és ben sabut que les terapies convencionals del cancer, com la quimio- i
radioterapia s’estan quedant obsoletes davant de 'augment de la incidéncia d’aquesta
malaltia en les societats més desenvolupades. Aixi doncs, nous tractaments
farmacologics s’han erigit com a una alternativa de futur per millorar les prespectives de
curacié del cancer. Entre elles ha aparegut la nanotecnologia que pretén millorar
I'eficacia de farmacs citotoxics tant en fases d’investigacié com cliniques. Per tal de
millorar I'eficacia, els sistemes nanotecnologics fan servei de la seva capacitat
d’encapsulacio i multifuncionalitat per a millorar aspectes negatius comuns de la majoria
de farmacs d’Us global. Aquests son entre d’altres, poca solubilitat aquosa, falta

d’especificitat per la cel-lula cancerigena i com a resultat, baixa biodisponibilitat.

Entre els sistemes nanotecnoldgics més emprats s’hi troben els que estan fets de
polimers, ja que aquests permeten la inclusié de multiples funcionalitats en la seva
estructura per mitja de técniques d’alld més variades. Tant és aixi, que actualment els
sistemes fets de polimers de PLGA, PLA, PCL, etc. S6n els ques es troben en fases
cliniques de desenvolupament més avancades. No obstant aixd, cap d’aquestes
nanoparticules polimériques en fase clinica estan direccionalitzades especificament per
alliberar el farmac a la zona tumoral. Entre d’altres raons, aix0 és aixi degut
principalment a tres factors, la seva falta de grups reactius per biofuncionalitzar-los, la
seva complexa metodologia sintética i les costoses etapes de purificacié dels productes

dels subproductes/mondomers.

Per aquesta rad el desenvolupament de nous sistemes aptes per a ser facilment
funcionalitzats, sintetitzats i a més, de forma curosa amb el medi ambient, desperten un
gran interés industrial. En aquest sentit la quimica dels poliuretans i poliurees s’ajusta
molt bé a les caracteristiques préviament esmentades. La seva adaptabilitat quimica
esta altament comprovada a nivell industrial, aixi com ho esta la netedat de les seves
reaccions en baix contingut de solvents. No menys important €s la seva biocompatibilitat
que ha estat ampliament contrastada durant la seva utilitzaci6 com a biomaterials
referéncia en la industria dels cateters, implants, etc. Endemés, recentment, estudis
focalitzats en la seva citotoxicitat, hemocompatibilitat i biodegradabilitat com a sistema
nanoparticulat han estat també clau en I'hora de despertar finalment l'interés de la

comunitat cientifica per aquests versatils nanosistemes.
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2. Sintesi de polimers reactius de poliureta-poliurea autoestratificables en

emulsions oli en aigua.

Per a la preparacié de nanoparticules polimériques amb una estructura ordenada,
controlada, funcionalitzada i amb la capacitat de contenir actius (com ara cosmeétics o
medicaments) en un alt rendiment, manca un procés sintétic ben definit. Com he
comentat abans, els sistemes polimérics existents per crear nanoparticules no sempre
son facilment funcionalitzats i menys encara, de manera especifica i directa. A més, els
monomers i polimers utilitzats com a precursors, en molts casos no estan dissenyats
per a participar de forma activa en la nanoestructuracio de la paret de la nanoparticula,
donant lloc a nanoestructures poc definides a nivell interfacial que han de ser

estabilitzades amb emulsionants externs.

La idea de crear nanoparticules arquitectonicament controlades sorgeix del desig
d'obtenir materials amb estructures ben definides préviament preconcebudes. Per
exemple, alguns investigadors en el camp de la nanomedicina polimérica han empres el
desafiament de crear materials estructurats a nivell nanomeétric aprofitant interaccions
electrostatiques entre les espécies carregades contrariament tot creant nano i
microparticules amb diverses capes i multiples funcionalitats mitjangant la técnica

coneguda com Layer-by-Layer (LbL).

No obstant, aqui proposem una metodologia alternativa, escalable basada en un
meticulds disseny de nanoparticules de Poliureta-poliurea mostrant una estructura
multifuncional per millorar la capacitat d'encapsulacié de compostos lipofilics i controlar
l'alliberament en el lloc desitjat. Aixi doncs, s'han sintetitzat prepolimers reactius de
diferent hidrofobia amb grups isocianat terminals i cadenes laterals penjants

hidrofobiques i/o hidrofiliques.

