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Foreword and aim of the thesis

Materials science and especially nanoscience have attracted my attention since I had a first
contact with those disciplines when I was studying my BSc in Chemistry at Universidade de Vigo.
The possibility to synthesize different types of materials with tunable sizes, shapes and
functionalities that hugely differ from the macroscopic behavior showed by the same material

opened a new and amazing vision of science for me.

In November 2008, I was hired at the Institut de Ciéncia de Materials de Barcelona (ICMAB-CSIC)
to develop a one-year study related to the preparation of iron oxide-silica porous composites
towards their utility as drug delivery systems. The work also exploited the use of supercritical
fluids (SCFs) as green and non toxic solvents for materials processing and it was supervised by
Dr. Anna Roig and Dr. Concepciéon Domingo. After one year, I secured a FPU scholarship and
began my doctoral thesis under their supervision. My assigned project was focused on the
preparation of multifunctional silica-based nanoparticles for biomedical applications. At that time,
Elena Taboada was a doctoral candidate in the group. She had developed a novel synthetic
approach to prepare iron oxide-silica composite nanoparticles for their use as negative contrast
agents in magnetic resonance imaging (MRI). The method was inspired by the drying procedure
of silica aerogels and joined the sol-gel chemistry with the SCFs technology to form porous
composite nanoparticles without the need of using porogenic agents. Since the utility of those
particles for imaging diagnosis was proved by Elena, my thesis project was intended to explore
the material capabilities for drug delivery. Therefore, the functionality of the material was
extended creating a theranostic system (device with both diagnostic and therapeutic
functionalities). The knowledge acquired during my MSc degree on colloidal science in
combination with Elena’s work and further functionalization of the particles in compressed fluids
formed the bases of my project. Taking advantage of the expertise in the group on porous
materials and treatment in supercritical conditions, initial efforts were conducted to the
fabrication of silica aerogels and porous sub-micron particles and their impregnation with already
known organic molecules. I had to spend quite an amount of time learning about supercritical
fluids characteristics and how to work safely with high pressure equipments. SCFs have a set of
properties that facilitates the processing of materials; in particular they are highly valuable for
treating solids with fragile porous structure as aerogels, due to their almost null surface tension.
Moreover, they present adjustable densities similar to that of liquids and high diffusivity values.
The FPU scholarship allowed me to extend my knowledge in supercritical techniques and
polymer coating of nanoparticles working during three months at the Institut de Chimie &
Biologie des Membranes & des Nano-objets (CBMN) under the supervision of Dr. Pascale Subra-

Paternault in Bordeaux.

This thesis aims to fabricate hybrid (organic-inorganic) complex materials as drug carriers
with adequate properties using supercritical fluids for their application in biomedicine. For

that purpose, two main objectives have been addressed: first, evaluation of the potentiality of



porous silica-based materials synthesized without using porogenic agents as drug delivery

systems; and second, exploiting the utility of SCFs in the synthesis and functionalization of

materials. During the realization of this thesis, silica-based nanostructured materials have been

synthesized, loaded with a model drug, physical and chemically modified on their surface, and

preliminarily studied as potential biomedical tools analyzing their interactions with relevant

biological entities and media.

This manuscript is organized into eight chapters.

Chapter 1 provides a general introduction to nanotechnology and colloidal science (with a
special mention to nanomedicine), together with the main strategies to synthesize both silica
and iron oxide nanoparticles and their biomedical applications. A brief explanation on
magnetism is also given, as well as a description and use of SCFs in materials science. The
aim of the chapter is to place the reader in the scientific context of the thesis.

Chapter 2 describes the synthesis and characterization of the porous silica-based materials
employed in the thesis: silica monolithic aerogels, silica submicron-sized particles and
composite core(iron oxide)-shell(silica) nanoparticles.

Chapter 3 reports on the fabrication of hybrid products for biomedical applications by
impregnating silica-based materials with a therapeutic agent trough dissolution in
supercritical carbon dioxide. The chapter includes the simultaneous in situ preparation and
encapsulation of two organic photosensitizers as a proof-of-concept. Details on the processes
and characterization, in terms of organic load, structural and textural properties of the
resulting materials, are presented. Special attention is devoted to the chemical conformation
and stability of the drug inside the silica matrices and to the in vitro release kinetics in
aqueous media.

Chapter 4 explains the use of biopolymers to coat the silica-based particles conferring them
with enhanced properties for biomedical uses, such as sustain drug release and improved
features for the interactions with cells. Coating methods involved the use of compressed
carbon dioxide as antisolvent or as reaction medium and catalyst for the polymer formation.
The morphological properties and thermal stability of the resulting materials are presented.
Results on in vitro drug delivery in aqueous media and drug stability are presented and
compared with those found for uncoated particles.

Chapter 5 shows preliminary studies of our materials as potential drug carriers, in terms of
degradability, colloidal stability in biological media, cytotoxicity and cellular uptake. Strategies
of silica surface functionalization with the goal of overcoming problems encounter in
bioapplications are also gathered.

Chapter 6 lists the general conclusions derived from the present thesis and includes some
suggestions for further research on the topic.

Chapter 7 gives brief introductions to the theoretical fundaments of the used experimental

techniques and to the technical characteristics of the employed equipments.



e Chapter 8 contains information about the author and the publications obtained during the
PhD work.
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1

INTRODUCTION

This chapter contains basic concepts on nanotechnology, nanomedicine and colloidal
science. The most common strategies of colloidal stabilization of nanoparticles are also
presented. General concepts on magnetism in bulk and at the nanoscale are briefly
explained. The chapter contains descriptions of different synthetic approaches for silica
and iron oxide nanoparticles and their main uses in biomedicine. Finally, an
introduction to the supercritical fluids technology, including its utility in materials
processing and the pharmaceutical industry is given.
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1.1. NANOTECHNOLOGY AND NANOMEDICINE. GENERAL CONCEPTS

The definition of nanotechnology is currently a subject of confusion and disagreement among
experts on the field. This controversy is mainly related to a size limitation. Whereas some authors
consider that nanotechnology only involves systems from 1 nm up to 100 nm,*? other experts
have cautioned against such a restrictive size range and they include materials of several
hundreds of nm within the definition of nanomaterials.3* Bawa et a/ proposed the following

definition:®

Nanotechnology is the design, characterization, production, and application of
structures, devices, and systems by controlled manijpulation of size and shape
at the nanometer scale (atomic, molecular, and macromolecular scale) that
produces structures, devices, and systems with at least one novel/superior

characteristic or property.

The prefix nano comes from the Greek word for dwarf and one nanometer represents one
billionth of a meter (1 nm = 10° m). Historically, the first nanotechnologists might have been
medieval glass workers, who created stained glass windows with so many different colors. Those
colors were due to the trapping of gold and silver nanoparticles (NPs) into the “glass matrix”.
One of the most renowned examples of ancient nanofabrication is materialized in the Lycurgus
cup.® The modern origins of nanotechnology are attributed to the famous 1959 lecture by Nobel
Prize-winning physicist Richard P. Feynman entitled “There’s plenty of room at the bottom”. He
described a process in which scientists would be able to manipulate and control individual atoms
and molecules. In 1974, Professor Norio Taniguchi from the Tokyo University of Science coined
the term nanotechnology for the first time referring to his exploration on ultraprecision
machining. The invention of the scanning tunneling microscope (STM) in 1981, which allows
imaging solid surfaces with atomic scale resolution, brought the first experimental advance that
supposed the beginning of the modern nanotechnology. But the term did not become popular
until 1986, when engineer K. Eric Drexler published the book “Engines of Creation: The Coming

Era of Nanotechnology”.