En la part exterior de la paret s’hi localitza el polimer amfifilic (Amphil) que esta constituit
per cadenes penjants hidrofiliques i hidrofobiques, i enllagos disulfur. La cadena
hidrofilica és un diol polietoxilat (YMER™ N120) amb els dos grups hidroxil molt a prop
lun de l'altre. Alhora, la cadena polietoxilada lateral queda ortogonal a la cadena principal
del polimer. Es també important tenir en compte la curta distancia entre els enllagos
ureta que es formen per reacci6 de YMER™ N120 amb diissocianat d’isoforona (IPDI),
gue promou una compactacié de l'estructura polimérica obtenint una paret més densa
amb més efecte barrera comparat amb els polimers formats per PEG, on els grups
hidroxil disten molts enllagos i donen lloc a estructures menys barrera. Seguint el mateix
raonament, la cadena hidrofdbica, que és una diamina alquilica de cadena llarga (C18)

forma en aquest cas enllagos urea amb IPDI i queda penjant ortogonalment de la cadena
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polimérica principal. Com abans, els grups d'urea formen part de la cadena principal i la
cadena penjant alquilica (C12 o C18) queda ortogonal. Els enllagos disulfur, és a dir,
disulfur de 2-hidroxietil (DEDS), s'incorporen per reaccié uretanica amb I'IPDI amb la
finalitat d’obtenir una paret biodegradable intracel-lularment enfront del tripéptid glutatié
que es troba altament sobreexpressat en el citosol de la gran majoria de cél-lules
cancerigenes. Per tal d’obtenir un prepolimer amb grups isocianat reactius per a I'tltim
pas de reticulacio, és important dir que s’afegeix sempre excés de IPDI respecte DEDS,
YMER™ N120 i diamines hidrofobiques (Figura 1).

A més, un segon compost hidrofobic (Hyfob, un monomer hidrofobic o un prepolimer
hidrofobic) amb grups isocianat reactius s'agrega a la mescla abans d’emulsionar.
L'objectiu de I'addicié d'un compost hidrofob amb grups isocianats és el promoure una
primera estratificacid dels prepolimers per interaccions hidrofobiques en medi aquoés i
en segon lloc, permetre que aquesta estructura estratificada preformada i reactiva es

pugui fixar mitjangant el reticulacié amb poliamines com dietilentriamina o L-lisina (Figura

1).
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Figura 1. Esquema de formacié de PUUa NPs autoestratificables
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Cal dir que el fet d’haver seleccionat els isocianats com a grup reactiu en els prepolimers
és a causa de les reaccions quantitatives que tenen lloc amb amines i poliamines, fins i

tot en medis aquosos i a baixa temperatura.

3. Multifuncionalitzacié de la paret de la nanoparticula amb molécules bioactives
per obtenir biodegradabilitat, alliberament controlat de [I'encapsulat i
direccionalitzacié activa a ceél-lules cancerigenes que sobreexpressen avf33

integrina a la seva membrana.

Tal i com s’ha dit abans, la introduccié de grups disulfur a la paret de la nanoparticula
va permetre que les PUUa NPs fossin biodegradables enfront al glutatié sobreexpressat
cel-lularment. Concretament, se sap que hi ha una diferencia aproximada de 3 ordres
de magnitud més de glutatié a I'interior (10 mM) de les cel-lules que a I'exterior (10 uM).
A més, intracel-lularment, hi ha 4 cops més glutatiéo en cél-lules cancerigenes que en
cél-lules sanes. D’aquesta manera, hem demostrat que les nanoparticules es degraden
quan son exposades a glutatié 10 mM, donant lloc a canvis morfologics i inestabilitat en
medi aquds. A més hem pogut demostrar mitjangant diverses técniques que aquesta
biodegradacié déna lloc a un alliberament controlat de la molécula encapsulada. Tant
es aixi que hem vist que en condicions que simulen el reg sanguini (alt contingut proteic,
fosfolipids i colesterol) no s’ha produit alliberacid6 de I'encapsulat, tot demostrant

I'especificitat de tal alliberament.