Nanotechnology is a young, promising field that encompasses a wide range of disciplines
including physics, chemistry, biology, electrical engineering, chemical engineering, and materials
science.” It has supposed one the scientific revolutions of the 215t century having a great impact
on the industry and society. Nanomaterials are nowadays present in many different areas such as
memory and storage technologies, optics, photonics, energy, biotechnology, and health care.® On
the other hand, the rapid technological advances and commercialization within the field has lead
to new challenges, not only in the understanding of the nanoobjects behavior, but also in the

potential hazards associated with the exposure to them.?
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What makes materials in the nanoscale interesting is the fact that in many cases their
physicochemical properties hugely differ from those of the same bulk counterparts. The size-

dependent properties of the nanostructures are mainly due to the following phenomena:

e Extremely high surface area/volume ratio: nanosized materials have much larger surface areas
than similar masses of larger-scale materials. To understand this, it is useful to imagine a solid
cube with 1 cm on each side having an area (A) to volume (V) ratio of 2. If this cube is
divided into one thousand identical cubes of 0.001 cm (1 pm) in side, the total volume of the
solid is the same but the total area is 3000 times larger than before leading in a A/V = 6000.
If each new cube is cut into other one thousand cubes having 0.001 um (1 nm) of length side
each, the A/V increases up to 600000. As surface area per volume of a material hugely rises, a
greater amount of it might come into contact with surrounding materials, thus affecting
reactivity.

e Quantum effects: at the nanoscale, electrons are confined in a reduced volume that the
behavior and properties of the material might be ruled by the quantum mechanics. This
enables the tunability of the materials properties just varying their size, without changing

their chemical composition.10

Nanometric gold illustrates the unique properties that occur at the nanoscale. As a consequence
of the restricted motion of the gold electrons, nanoparticles react differently with light compared
to the larger-scale ones and they are not yellow-colored, but they appear red to purple.l?
Another example is the semiconductor nanocrsytals (or quantum dots), which, contrarily to what
happens in bulk, do not present a fixed gap between the valence band and the conduction one.
By changing the crystal size, the band gap of a nanometric semiconductor material can be

modulated being able to emit at different wavelengths and with high intensity.1213

Nanomedicine is defined as the application of nanotechnology to medicine, for diagnosis,
prevention and treatment of disease and to gain and increased understanding of the complex
underlying diseases mechanisms. It exploits the properties of materials at nanometric scale for
medical purposes in an interdisciplinary scenario that combines aspects of medicine, biology,
chemistry, physics and engineering. Nanomedicine is an emerging area that has gained much
attention from the scientific community in the last two decades, especially since the first
nanotherapeutic (Doxil®, a nanoliposomal formulation of anticancer drug Doxorubicin) product

was approved in 19951415

Among the nanomedicine areas in progress, such as fabrication of nanosensors for early point-
of-care detection of diseases, preparation of stimuli-sensitive nanodevices or tissue engineering
and regenerative medicine, theranostics has special relevance for the objectives aimed in this
thesis. A theranostic is a multifunctional material that combines the modalities of therapy and
diagnosis, commonly diagnostic imaging and drug delivery.1> Releasing a bioactive agent at a
specific rate and at a specific site is one of the main challenges of the pharmaceutical industry,

and the drug delivery arena address this challenge.” Nanoparticles and other colloidal drug-
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delivery systems can modify the kinetics, distribution at the body, chemical stability and release
of an associated drug. Thus, a superior therapeutic efficacy with a reduced healthcare cost might
be achieved.’® In addition to classic medicine, nanomedicine is now dealing with the
development of new therapeutic strategies such as target anticancer drug delivery,192021
peptide??223 and protein delivery?»?> and gene therapy.?6?’ Since the size of nanometric materials
is comparable to that of biological entities (Figure 1.1), a profound understanding of the

interactions taking place between them is required for potential bioapplications.
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Figure 1.1. Size of common biological units compared with synthetic nanomaterials in the range of 0.1 nm to 10

pm.

1.2. STABILIZATION OF NANOPARTICLES AS COLLIDAL DISPERSIONS

Colloidal dispersions are defined as systems with particles of colloidal size (1-1000 nm) of any

nature (solid, liquid of gas) dispersed in a continuous phase of a different composition or state.?®

In the view of nanoparticles dispersions (colloids formed by solid particles dispersed in a liquid),
it is said that a colloid is stable when the particles are individually dispersed without forming
large agglomerates or precipitating. Because of the large surface area/volume ratio in
nanoparticles, the most part of the atoms are localized in the surface of the material, thus,
having a high surface energy. To minimize this excess of energy, NPs follow different strategies
like agglomeration that induces the destabilization of the system and, importantly, the loss of the
characteristic properties of such material at the nano level. Since many applications of
nanotechnology imply the use of colloidal dispersions, mechanisms to keep them stable are

needed.

Van der Waal forces are the main attraction interactions that make particles to aggregate in a
colloidal dispersion and they increase with increasing the particle size and decreasing the
distance between particles. Colloidal stabilization strategies try to overcome those forces and are

based in either electrostatic or steric stabilization.

Although the whole system must be electrically neutral, the effective surface charge of the
particles is significant and it is determined by the distribution of ions and counter ions present in
the liquid that moves with the particles placed at their surface. This organization formed the

called electrical double layer (Figure 1.2). Considering a negatively charged particle, positive ions
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close to the particle surface are strongly bound forming the Stern layer where the electrical
potential drops linearly. On the other hand, ions that are further away are loosely bound forming
the diffuse layer that is characterized by an exponential decay of the potential. The potential at
the slipping plane, which separates the bulk solution from the Stern layer, is called the zeta
potential ({-potential) and it is considered to be the effective surface charge of the nanoparticle.
(-potential is used as a reference value to measure the electrostatic stability of a colloid. The
repulsive interaction between the double layers of two close particles forces them to separate,
thus, contributing to the system stability (Figure 1.3a). The higher the absolute value of the zeta
potential, the stronger the electric repulsion between particles, and therefore the higher the
stability of the colloid. Subsequently, a colloidal dispersion is unstable at the isoelectric point (pH

at zero net electrical charge).

Steric stabilization consists on covering the particles surface with surfactants or polymers that
must be chemical or physically attached onto the solid surface. When two particles approximate,
the energetic and osmotic effects avoid the particles to agglomerate providing stability to the
colloidal system (Figure 1.3b).

Comparing both strategies, electrostatic stabilization does not offer a long-term protection,
because it is mainly based on physisorption of ions on the NPs surface. On the other hand, the
coated organic molecules in steric stabilization are commonly thermally labile. Encapsulation of

particles inside inorganic thermally stable shells is also used (ie, silica, Au, Pt, ...).
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Figure 1.2. Schematic representation of the double electrical layer and the electric potential for a negatively charged

particle. Figure adapted from en.wikipedia.org.
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Figure 1.3. Schematic representation of two particles stabilized by: (a) electrostatic, and (b) steric repulsions. Pictures

adapted from www.pall.com.

It is worth mentioning that attractive Van der Waals forces might not be the unique interaction
responsible of particles aggregation. For example, in magnetic NPs there is a magnetic extra
attractive force, which highlights the importance of strengthen the stabilization methods for

these products.

1.3. SILICA NANOPARTICLES

Starting from the 1960s, silicon oxide (or silica) materials have become the subject of intense
academic and industrial applications.?®> Whereas silica is mainly found in nature as crystalline
products, the most part of the synthetic fabrication routes aims at obtaining amorphous
materials. This is due to the fact that amorphous silica presents more suitable properties for a

wide range of application fields than their crystalline analogues.

One of the most studied systems of silicon oxide is the one constituted by silica nanoparticles,
which is synthesized in a broad range of sizes®®3! and controlled structures.3233 Since those
nanoparticles present excellent chemical stability, low toxicity and versatile functionalization
chemistry, the range of applications includes very different fields, such as photonics and

biomedicine.3*

Hereafter, a brief introduction to the methods used for preparing amorphous silica nanoparticles

with different structural properties is given.

1.3.1.Synthesis of silica nanoparticles

The size and size distribution of silica particles highly affects their properties.® Different
approaches have been developed to synthesize silica particles, these can be categorized as either
wet- or vapor-phase processes.3® In the wet methods, the sol-gel, reverse microemulsion,

chemical precipitation,®” hydrothermal and pressurized carbonation processes3® are included.

The sol-gel process is used to fabricate metal oxides and consists on the preparation of a
solution that trough hydrolysis and condensation reactions forms a sol (stable colloidal
dispersion of solid particles in a liquid) and its further polymerization from an interconnected
network of the primary particles. Regarding the synthesis of silica nanoparticles, the sol-gel route
offers a number of advantages: spherical, homogeneous and monodispersed products can be

obtained with high control over the size by adjusting the molar ratio of water to metal precursor
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or the type of catalyst. It is also an easy, cheap and robust method that leads to highly pure
particles.3%40 Stober et a/*' reported a pioneering approach to synthesize monodispersed silica
particles by hydrolysis and polycondensation of silicon alkoxydes in mixed solutions of ammonia,
used as a catalyst, alcohol and water. Silica spheres were prepared ranging from 50 nm to 2 um
with a narrow size distribution. The size of particles depends on the type of silicon alkoxyde and
alcohol. In general, the shorter the chain length of the alcohol, the smaller the particle size and
the narrower the size distribution. Since the Stdber study, many researchers have been analyzing
the effects of various variables*?#® on the structure and properties of silica nanoparticles trying to
optimize such method (Figure 1.4).#44> For instance, it has been shown that the size of the
particles increases with the concentration of ammonia®; and that by fixing the concentration of
reactants and the temperature, the particle size and size distribution are highly dependent on

mixing modes.*’

Figure 1.4. Different sizes of silica particles obtained by controlling different reaction parameters: (a) ~21 nm, (b) ~131

nm, (c) ~369 nm, (d) ~565 nm. Image modified from Rahman and Vejayakumaran.*

A special mention is here devoted to the preparation of porous silica NPs, in particular those
having mesopores (pores with diameters between 2 and 50 nm). In 1992, researchers of the
Mobile Oil Corporation developed a new family of ordered mesoporous silicas with tunable pore
diameters in the range of 1.5-30 nm. Those structures that are commonly known as MCM (Mobil
Composition of Matter) have high specific surface areas and pore volumes.*®* MCM-41 is one of
the most extensively researched types of MCM. 1t is a highly ordered material that presents pores
with amorphous silica walls spatially arranged in a periodic hexagonal pattern (Figure 1.5). A
rapid progress has been attained during the last two decades in the synthesis and applications of
mesoporous silica nanoparticles (MSNPs) in catalysis, adsorption, separation, sensing and drug
delivery.”05152 Although different methods have been used to synthesize MSNPs, such as self
assembly®® and emulsion thecniques,®® a templating agent that directs the polymerization of
silicates from a precursor is usually required. Typically, it is a surfactant that is either neutral of
charged.>* The control of particle size and morphology is accomplished by varying parameters
such as pH and agitation speed or by using co-solvents and additives during the synthetic

process. MSNP have also been prepared with disordered porous structures.
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Figure 1.5. TEM image of a MCM-41-type silica nanoparticle. The inset shows the hexagonal pore arrangement in
the microscope image and a schematic representation. Image adapted from Rimola et a/*° and Zhao et a/*

Reverse microemulsions (water dispersed in oil) are formed by spherical micelles of surfactant
molecules with the polar head groups organized to form microcavities containing water and the
nonpolar chains in contact with the organic solvent. At these conditions, silica nanoparticles can
be grown inside the microcavities by carefully controlling the addition of silicon alkoxydes and
catalyst.>>°¢ The major drawbacks of the reverse microemulsion approach are high cost and

difficulties in removal of surfactants in the final products.

The vapor-phase synthesis is based on high temperature flame decomposition of metal-organic
precursors. This process is also referred to as chemical vapor condensation (CVC). Typically,
particles are produced by reacting silicon tetrachloride (SiCly) with hydrogen and oxygen.>’
Although it is a simple method, controlling the particle size, morphology, and phase composition
is difficult.>® Nevertheless, this is the prominent method that has been used to commercially

produce silica nanoparticles in powder form.

1.3.2.Magnetic silica nanoparticles

The surface of iron oxide nanoparticles (IONPs), among other types of nanoparticles, can be
modified to provide them with functionality, biocompatibility and also colloidal stability.
Encapsulation of iron oxide nanoparticles in either organic, such as polymeric surfactants, or
inorganic matrices, mainly silica, prevents their aggregation. Furthermore, the modified surface
can impart non toxicity and bear functional groups to allow the covalent grafting of

biomolecules, therapeutic agents or specific ligands for targeting.

Silica coating has some advantages over polymeric matrices, such as chemical, thermal and
mechanical stability and lack of swelling or porosity changes with pH or electrolyte
concentration. This coating also prevents oxidation and degradation of the IONPs during and
after synthesis. Concerning biomedical applications, an important advantage of having a silica
surface is the presence of silanol groups that can easily react with silane coupling agents and

provide an ideal anchorage for covalent binding of specific ligands.>?

Using conventional approaches for the synthesis of silica but having IONPs in the initial solution,
multifunctional core-shell nanostructures can be produced. The final products combine the

properties and functionalities of both the magnetic core and silica shell, being a unique platform
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for the design of theranostic devices. Materials capable of carrying high drug payloads and
enhance the contrast in MRI imaging for diagnosis at the same time, such as porous magnetic

silica nanoparticles (Figure 1.6), deserve an especial consideration in this field.®0

0

Figure 1.6. Schematic representation and TEM image of iron oxide nanoparticles inserted within mesoporous silica.

Image adapted from Liong et a/®!

1.3.3.Biomedical applications of silica nanoparticles

Silica particles are nowadays synthesized as monodispersed and highly size-controlled spheres in
the range of 5 to 1000 nm. Moreover, they have high adsorption capacity, easy chemical
functionalization and they have been reported as biocompatible.?? These characteristics have
promoted an intensive research on the design of silica nanoparticles for biomedical
applications.?® Unfortunately, the fast improvement on fabricating silica nonoparticles with
specific biofunctionalities is not encompassed with a sufficient understanding of the biological
response of these materials, mostly for porous structures. Much more experiments studying the
influence of the physicochemical features of the particles are needed to make effective and safe
devices to be used in biomedicine.®* Nonetheless, both pristine and functionalized SiO, NPs have
an ongoing role for designing advanced tools and systems for /n vitro and /n vivo applications,

which can be summarized as follows:

e Drug delivery: An ideal device for drug delivery would consist of a drug nanocarrier capable
of specifically targeting the damaged tissue facilitating the transfer of a high drug payload
across target the cell membrane. This system could then undergo a controlled-release trough
drug diffusion, matrix degradation or upon activation by external stimuli.5> This would be an
efficient therapeutic treatment, without causing side effects in healthy cells. Porous silica
nanoparticles, primarily MSNPs, have been widely investigated as drug carriers because, in
addition to the aforementioned properties of SiO, NPs, they have high surface area and pore
volume available to host large amount of therapeutic agents.?® Several studies have proved
that porous silica particles can release drugs in a controlled manner through a combination
of passive diffusion and matrix degradation.®”:686% Owing it to triggered release of the cargo,
two different strategies have been developed: linking the drug on the silica trough covalent
cleavage or functionalizing the silica surface with protective coatings or gatekeepers. The

gatekeepers are nanogates capping the pore entrances with the ability to open or close them
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10

by responding to external stimuli, typically, pH, redox level or temperature. Those systems
can be organic molecules, biomolecules, polymers, nanoparticles, etc. For example, the group
of Prof. Zink’ has positioned cyclodextrin (CD) molecules around the orifices of the silica
mesopores. Stalks of rhodamine/benzidine acted as nanopistons that move in and out the CD
cylindrical cavities in response to changes in pH. Luo et a/’' immobilized collagen on the
outer surface of MSNPs as redox potential-responsive gatekeepers for targeted drug delivery
of cancer cells. Targeting of silica particles to special cell types can be achieved by attaching
different ligands or antibodies, such as folic acid’? or growth factors,”® to the particles surface.
A targeted drug release is particularly relevant in cancer treatment, where the majority of the
used therapeutics are highly toxic.