A més, per a bioactivar les nostres nanoparticules perque interactuin especificament
amb integrines av3 sobreexpressades en la superficie de les cél-lules tumorals, el grup
amino de L-lisina del péptid cRGDfK el varem fer reaccionar amb un linker poliisocianat.
El resultant conjugat mantenia reactivitat isocianat i alhora el péptid direccionalitzador.
Per tal d’'incloure el conjugat bioactiu a la nanoparticula, es van mesclar el Hyfob, Amphil
i el conjugat i es van emulsionar en medi aquos per propiciar I'estratificacio de la paret
de les nanoparticules. Aquesta paret, es podria dir que és metaestable, doncs els
prepolimers tot i esta en medi aquds contenen els grups reactius isocianat. Per tant, per
tal d’estabilitzar-la de forma definitiva se li van afegir poliamines provocant un reticulacio
de la mateixa i un augment de I'estabilitat i 'efecte barrera. Gracies a a aquesta nova
metodologia relativament senzilla s’obté de forma escalable i industrial una paret
polimérica que conté cada molecula en una posicid més superficial o més interior en

funcio del seu HLB (Figura 2).
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Figura 2. Nanoestructura autoestratificada i reticulada ideal de la paret polimeérica les PUUa NP.

Aquesta tecnologia permet noves formes de terapia, diagnostic i visualitzacio per lluitar
contra diverses malalties de manera més selectiva, especialment per al tractament del
cancer, on els efectes secundaris del farmac antitumoral en les cél-lules sanes son
altament devastadors per 'organisme. Aquesta nova plataforma nanotecnologica pot ser
també molt atil per a moltes altres aplicacions industrials, no només en el camp
farmaceéutic, ja que utilitza intermedis industrials economics, les reaccions son
controlades, quantitatives i no es necessiten costoses etapes de purificacio.

Definitivament, és un sistema versatil i escalable.

4. Encapsulacié i alliberament del farmac anticancerigen plitidepsina i de

fluorofors lipofilics.

Com a farmac model, vam utilitzar plitidepsina, un farmac d’origen mari originalment
comercialitzat per PharmaMar S.A. (Aplidin®), actualment en fase clinica Ill pel
tractament de mieloma. Tot i que inicialment es va obtenir d’Aplidium Albicans, avui dia
es sintetitza artificialment al laboratori. Té un caracter altament hidrofobic i una molt alta
activitat anticancerigena enfront de gran varietat de linies tumorals, perd una baixa

biodisponibilitat i biodistribucio, que li ddnen una finestra terapeutica molt minsa.

El nostre sistema d'encapsulaci6 ha mostrat resultats gairebé quantitatius
d’encapsulacio de plitidepsina, obtenint rendiments superiors al 95 % amb un contingut
de farmac del 2 % i del 7 % d’oli + farmac respecte nanoparticula. L’alliberament de

plitidepsina de les nanoparticules es va estudiar per HPLC i es va observar que no

313



Resum de la Tesi

s’alliberava en un medi sense glutatié mentres que si que ho feia en un medi 10 mM de
glutatio, alliberant un 70 % de farmac en una setmana. A la vegada també es va estudiar
l'alliberament de fluorodfors lipofilics en un estudi preliminar tot arribant a les mateixes

conclusions.

5. Estudis in vitro en cél-lules cancerigenes i estudis in vivo de toxicitat,

farmacocinética i biodistribucio.

Com a prova de concepte, en primer lloc varem provar la biocompatibilitat de les PUUa
NP, tot comprovant que no eren citotoxiques en divereses linies cel-lulars. A més es va
demostrar mitjangant citometria de flux i microscopia de fluorescéncia que les PUUa NP-
RGD iternalitzaven via endocitica de receptor de membrana a les cél-lules cancerigenes
que sobreexpressaven la integrina avp3 més rapidament i en major grau que no pas en
cel-lules que no la sobreexpressaven. Imatges de microscopia confocal varen ajudar a
provar que la internalitzacié propiciava també una localitzacio al lisosoma/endosoma de
les PUUa NP. Finalment, els experiments cel-lulars també varen suggerir que les
nanoparticules eren capaces d’escapar del lisosoma i arribar al citosol, on es produeix
la degradacio de les PUUa NP i l'alliberament del seu contingut, en aquest cas Dil, un
fluordfor lipofilic. Paral-lelament, en assajos in vitro de toxicitat cel-lular es va revelar
que les PUUa NP també deixaren anar la plitidepsina encapsulada, doncs els valors de

IC50 eren similars als de la plitidepsina lliure.