Gene delivery: Gene therapy has emerged as a crucial therapeutic avenue, where
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are utilized as therapeutics to
antagonize abnormal gene regulation.”* Since DNAs/RNAs suffer from poor bioavailability and
cellular uptake profile /n vivo, they can only be delivered through systemic administration
being encapsulated in suitable carriers. Porous silica nanoparticles are considered a promising
alternative to the gene currently used delivery devices based on viral vectors. In order to be
readily internalized by cells, the gene-loaded silica particles have been functionalized with
positively charged groups. For instance, Bharali et a/’> reported /n vivo applications of amino-
surface functionalized SiO, NPs in gene release.

Protein adsorption and separation: The extensively studied interaction between silica
surfaces and proteins has been applied for specific protein detection’®”” and reverse
interaction for separation of proteins from biologic media.”® Functionalized silica NPs have
successfully target proteins with high specificity, thanks to the many options for
functionalization provided by silica surfaces.

Nucleic acid detection and purification: Significant information can be obtained from DNA
molecules used for diagnostic, genetic investigation and therapy. Hence, DNA detection,
extraction and purification are important steps in those fields. Silica nanoparticles have an
important role in building and developing a fast, cost-effective and robust isolation method
for DNA extraction, purification and analysis.”® SiO, NPs are also employed to design DNA
biosensors by functionalizing them with oligonucleotides.®% Using DNA adsorption onto silica,
researchers have been also able to develop silica surfaces for more specific and efficient
interaction.®!

Pharmaceutical applications: Silica NPs are widely used in the pharmaceutical industry for
several other functionalities, for example, as adsorbents,® anticaking agents, emulsifiers and
thermal stabilizers, or to increase the flowability of solid formulations,® with a percent ratio

varying from 0.1 to 10 wt%.84
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1.4. IRON OXIDE NANOPARTICLES

1.4.1.General concepts of magnetism

Magnetic properties in bulk

Macroscopic magnetism arises from two intrinsic characteristics of electrons: the orbital
movement of the electron around the atomic nucleus and the movement of the electronic spin
around its axis. This means that every electron has associated an orbital and a spin magnetic
moment that makes it to behave like a tiny magnet. The vector sum of all the magnetic
moments (m) of the atoms in a material per unit volume (V) is called magnetization (M) and it

describes the degree to which a magnet is magnetized (Equation 1.1).

. _ m emu
Equation 1.1 M= v (s

For practical reasons, M is often referred to unit mass and expressed as emu/g in the centimeter-
gram-second system of units (cgs). The magnetic properties of a material are characterized by
the magnitude and sign of M, but also by the way in which it varies with the strength of a
magnetic field (H, expressed as Oe in cgs). The magnetic susceptibility (x) is expressed in

Equation 1.2.

Equation 1.2 X :M( e )

H \Oe cm3

All the materials can be classified in regards of their magnetic behavior. A substance is
diamagnetic when it has negative net magnetization in presence of a magnetic field (B). This
means that the material is repelled by B. They are constituted by atoms with electrons forming a
closed shell (ie. noble gases, NaCl, most organic molecules,...), which usually have their spin and
orbital magnetic moments oriented, so that atoms as wholes have no net magnetic moment.
Diamagnetic materials have negative values of x (around -10%). Only atoms with electrons in
partially filled shells exhibit a net magnetic moment, and thus net magnetization. Materials with

this characteristic might have four different types of magnetism (Figure 1.7):

e Paramagnetism: paramagnetic systems present a small net magnetization (with x = O-
0.01) when applying B that is not retained after removal of the stimulus.

e Ferromagnetism and ferrimagnetism: in the presence of a magnetic field, materials have
a strong net magnetization that partially remains when the magnet is not longer applied.
Magnetic moments in ferromagnets, all with the same magnitude, are aligned in parallel.
However, in ferrimagnets, they have different strength and align antiparallel to each other.
These systems have positive and large magnetic susceptibilities (0.01-106).

e Antiferromagnetism: substances show zero net magnetization even being under the
influence of a magnetic field due to the antiparallel alignment of magnetic moments of

equal magnitude. Values of x are positive but small (0-0.1).

11
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At the macroscopic scale, magnetic materials are composed by sub-regions where the magnetic
moments are oriented in the same direction, while inside the sub-region the orientation is not
the same. Those regions are called magnetic domains and they are separated by magnetic walls.
By applying a magnetic field to a ferromagnet, the domains that have their orientation lying
along the direction of B start to grow trough domain wall motion (Figure 1.8a). If the intensity of
B is high enough, the domains grow while their magnetic moments align in parallel with the
external stimulus until occupying all the space in the material. At this situation, the compound
reaches its highest value of magnetization (saturation magnetization or Ms). After the removal of
the external magnetic field, a ferromagnetic material tends to stay magnetized with a remanent
magnetization (Mg) (Figure 1.8b). Besides, these materials present a coercive field (H¢) that is
defined as the field of opposite sign needed to return the system to a state of null
magnetization. The wall motion is enhanced by the magnetic anisotropy (MA), which describes
the preferential magnetization orientation of a material in one particular direction of space. MA is
also facilitated by the interaction occurring between the spin and the orbital magnetic moments

(spin-orbit coupling). In crystals, this interaction strongly depends on the crystalline lattice.
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Figure 1.8. (a) Schematic representation of domain wall motion in presence of an applied magnetic field in a
ferromagnet,®® and (b) magnetization vs. applied magnetic field for a ferromagnetic (pink line) and a paramagnetic

(green line) material.
Magnetic properties at the nanoscale

As previously mentioned, size effects have a tremendous importance over the properties of
materials at the nanoscale. The multi-domain structure of a ferromagnetic material does not
longer exist when its size is reduced below a critical value. Every magnetic material has a critical
size below which the energy needed to create a domain overcomes the magnetostatic energy

(energy required to orient the magnetic moments in parallel with an external magnetic field),

12
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favoring the single-domain state. The critical diameter (Dc) of a monodomain in spherical and
non-interacting particles is given by Equation 1.3:

Dc = 182k

UoMS

Equation 1.3

where A is the exchange constant , K is the uniaxial anisotropy constant and pg is the vacuum
permeability. Although the critical diameter is an intrinsic property of each material, typically lies

in the range of a few tens of nanometer.

In the presence of an applied magnetic field, a single-domain particle holds a permanent
moment called “supermoment” resulting from the strong coupling of the individual magnetic
moments within the particle (Figure 1.9a,b). The particle presents a large susceptibility with high
Ms and neither My nor coercivity (Figure 1.9c). In the easiest case of a particle with uniaxial
anisotropy, two possible opposite orientations of this “supermoment” along the easy axis are
preferred (parallel/antiparallel). Those configurations are separated by an energy barrier (E,) that

is directly proportional to the particle volume (V). It is expressed in Equation 1.4:

Equation 1.4 E, = KeffVSin29

being 6 the angle between the magnetization direction and the easy axis of the particle (Figure
1.10a).

This expression describes two energy minima at 6 = 0 and 6 = m, corresponding with spin up
and spin down configurations, by means parallel or antiparallel to an external magnetic field. In
small enough particles (< 20 nm), E, separating those minima is very small, comparable with the
thermal energy needed for the supermoment to flip between the two possible orientations
(Figure 1.10b). According to this, and in the absence of an applied magnetic field, thermal
energy fluctuations can overcome E, and reverse the magnetization of the particle leading to a

zero net magnetization. Under these conditions the particle is in the superparamagnetic state.
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Figure 1.9. Schematic representation of single-domain particles having their magnetic moments: (a) randomly

oriented in absence of an applied magnetic, and (b) aligned with the orientation of an applied magnetic field
creating a supermoment, and (c) magnetization vs. applied magnetic field for a ferromagnetic material (pink line)

and a single-domain particle (blue line).
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Figure 1.10. (a) schematic representation of a single-domain particle with uniaxial anisotropy, and (b) two possible

spin configurations for a single-domain particle with uniaxial anisotropy and in the absence of a magnetic field.

The mean time of flipping is called Née/ relaxation time (t). The system is named blocked when t
is longer than the experimental measuring time. In this case the supermoment of the
nanoparticle is “frozen” following the easy axis of magnetization. The transition temperature
between blocked and superparamagnetic states is the blocking temperature (Tg) that depends,
among other factors, on the size of the particle and the applied magnetic field.

It is important to remark that the blocking temperature of a given system obtained
experimentally depends on the technique used to study its magnetic properties. Superconductive
guantum interference device (SQUID) is a commonly used technique for this purpose. Zero-field
cooling (ZFC)-field cooling (FC) measurements of magnetization versus temperature are usually
performed with SQUID by heating the sample under a constant magnetic field. As it is depicted
in Figure 1.11, in a FC measurement (with the sample previously cooled in presence of a
magnetic field) the magnetization decreases as temperature increases; while in a ZFC
measurement (with the sample previously cooled in the absence of a magnetic field) the
magnetization increases with the temperature until reaching the energy barrier of the Néel

relaxation at which starts decreasing. Tg is the temperature at the peak point of ZFC curve.

FL 1l -CO08ed
ZFC: Zero field-cooled
Ty : Blocking temperature

M:_lg:j Mzt

Tempearatune

Figure 1.11. Schematic representation of a ZFC-FC curve for superparamagnetic nanoparticles.”

1.4.2.Synthesis of iron oxide nanoparticles

Many of the applications of iron oxide demand nanoparticles of specific size, shape, surface
characteristics and magnetic properties. These features, and therefore the potential application of
the nanoparticles, are determined by the method of synthesis,®8 which also rules the degree of

structural defects or impurities in particles and the distribution of such defects.®® In the last

14
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decades, many reports have described efficient approaches to produce size and shape-controlled,
monodispersed and highly crystalline iron oxide nanoparticles mainly trough chemical routes,
either in liquid or vapor phase.®®®! The most representative ones are coprecipitation, thermal

decomposition, microemulsion, hydrothermal, sonochemical®?> and aerosol/vapor methods.>

In the coprecipitation synthesis, magnetite (Fe3O4) or maghemite (y-Fe,Os3) are obtained from
aqueous Fe(ll)/Fe(lll) salt solutions by the addition of a base under inert atmosphere at room
temperature or at elevated temperature. The size, shape, and crystalline phase of the magnetic
nanoparticles strongly depends on the type of salts used (ie. chlorides, sulfates, nitrates), the
cations ratio, the reaction temperature, the pH value and the ionic strength of the media.>*
Massart reported in 1981 the most employed coprecipitation method. He used ferrous and ferric
chlorides and hydroxides in an alkaline solution.®> The influence of different parameters on the
yield of the reaction and particle size was evaluated. It was concluded that the particle size
decreased as the pH, ionic strength in the medium and/or Fe(lll)/Fe(ll) ratio increased.?® Although
this route produces a large amount of nanoparticles, the system is rather polydisperse in size
due to the impossibility of controlling the crystal growth process. Some improvements have been
made in this sense by the use of organic additives as stabilization and/or reducing agents, such
as polyvinylalcohol (PVA).?” Advances on the quality of nanoparticles synthesized by

coprecipitation have been recently reported.®®

High quality monodisperse and monocrystalline IONPs with small size can be obtained by the
thermal decomposition of organometallic precursors in high-boiling organic solvents containing
stabilizing surfactants, such as oleylamine,®1% oleic acid,’®* and steric acid.1%? Precursors that
have been investigated include iron acetylacetonate,’®® iron carboxylate, 1 iron cupferronates'®>
and iron carbonyls.’% The control over the size and morphology of the particles is achieved by
adjusting the ratio of the starting reagents, surfactant and solvent. The reaction temperature,
reaction time and aging period might also be key factors for this porpose.® Peng et al. reported
a general decomposition approach for the synthesis of size- and shape-controlled magnetic
oxide nanocrystals based on the pyrolysis of metal fatty acid salts in non-aqueous solutions.
Particles between 3 and 50 nm in size (Figure 1.12) with different shapes, including spheres and
cubes, (Figure 1.13) were thus successfully prepared.!?” Maghemite nanoparticles with sizes
ranging from 4 to 16 nm were produced by decomposition of iron pentacarbonyl in octyl ether

and oleic or lauric acid by Hyeon et a/108

::.:‘:'::.-!
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Figure 1.12. TEM images of the as-synthesized sphere-shaped Fe;O4 nanocrystals.1%
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Figure 1.13. Schematic illustration of the formation of Fe3Os nanocrystals. The middle and right panels are TEM
images of the as-synthesized nanocrystals taken at different reaction times.1%”

Water-in-oil (w/o) or oil-in-water (o/w) microemulsions under the presence of a surfactant have
been widely used to obtain IONPs 192110 The surfactant-covered pools, whose size is determined
by the water to surfactant ratio in the size range of 1 to 100 nm, are used as nanoreactors for
the formation of nanoparticles with limited growth. The eventual size of the particles might also
be influenced by factors such as concentration of reactants and flexibility of the surfactant film 11!
Different self-assembled shapes and structures can be fabricated, such as spherical (reversed),
lamellar phases, cylindrical micelles and bicontinuous microemulsions, which might accompany
mainly aqueous or oil phases.!'? Although the fabrication of crystalline maghemite nanoparticles
by the microemulsion route at high temperature has been reported,'®> one of the main
disadvantages of this method is the difficulty in producing highly crystalline systems because of
the low reaction temperature. Moreover, the obtained particle size and shape are not precisely
controlled, the particles yield is low compared with other approaches and it is a hardly scale-up

synthesis method.

Hydrothermal processes are based on the solubility of inorganic iron precursors in water at
elevated temperatures (around 200 °C) and pressures. A generalized method based on a liquid-
solid solution reaction was proposed by Li et a/ 1 It consisted of a metal linoleate (solid), an
ethanol-linoleic, acid liquid phase and a water-ethanol solution at different reaction temperatures
under hydrothermal conditions. During the synthesis, parameters such as water pressure,'
water/polar solvent ratio and reaction time can be tuned to maintain a high and simultaneous

nucleation rate and, thus, to ensure a good size distribution.!1®

A comparison between the four explained synthetic methods of IONPs is gathered in Table 1.1.
The thermal decomposition approach seems to be the best one in terms of size, morphology,

yield and magnetic properties of the produced nanoparticles.

Recently, microwave-assisted reactions have been developed to produce IONPs of different
shapes and narrow size distributions at high temperatures (200 °C) by dissolving iron precursors
in polar solvents. In contrast with conventional methods, this process takes place in a short
period of time (only a few minutes).!l” Iron oxide nanoparticles can be also fabricated by

physicall’® or biological methods.?
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Table 1.1. Summary comparison of four synthetic methods of iron oxide nanoparticles.®

. . Thermal . . Hydrothermal
Synthetic method Co-precipitaton . Microemulsion X
decomposition synthesis
very simple, . . complicated, . )
. . complicated, inert . simple, high
Synthesis ambient ambient
. atmosphere N pressure
conditions conditions
Reaction temp. (°C) 20-90 100-320 20-50 200
Reaction period minutes Hours-days hours Hours, ca. days
Solvent water organic organic water-ethanol

Surface-capping

agents

needed, added
during or after

reaction

needed, added
during or after

reaction

needed, added
during or after

reaction

needed, added
during or after

reaction

Size distribution

relatively narrow

very narrow

relatively narrow

very narrow

Shape control

not good

very good

good

very good

Yield

high/scalable

high/scalable

low

medium

1.4.3.Biomedical applications of iron oxide nanoparticles

Magnetite and maghemite nanoparticles have received considerable attention in biomedical

applications because of their biocompatibility and low toxicity in the human body.192120 These

applications require superparamagnetic particles at room temperature. Remanent magnetization

could lead to agglomeration of particles favoring the blockage of blood vessels within the body.

Due to its enhanced saturation magnetization, magnetite is preferred to maghemite. The

particles need also to be colloidally stable in water at neutral

pH and physiological

conditions, 102 which commonly requires further functionalization of the magnetic nanoparticles.