Posteriorment, passant a estudis in vivo amb ratolins immunodeprimits es va constatar
que la dosi maxima tolerada (MTD), passava de 0,9 mg/kg a 3 mg/kg quan el farmac
estava encapsulat en el nostre sistema. D'altra banda, els parametres farmacocinétics,
com la concentracié maxima (Cmax), area sota la corba (AUC) i els temps de vida
mitjana en plasma eren molt majors, i per tant millors, per la plitidepsina encapsulada en
PUUa NP que no pas lliure. Estudis de fluorescéncia in vivo van provar que les PUUa
NP-RGD tendien a acumular menys en el fetge que la versi6 no decorada. Per
corroborar-ho 'analisi ex vivo de contingut de plitidepsina i fluordfor DiR concordaren,
tot confirmant que les nanoparticules RGD-direccionalitzades a integrines tenien menor
acumulacio en fetge i melsa, la qual cosa suggeria que les nanoparticules conseguien

evitar segrest pels macrofags del sistema reticuloendotelial.

En general doncs, els nostres resultats amb diferents tipus de PUUa NPs representen
una plataforma robusta i fiable per I'alliberacié controlada de molécules lipofiliques, tals
com la plitidepsina. Ja que I'encapsulen eficientment i de forma estable, no modifiquen
la seva activitat citotoxica i millora els perfils toxicologics, farmacocinétics i la

biodistribucié del farmac. A més, la funcionalizacion de la superficie de les PUUa NP
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amb el péptid direccionalitzador i zwitterionic cRGDfK sembla millorar les propietats de

llarga circulacio en sang del sistema.
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Capitol Il. Nanobiomaterials antibacterians per regeneracié ossia
1. Introduccié

Biomaterials metal-lics tals com el titani (Ti) i els seus aliatges han estat utilitzats
classicament en fixacid i regeneracid Ossia a causa de la seva excellent
biocompatibilitat i propietats mecaniques. No obstant aix0, el seu Us no esta exempt de
limitacions, que encara avui poden comprometre el rendiment a llarg termini d'aquests
materials. En primer lloc, el fet que el titani sigui tan inert, es pot traduir en poca
osteointegracio (és a dir, minima invasié de cél-lules 0ssies sobre I'implant de titani) i
fixacio inadequada mecanicament. D'altra banda, la infeccié bacteriana i la consequent
inflamacio (és a dir, peri-implantitis) estan descrites com una de les principals causes de
fracas de l'implant post-operacié. Aixi doncs, per fer front a aquests inconvenients, la
biofuncionalitzacié d’implants metal-lics amb espécies bioactives és una de les
estratégies més investigades com a alternativa de futur a aquest problema. En aquest
sentit peptids i proteines que contenen la sequéncia peptidica L-Arginina-Glicina-L-
Aspartic acid s’han usat per funcionalitzar superficies i aixi millorar la biocompatibilitat i
adhesio cel-lular via interaccié amb integrines expressades a la membrana de la cél-lula,
encaregades de les interaccions entre cél-lules i d’aquestes amb la matriu extracel-lular
(ECM). D'altra banda, també s'han desenvolupat recobriments antimicrobians per mitja
de polimers anti-incrustants, sistemes d’alliberacié de farmacs o seqliéncies de péptids

bactericides.

Tal i com ho demostren estudis cientifics recents i debats encapcalats per experts
d’aquest camp, la combinacié de diferents funcions bioldgiques en la superficie esta
destinada a millorar el comportament bioldgic dels biomaterials classics en el camp de
la medicina regenerativa. [6] No obstant aix0, la majoria de les estratégies actuals només
se centren en millorar I'adheréncia cel-lular o bé reduir I'adheréncia bacteriana. Aixi,
l'objectiu del present estudi va ser explotar el concepte de multifuncionaliat instal-lant
simultaniament capacitat d’adhesioé cel-lular i propietats antibacterianes en la superficie

del titani (Figura 3).
% ANTIBACTERIAL
OSSEOINTEGRATION

] IMPLANT

Figura 3. Estratégia general de multifuncionalitat en implants metalics recoberts amb PUUa NPs.
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2. Estratégia pel recobriment d’implants metal-lics. Funcionalitzacié Interfacial.