The main uses of IONPs in biomedicine are next explained:

Magnetic resonance imaging (MRI): Iron oxide nanoparticles have been developed for in
vivo preclinical validation as targeted MRI contrast agents to differentiate between healthy
and diseased tissue in molecular and cell imaging. They have a high T, (transverse relaxation
time) sensitivity and high micromolar detection thresholds. IONPs can passively accumulate at
certain types of cancer sites due to the enhanced permeation and retention (EPR) effect,
which consist in the formation of leaky and permeable vasculature by malign cells.??! In order
to design a more versatile imaging device capable of selectively target the damaged area, the
particles are conjugated with a wide variety of ligands and biomolecules,*?? such as small
organic molecules,'?® peptides,'?* proteins,'?> antibodies,'?® and aptamers.!?’ In addition to
the type of ligand used, active targeting is affected by the targeting molecule density and by
the size and shape of the nanoparticles. Since this application requires systemic
administration, IONPs to be used as contrast agents for MRI should have prolonged blood
circulation time (generally achieved by hydrophilic coating) and sizes between 10 and 100 nm
to evade the rethiculoendothelial system (particles and

uptake by monocytces

macrophages).t2128
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e Drug delivery: The called "magnetic drug delivery” is a promising application of the IONPs. It
is based on magnetic targeting trough the injection of magnetic nanoparticles to which drug
molecules are attached, guidance of these particles to a chosen site under the localized
magnetic field gradients, holding them there until the therapy is complete, and finally
removal of them. Different authors have reported the grafting of drugs onto the surface of
iron oxide nanoparticles, especially for cancer therapy. For instance, Hwu et a/!?° reported the
grafting of paclitaxel (PTX) on IONP surfaces through a phosphodiester moiety and Kohler et
alt3% developed a biostable methotrexate (MTX)-immobilized IONP drug carrier via a
polyethylene glycol self assembled monolayer (PEG-SAM). Similarly, DNAs/RNAs3! have been
grafted on IONPs for gene delivery.

e Hyperthermia: Hyperthermia is considered as a supplementary treatment to chemotherapy,
radiotherapy, and surgery in cancer therapy.’3? The idea of using magnetic induction
hyperthermia is based on the fact that when magnetic nanoparticles are exposed to a varying
magnetic field, heat is generated by the induced currents. Thus, when a magnetic fluid is
exposed to an alternating magnetic field the particles become powerful heat sources
destroying tumor cells, since these cells are more sensitive to temperatures in excess of 41 °C
than their normal counterparts.!33 The amount of heat generated by magnetic nanoparticles
depends strongly on the structural properties of the particles (ie, size, shape) and should be
as high as possible to reduce the dose to a minimum level.

¢ Magnetic bioseparation: IONPs can be functionalized for /n vitro protein or cell separation.
Magnetic separation techniques present several advantages in comparison to traditional
separation procedures. They are simple and all steps of the purification can take place in one
container, thus reducing costs.’®* Fan et a/!3 have developed magnetic nanoparticles coated
with charged bipyridinium carboxylic acids and biotin for affinity isolation of fluorescein-

labeled protein avidin. The same strategy using dopamine has been reported by Xu.!36

1.5. SUPERCRITICAL FLUIDS: GENERAL CONCEPTS AND PROPERTIES

A supercritical fluid (SCF) is formed by a single fluid phase, which occurs when both the
temperature and pressure of a compound are above its critical temperature (T¢) and pressure
(Po), the critical point. The phenomenon can be easily explained using the phase diagram of a
pure substance shown in Figure 1.14. It shows the areas where the compound exists as solid,
liquid, gas or supercritical (SC). The curves represent the temperatures and pressures where two
phases coexist in equilibrium (at the triple point, the three phases coexist). Moving upwards
along the gas-liquid curve, increasing both temperature and pressure, the liquid becomes less
dense and the gas becomes denser in such a way that the previously well defined meniscus
separating the two phases (a) begins to appear unclear (b). Once the Tc and Pc have been
reached, the densities of the two phases become identical and the distinction between gas and
liquid disappears. The curve comes to an end at the critical point, above which the system is a

single homogeneous SCF (c). Below T, the gas can be condensed into liquid by increasing the
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pressure, but in supercritical conditions, the thermal energy of the molecules is high enough to
overcome the potential energy provided by the neighboring molecules and the fluid cannot be

condensed.

Lioas

Temparalune
Loww i High

Figure 1.14. Schematic representation of the phase diagram for a pure substance showing the different states of

matter. Insets show photographs demonstrating the disappearance of the meniscus at the critical point.

SCFs have physical properties between those of gases and liquids (Table 1.2). They present
densities similar to that of liquids, low viscosities as gases and intermediate values of diffusivity.
An important characteristic of SCFs is that they have almost null surface tension, diffusing rapidly
to occupy the entire volume of the container. Notwithstanding, the properties of a substance
might vary dramatically within the supercritical conditions, as its temperature and pressure are

changed.’3’

Table 1.2. Comparison of typical physical properties of gases, liquids, and SCFs.138

Fluid properties Gas SCF Liquid
Density (g/cm?3) 0.6-2 x 1073 0.2-0.9 0.6-1.6
Diffusivity (m?/s) 1-4 x 10 2-7 x 108 10°
Viscosity (Pa/s) 1-3 x 10 1-9 x 10 103

The critical point is an inherent characteristic of each compound. Carbon dioxide (CO,) is the
preferred substance due to its easily accessible critical point (Tc = 31.2 °C, P¢, = 78.3 bar). These
relatively mild conditions contrast with those of other fluids, such as acetone with a critical
temperature more than seven times larger than that of CO, (Table 1.3). In addition, CO, is non

toxic, non flammable, chemically inert and has a low cost.

Mixtures of several components can also reach the supercritical conditions. However, it has to be
taken into account that the critical pressure of, e, a CO,/acetone binary mixture cannot be
interpolated from the values of the pure substances. On the contrary, the Tc of a binary mixture
lies always in between those values. Working with a supercritical mixture of two or more

compounds is not that simple because only certain systems have been studied and the critical
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point of many combinations still remains unknown. Some of the reported mixtures are
COy/acetone,?° CO,/ethanol*® and CO,/dymethyl sulfoxide.#

Table 1.3. Critical properties of some SCFs.138

Fluid Tc (°C) Pc (bar) Remarks
Carbon dioxide 312 73.8 -
Ammonia 1324 1129 Toxic
Water 374.1 221 High T¢, corrosive
Ethane 325 49.1 Flammable
Propane 96.8 42.6 Flammable
Cyclohexane 279.9 40.3 High Tc¢
Methanol 240.0 79.5 High Tc
Ethanol 2431 63.9 High Tc
Isopropanol 2356 573 High Tc
Acetone 235.0 47.6 High Tc

1.5.1.Supercritical fluids for materials processing

The unique physical properties of the SCFs have been investigated in academia and/or industry

since 1950. Interest in the use of SCFs has intensified during the past 30 years with the creation

of large-scale plants using CO,.#? Useful characteristics of the SCFs are conveniently exploited

for materials processing:143

The possibility of tuning the fluids density with pressure and/or temperature changes
provides new solvent power properties to them. Therefore, composition and structure of
materials might be simultaneously controlled because of the additional degree of freedom
related to density in supercritical conditions.

The high diffusivity facilitates the mass transfer leading on highly homogenous products and
reduced processing times.