L’objectiu principal del present estudi no era només desenvolupar materials
multifuncionals per regeneracié 0ssia sino també fer-ho de forma facilment escalable,
amb una quimica eficient i sostenible amb el medi ambient. D’aquesta forma, es va
procedir a activar quimicament la superficie del titani amb grups amina. Llavors s’hi va
afegir una emulsié de nanoparticules amb grups reactius isocianat a la seva superficie
per tal de crear enllagos urea entre les nanoparticules polimeériques i els grups amina
del titani. A aquest procés el varem anomenar Funcionalitzacié Interfacial (IF), ja que els
enllagos urea es produeixen a la interfase entre el metall, I'aigua i la paret amfifilica de
la PUUa NP. La resta de grups isocianat de la PUUa NP que no havien reaccionat amb

el Ti es van reticular afegint etilendiamina com a agent reticulant.

La qualitat del recobriment del Ti amb PUUa NP es va optimitzar utilitzant diferents
agents reticulants, temps de IF i temperatura, essent etilendiamina, 1 h i 5 °C les
condicions adients per a obtenir biomaterials multifuncionals. Per arribar a aquesta
conclusié es van fer servir técniques com microscopia electronica de rastreig (SEM) i
microscOpia de fluorescéncia que ens van ajudar a assegurar la homogeneitat del

recobriment aixi com la morfologia de les PUUa NP post-funcionalitzacio.
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Figura 4. Procediment per al recobriment de Ti amb PUUa NPs amb grups isocianat reactius.

3. Encapsulacio i alliberament del farmac antibacteria i antiinflamatori

roxitromicina.

L’encapsulacio de la roxitromicina en PUUa NP la varem dur a terme al 10 % de carrega
de farmac respecte PUUa NP. El rendiment resultant de tal encapsulacio va ser altament

eficient, donant lloc a un 95 % de farmac encapsulat. Per tal d’evitar el procés infecciés
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després de l'insercié del implant metalic és clau el periode de temps que transcorre
durant les seguents 6 hores. Per tant, es necessita un sistema que alliberi una quantitat
important de l'antibidtic en aquest periode de temps per aixi prevenir possibles
infeccions. El nostre sistema ha demostrat al voltant d’'un 60-70 % d’alliberacié de
roxitromicina just en les primeres 4-6 h d’incubacié del titani funcionalitzat amb PUUa
NP en medi bioldgic. Seguidament segueix un alliberament constant i més lent fins al 85
% de roxitromicina en 6 dies en medi bioldgic per prolongar I'efecte antibacteria en el

temps.
4. Estudis in vitro d’adhesié d’osteoblasts i d’adhesio bacteriana.

A I'hora de determinar la capacitat d’aquests nanobiomaterials per adherir osteoblasts,
es van incubar peces de titani funcionalitzades amb PUUa NPs durant 4 h amb cél-lules
osteogéniques de sarcoma (Saos-2) i es van analitzar el nombre i I'area de les cél-lules
adherides. Interessantment, les superficies recobertes de PUUa NP-RGD van donar
valors molt més alts en 'area i el nombre de cél-lules adherides que no pas els controls
sense PUUa NP i amb PUUa NP pero sense RGD. A més les superficies que contenien
RGD varen donar lloc a I'adhesioé de cel-lules amb clars filaments d’actina i adhesions
focals. Els millors resultats es van obtenir per les superficies de Ti recobertes amb
PUUa NP-RGD reticulades amb etilenediamina, fet que concorda amb els millors
resultats obtinguts quant a qualitat i homogeneitat del recobriment durant la
caracteritzacio fisico-quimica del nostre meétode. Alhora vam assegurar que la qualitat
de I'adhesié de Saos-2 no empitjorava quan les superficies de PUUa NP contenien
roxitromicina encapsulada a més de RGD. Per acabar, per tal de demostrar I'adequacié
del nostre approach per a implants de llarga durada, es va testar I'estabilitat biologica
dels recobriments i estudiar la proliferacié de Saos-2 durant dues setmanes. Els resultats
conclogueren que la proliferacio era equivalent a 'obtinguda per la fibronectina, proteina

de la matriu extracel-lular.

En resum, hem demostrat la capacitat de les PUUa NP per actuar com a entitats
multifuncionalitzadores i bioactivadores de superficies inerts de titani per a crear
materials d’ultima generacié per medicina regenerativa, tot obtenint-ho de forma eficient

i relativament facil d’industrialitzar.
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Capitol Illl. Nanoparticules de poliureta i poliurea per la terapia de malalties

autoimmunologiques
1. Introduccio

La nanoimmunoterapia és una disciplina relativament nova dins la immunoterapia i
alguns dels ultims resultats publicats dins aquest camp han demostrat que el seu
potencial per tractar tant malalties autoimmunoldgiques, adquirides i transplantaments,
és real i viable. A I'any 2004, aproximadament 1 de cada 31 persones patia una malaltia
autoimmunologica als EUA, o el que és el mateix, 8.5 milions de persones estaven

afectats.

El cost aproximat per any del tractament de malalties autoimmunologiques és de 100
bilions de dolars, no obstant aix0, els tractaments estandard no sén prou eficagos i
provoquen amb freqiiéncia nombrosos efectes secundaris inadequats. L'actual métode
de tractament per a malalties autoimmunologiques busca suprimir el sistema immune
de forma general, donant lloc a rebrots violents de la malaltia quan es deixa el tractament
i facilitant les infeccions per agents externs. Clarament, noves estratégies dirigides a
immunosuprimir el sistema immunologic de forma especifica a llarg termini, en lloc
d'immunosupressio inespecifica, necessiten investigar-se més a fons per al tractament
de malalties autoimmunoldgiques tan comuns com la psoriasi, malaltia de Crohn,

esclerosi multiple, etc.

En aquest capitol ens centrem en estudis fets amb cél-lules dendritiques (DCs)
humanes, doncs son unes de les principals responsables de les reacccions
immunologiques que esdevenen dins el nostre organisme. La majoria de malalties
autoimmunologiques estan directament associades a una autoinflamacio d’un teixit del
nostre cos, on un antigen propi €s reconegut per les cél-lules presentadores d’antigens
(APC), ja siguin macrofags, cél-lules B o DCs, com un cos estrany i foraster que ha de
ser atacat i eliminat. Si aquest procés es cronifica, el coneixem com a malaltia
autoimmunolodgica. Encara que s'han aconseguit importants avancos, les terapies
actuals pateixen encara remarcables limitacions en les vies d'administracio, grans dosis
de farmacs durant periodes de temps llargs, baixa especificitat per a la diana
terapéutica, efectes secundaris i per tant, insatisfaccié del pacient. En aquest sentit, la
nanotecnologia ofereix solucions prometedores a les limitacions actuals dels
tractaments amb immunosupressors i actius biologics. Concretament, la manipulacié de
DCs usant nanoparticules podria ser una terapia util per al tractament de malalties
autoimmunologiques humanes in vivo. Fins avui poques classes de nanoparticules s'han

utilitzat per a direccionalitzar-les a DCs i lliurar-hi especificament la seva carrega (per
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exemple medicaments, antigens, anticossos, etc.). A més, la majoria de les
nanoparticules usades en aquests assajos mostren problemes d’estabilitat sota
condicions in vivo que duen a problemes en la biodistribucié i eficacia del tractament.
D’acord amb aixd, noves estratégies nanofarmacoldgiques que permetin una llarga
circulacié en sang, direccionalitzacio especifica per la diana immunologica del farmac i
tinguin un patré d'alliberament controlat sén necessaris en I'exigent camp de la
immunoterapia. En aquest capitol, les PUUa NP utilitzades tenien una doble paret
autoestratificada amb disulfurs tant a la paret interior com a I'externa, per tal d’afavorir
l'alliberament del seu contingut un cop es biodegradin els polimers per reaccié amb el
glutatié sobreexpressat intracel-lularment (Figura 5). En aquest sentit, com ja hem anat
explicant en els dos capitols anteriors, les PUUa NP representen una plataforma
potencialment perfecta per a conseguir tractaments holistics en favor del pacient.
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Figura 5. a) Procediment sintétic de les PUUa NP autoestratificables per interaccions hidrofobiques. b)

Esquema d’internalizacié de PUUa NP, degradacid i alliberament del farmac i senyalitzacié de tolerancia.