The low surface tension allows complete wetting of materials with intricate geometries,

including microporous systems and the internal surface of aggregated nanoparticles.}#4

Concerning the physicochemical properties of supercritical carbon dioxide (scCO,), a widespread

set of alternative novel processing protocols and strategies have been proposed. Those strategies

can be classified as function of the CO; role into four main groups:

20

ScCO, as solvent: Only small organic compounds of low polarity are able to solubilize in
scCO,™ as a consequence of its low dielectric constant and null dipole moment. Still, a large
solubility enhancement has been observed for fluorinated substances'#® and molecules
containing silicon atoms.¥” Moreover, small amounts (5-10 wt%) of different co-solvents,
such as acetone or ethanol, can be added to increase the solubility of polar non volatile

molecules in the resulting mixture.148
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e ScCO, as antisolvent: Taking advantage of the lack of solubility in scCO, that certain
substances present, this fluid is often used as an antisolvent to precipitate such solutes from
a liquid solution. The scCO, must be at least partially miscible with the liquid solvent. When it
occurs, a simultaneous mass transfer in two directions is produced: CO, rapidly diffuses into
the liquid solution and the solvent into the CO, phase. Hence, the solvent power of the liquid
is reduced causing the precipitation of the solute.

e ScCO, as solute: when scCO; is utilized as a solute, commonly it is dissolved in the bulk or
melted solid at high concentrations. Next, the mixture is quickly expanded trough a nozzle
into a chamber with the subsequent loss of the supercritical conditions. At these conditions,
the gaseous CO, evaporates while its liquid counterpart solidifies. Techniques using scCO, as
a solute are mainly devoted to the solvent-free precipitation of particles!*® (ie. polymer of
lipid particles), to induce pore-formation'®® and in extrusion processes.

e ScCO, as reagent: Much research is nowadays focused on the development of approaches
having CO, as a green reactive in sustainable chemical processes. Although the economical
aspect is still an obstacle for those methods to be extended, inorganic carbonates have been
synthesized with CO; as a carbonation agent!>! and to produce organic chemicals such ureas,

carbamates and isocyanate carboiimides.t>?

Although this section is mainly refer to the use of carbon dioxide, these processes can also be

performed with other supercritical fluids or with mixtures of them obtaining similar results.

In addition, some post-processing steps (e.g. solvent removal or extraction) needed in some

specific fields such as coating of drug delivery is usually avoided by using SCFs.

1.5.2.Supercritical carbon dioxide in the pharmaceutical industry

ScCO, is currently the basis of an important technology with presence in a variety of fields,
including synthetic chemistry, environmental chemistry, analytical chemistry, material science,
food industry and powder technology.>”133 Particularly, its characteristics have been exploited in

extraction, separation and crystallization processes.’>

Regarding the pharmaceutical industry, scCO, is nowadays a promising alternative to
conventional methods for pharmaceuticals processing. Those methodologies typically imply the
use of organic solvents (e.g, methanol, toluene or dichloromethane) that have well-known
disadvantages like toxicity, flammability and environmental concerns. Furthermore, the
manipulation of nano-objects in such solvents is difficult due to undesired processes such as
agglomeration, degradation or contamination that might damage the labile surface of
nanomaterials. In this context, replacing of classical methods for green manufacturing aims to
overcome upscaling problems associated with both organic solvents and nanostructuring. In
addition to the aforementioned advantages that scCO, offers for materials processing, this fluid
allows straightforward and scalable up preparation of dry products and it is fully compatible with

most of thermally labile materials.?>>
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Some of the most relevant applications of scCO; in the pharmaceutical industry are:

22

Drug delivery: Processes such drug impregnation, preparation of solid dispersions,
micronization of pharmaceuticals or particle formation have been addressed by using scCO,.
Most of the solid dispersions prepared in this way are designed to enhance the dissolution
and bioability of poorly-water-soluble drugs, thus involving studies with hydrophilic polymers
leading to size-controlled particles that rapidly release the active compound in aqueous
media.’*® Concerning micronization approaches, SCFs in general have been used to reduce
the particle size of active pharmaceutical ingredients (APIs) to sizes of 2000-5 nm.1>7 In the
pharmaceutical industry, fine particles (micro or nano-sized) with uniform and narrow size
distributions are of particular interest!>8

Coating: An improved process for coating medical devices, particularly surgical devices, with
polymer or polymer and a therapeutic agent using scCO, has been patented.?

Tissue engineering: scCO, processing might be used to form porous three-dimensional
scaffolds in which the escapes of CO, from a plasticized polymer melt generate gas bubbles

that shape the pores.1%0
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2

SYNTHESIS OF SILICA-BASED
MATERIALS

The materials made of silicon dioxide (SiO;) with potential bioapplications

are the basis of this thesis's project. In particular, three different types of
silica-based systems were prepared as matrices to host active
pharmaceutical ingredients: SiO, monolithic aerogels, submicron-sized SiO,
particles and composite core(iron oxide)-shell(SiO;) nanoparticles.

In this chapter, the methodologies used to synthesize the materials, as well
as the iron oxide particles prior to silica coating, are explained in detail. The
obtained materials and their characterization are also shown and carefully
analyzed. The morphology and the size of the particles are studied.
Specifically, the obtained particle diameter by electron microscopy
observations and the hydrodynamic diameter in polar solvents are
presented.
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2.1. SOL-GEL CHEMISTRY OF SILICA

Products under the name of si/ica involve a large amount of materials with the general formula
of SiO, or SiOyxH,0. Although silica compounds appear naturally in mineral form, such as
quartz and flint, and in some plants (7/ rice, barley or bamboo), the most commonly used silica
products in the industry come from synthetic routes. When silica occurs in nature the preferred
conformation is the crystalline phase, while synthesized silicon oxide materials are often
amorphous and with an intrinsic porosity susceptible of control. Silica materials can be obtained
in the form of gels, particles, fibers, etc... products that have a large surface/mass ratio. The
crystalline counterparts only possess a specific surface area related to their geometric surface.!

Among many routes developed for the fabrication of amorphous silica, the most studied one is
the so/-gel process. In this method, alkoxysilanes are commonly used as silicon precursors due
to their facility to react with water. They have the general formula of Si(OR), and belong to the
family of the metalorganic compounds. Specifically, TEOS (tetraethylortosilicate) and TMOS
(tetramethylortosilicate) are the most used precursors in silica sol-gel research. Since TEOS and
TMOS are both immiscible with water, a mutual solvent must be used in the sol gel process.
Ethanol and methanol are the most employed ones. When possible, it is advisable to select a
solvent with the same alkyl group than the silicon precursor (ethyl or methyl group) in order to
avoid transesterification reactions. In a sol-gel reaction, the precursor is hydrolyzed in presence
of water (Reaction 2.1) and the products condense according to Reaction 2.2 and Reaction
2.3.

Reaction 2.1 Si(OR)4+H20—(R0O)4.,-Si-(OH),+nROH
Reaction 2.2 (RO)4.,-Si-(OH)n+Si(OR)4—(RO)4.1-Si-O-Si-(OR)4.,+NnROH
Reaction 2.3 (RO)4.,-Si-(OH)n+(RO)4-n-Si-(OH)y—(RO)4.n-Si-O-Si-(OR)4-n+nH,0

The Reaction 2.1 proceeds completely, i.e, all the OR groups are hydrolyzed to OH, when
enough water is present in the medium. By following the Reaction 2.2 and Reaction 2.3,
siloxane bonds Si-O-Si are formed releasing a molecule of alcohol or water. These chemical
processes may extend to polymerization, building different silicon oxide-based structures. If the
silicon alkoxyde is fully hydrolyzed to ortosilicic acid (Si(OH),), it is capable to build three-
dimensional structures by cross-linking. The mechanism of polymerization of silicic acid has

been explained as occurring in three stages:?

e Step 1: Polymerization of monomers into primary particles.
e Step 2: Growth of those particles by Ostwald ripening.

e Step 3: Association of particles to from chains and then networks in the liquid medium.

The final conformation of the silica product depends on Reaction 2.1-Reaction 2.3, which are

governed by factors such as the amount of water, temperature or the presence of a catalyst.
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The sol-gel process has the possibility of adding a catalyst of acid or basic nature, not only to
accelerate the process, but also to modulate the structure and properties of the resulting
materials by varying the relative importance of the steps 2 and 3 in the polymerization reaction.
The condensation rate is proportional to the concentration of OH™ and it is controls Reaction
2.4 and Reaction 2.5. In acidic conditions, the particles that have reached a diameter between
2 and 4 nm do not grow anymore due to the limited solubility of silica in this pH range. In
basic medium, the condensed species are more ionized than in acid pH, promoting the growth
by interaction between monomers instead of by aggregation (Figure 2.1). Since silica dissolves
easily in basic pH, further growth continues by Ostwald ripening. The final size of the particles
also depends on temperature: the higher the temperature, the larger the particle diameter.
Moreover, the incorporation of salts in either acid or basic media reduces the double electrical
layer, facilitating the interaction between particles and the formation of a gel network. Other
factors that also influence the sol-gel process are the type of precursor used, the precursor to
water ratio and the solvent.