2. Encapsulacio del farmac immunosupressor budesonida.

Les DCs Tolerogéeniques (Tol-DCs) es generen amb corticoesteroides i un coctel de
maduracio, que és una combinacié de citocines (IL-18, IL-6, TNFa) i prostaglandina E2
(PGE2), donant alts nivells de molécules coestimuladores com CD80, CD83 i MHCII en
comparacio amb DCs madures (mDCs). D'altra banda, les Tol-DCs presenten una major
produccido de la citocina antiinflamatoria crucial IL-10 mentre que les citocines
inflamatories IL-12p70 i IL-23 romanen indetectables. L’encapsulacioé de budesonida en
el nostre sistema es va dur a terme per tal d’estandarditzar un métode per generar Tol-
DCs de forma més efectiva i eficient, que no pas els corticosteroids lliures molt
inespecifics amb multiples efectes secundaris, i que potencialment sigui capag d’arribar

a les DCs circulants de I'organisme de forma especifica i direccionalitzada (Figura 6).
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Figura 6. Procediment de formaci6 de Tol-DCs a partir de PUUa NP-BDS i les caracteristiques biologiques

diferenciadores de les Tol-DCs resultants.

L’encapsulacio de budesonida (BDS), un corticosteoroid immunosupressor altament
hidrofobic, es va produir en un rendiment superior al 95 % amb una carrega de farmac
sobre PUUa NP del 0.5 % en un cas i del 10 % en l'altre. D’aquesta manera es va voler
comprovar com variava I'efecte terapeutic del farmac segons la carrega dins la PUUa
NP. El que es va observar des d’'un primer moment és que ambdues formulacions
mostraven mides de particula i morfologia diferents, doncs la carregada al 0.5 %
contenia 20 cops menys budesonida que la del 10 %. Les PUUa NP 0.5 % tenien unes
mides de 30 nm, com les PUUa NP sense farmac. En canvi, les PUUa NP 10 % varen
mostrar unes mides més grosses, al voltant de 170 nm. De la mateixa manera que
moltes cél-lules cancerigenes, les DCs tenen una gran capacitat per degradar qualsevol
compost que internalitzen, gracies a aixo tenen un alt contingut citoplasmatic de glutatio,
ideal per a biodegradar les nostres PUUa NP amb enllagcos disulfur a la seva

nanoestructura.
3. Estudis in vitro funcionals en cél-lules dendritiques

El comportament de PUUa NPs amb i sense budesonida es va estudiar a fons

bioldgicament in vitro usant DCs obtingudes de diferents pacients, entre ells jo mateix.

Primer de tot es va comprovar la toxicitat de les PUUa NP amb i sense budesonida i es
va concloure que cap formulacié era toxica a les concentracions d’interés terapéutic.

Seguidament es va encapsular un fluordfor lipofilic per tal d’estudiar el procés
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d’internalitzacié cel-lular per microscopia de fluorescéncia i citometria de flux. Els
assajos corroboraren que després de 2 h un 70 % de les cél-lules incorporaven les PUUa
NP. Tot seguit vam demostrar que en una mostra de cel-lules mononuclears de sang
periférica (PBMC) que contenia cél-lules T, cél-lules B i DCs, les PUUa NPs entraven
gairebé de forma exclusiva a les cél-lules dendritiques. Per tal de caracteritzar el fenotip
de les Tol-DCs generades a partir de BDS nanoencapsulada, es van quantificar les
molécules de membrana CD80, CD83 i MHCII, i en els tres casos es van veure reduides
respecte els valors obtinguts amb BDS sense encapsular. A la vegada, els nivells de
MERTK, una proteina de membrana inhibidora es mostrava tant elevada com en les Tol-
DCs obtingudes a partir de BDS lliure. Alhora la citocina IL-10, que és clau donant
senyals de tolerancia al seu voltant, va ser secretada 3 cops més en les Tol-DCs
incubades amb PUUa NP-BDS que no pas amb BDS liure. A més per tal de decantar-
nos per les PUUa NP 0.5 % o les 10 % vam decidir seguir la secrecié de IL-10 fins a 48
h. Curiosament, tot incubar les Tol-DC a la mateixa concentracio final de BDS (1 yM)
les carregades al 0.5 % van ser les que van donar nivells més alts d’aquesta citocina
inductora de tolerancia. Aixo suggereix que les PUUa NP 0.5 % s6n més adequades per
immunoterapia degut a la seva mida de 30 nm i a una millor distribucié del farmac a
l'interior de les DCs. D'acord amb el fenotip de tolerancia, Tol-DCs generades amb
PUUa NPs-BDS no van promoure l'activacié ni proliferacié de cel-lules T d’un altre
donant. Revelant aixi les propietats fortament tolerogéniques de les Tol-DCs generades
a partir de PUUa NP-BDS 0.5 %.
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