Reaction 2.4 (RO)4.,-Si-(OH),+OH —(RO)4-n-Si-(O)n+nH20
Reaction 2.5 (RO)4.n-Si-(O")n+(RO)4-n-Si-(OH)n—(RO)4-n-Si-O-Si-(OR)4-n+nOH"
Monamer

' ; Dimer “Co 2
. . 18 b l:'p"l“.'kr * Big parhicles

Gal: tridimensional
natwork

Figure 2.1. Scheme of the polymerization behavior of aqueous silica depending on the pH.3

In this thesis, silica sol-gel chemistry is combined with the use of supercritical fluids to prepare
three different types of porous materials for biomedical applications: silica aerogels, silica sub-

micron particles and composite core(iron oxide)-shell(SiO,) nanoparticles.

To demonstrate the versatility of the synthetic approach, other materials with potential
bioapplications have been synthesized during the experimental work of this thesis following the

same procedure. In particular, core(quantum dots)-shell(SiO;) nanoparticles with both CdSe-ZnS
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and iron oxdie + CdSe-ZnS cores and tuned silica shell thickness. Results on these experiments

were similar to those found for iron oxide-silica nanoparticles.

The silicon precursor hydrolyzes and condenses when dissolved in a solvent, forming a sol of
primary silica particles dispersed in the liquid phase. The sol can either suffer aggregation
creating larger entities or the formation of a polymeric matrix by gelling. Whatever the material
formed either spherical particles or bulk gels, the supercritical solvent extraction leads to the
preservation of the original porous structure producing aerogel particles (porous spheres) or
aerogels monoliths. On the contrary, room temperature solvent evaporation results in the
collapse of the structure giving low porosity particles or xerogels. These processes are

schematized in Figure 2.2.

The guarantee to perform a correct supercritical drying lies in assuring a solvent extraction that
goes straight to the gas state from the supercritical conditions avoiding the liquid phase. Figure
2.3 illustrates this process (red pathway, a). When the solvent is in the liquid state and
evaporates, strong capillary tensions inside the pores are created. Those forces are inversely
proportional to the pore diameters, as defined in Equation 2.1. Since the gels or particles in the
sol have nanometric pores, the capillary pressure generated in the pore walls (p¢) is too high to
be stand by the walls, leading to the breakage of the silica network and the solid structure

collapse, as shown in the “b" pathway (green arrow) of Figure 2.3.
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Figure 2.2. Scheme of the different silica-based materials produced in this work by combining sol-gel chemistry
and different solvent extraction procedures. Aerogel particles is referred both to silica sub-micron spheres and

composite nanoparticles.
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Figure 2.3. For a drying process, scheme of the solvent phase changes depending on the type of process: (a)

supercritical drying and (b) evaporation.

35



Chapter 2 SYNTHESIS OF SILICA-BASED MATERIALS

2 0
Equation 2.1 pc = ycos

r

where vy is the surface tension (strength per unit of length), © is the wetting angle and r is the

pore radius.

2.2. POROUS STRUCTURE OF SILICA-BASED MATERIALS

From a textural point of view, considering drug delivery applications, one of the most
remarkable features of the silica-based materials is their intrinsic porosity. Aerogels and aerogel
inspired materials present an open porous framework. In contrast to a compact material or
materials involving a closed-pore arrangement, in the aerogels, the gases or liquids can flow
through the interconnected open pores. According to the IUPAC,* the pores in any kind of
porous solid are classified as a function of the mean pore diameter (Table 2.1). In agreement
with this classification, silica aerogel monoliths are mainly mesoporous and the particulate

systems, both the silica sub-micron particles and the composite nanospheres are microporous.

Table 2.1. The IUPAC pore size classification.

Type of pore Micropore Mesopore Macropore
Pore size (nm) <2 2-50 > 50

The most important methods of porous matter characterization are based in adsorption
phenomena. Two different kinds of adsorption processes can be distinguished depending upon
the strength of the interaction between an adsorbate and the solid adsorbent: chemical or
physical adsorption. The first one is defined by the formation of chemical bonds and gives
place to chemisorption processes. In this case, a direct contact between adsorbate and
adsorbent is needed to enable the chemical linkage. Thus, chemisorption can only occurs in a
monolayer even at saturation pressure. In the physical adsorption (or physisorption) processes,

the pores at saturation are completely filled by the adsorbate because a multilayer is formed.

Brunauer, Deming, Deming and Teller classified the physisorption isotherms into five types.®
Later on, Sing introduced an additional one. These six types of isotherms compose the current
IUPAC classification® and they are illustrated in Figure 2.4. Type [ corresponds to microporous
materials with pore sizes not much larger than the molecular diameter of common adsorbates
(< 2 nm). Type I describes the adsorption behavior of nonporous solids or solids with
macroporosity. Type III is convex and represents systems in which the adsorbate molecules have
more affinity between them than they do for the adsorbent surface. Characteristic features of
type IV isotherm are its hysteresis loop, which is associated with capillary condensation taking
place in mesopores. Type V is a variation of type Il at weak adsorbate-adsorbent interactions.
Finally, type VI is quite rare and represents stepwise multilayer adsorption on a uniform non-

porous surface.
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Figure 2.4. The IUAPC physisorption isotherms.

Brunauer, Emmet and Teller” developed in 1938 an important method to measure the specific
surface area, known as the BET method. BET equation is proposed to describe adsorption of a
gas on a solid surface. The BET equation is an extension of the Langmuir's monolayer
adsorption equation, but considering multilayers formation (Equation 2.2).
P 1 Clgp

Equation 2.2 —— ==+ (—)

q Vo(Po-P)  VmC " VinC \Po

where V, is the amount of gas adsorbed at a pressure P, V,, is the quantity of gas adsorbed
once the whole solid surface is covered with a macromolecular layer, P, is the saturation

pressure of the gas and C is a constant.

The plot of P/[Va(Pg-P)] vs. P/P, results in a straight line. V,,, and C can be thus extracted from

the slope and the intercept, respectively.

The BET gas adsorption method has become the most widely used standard procedure for the
determination of the surface area of finely-divided and porous materials. The classical pore size
model developed by Barret, Joyne and Halenda (BJH) in 1951, which is based on the Kelvin
equation and corrected for multilayer adsorption, is mostly used for calculations of the pore
size distribution over the mesopore and part of the macropore range. For the micropore zone,

the t-plot method is the most common way of determining the surface area and pore volume.

In this thesis, surface area, pore volume and pore size are calculated by applying the BET
method to the nitrogen adsorption/desorption isotherms of each material while the micropore
area is extracted from the t-plot method. The pore volume is taken at each saturation pressure.
For particulate systems two different approaches to calculate the pore size have been used. In
the first one, the pore diameter is calculated using pore volume and surface area values
measured at the saturation pressure. This mean pore size value includes intraparticle micropores

and interparticle mesopores in the calculation. In the second approach, the textural values are
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taken at a relative pressure of 0.2. The resulting mean pore diameter corresponds to the filling
of the micropores, and, thus, to intraparticle pore size. It is named as /ntraparticle pore size

(pore Sizeintraparticle)~

2.3. SILICA AEROGELS

2.3.1.Synthesis of silica aerogels

Aerogels are extremely light solids with a highly porous structure. The gel that is formed from
the sol-gel process is filled with alcohol and called a/cogel Depending on the drying process
applied to the alcogel, the structure of the resulting system is different. By exchanging the
liquid in the gel with air at supercritical conditions, in which no or minimal pore collapse occurs,
the resulting material is called aerogel.®° Contrary, if the gel is dried by solvent evaporation, a
xerogel is formed. Aerogel materials display interesting properties, such as low densities,
porosities between 90 and 99% and high surface areas. Silica aerogels have been used in a
wide variety of applications, including thermal and acoustics insulation,*® drug delivery*1? and

catalysis.'® As a contrast, xerogels are much denser systems with lower porosity than aerogels.

Silica aerogels present an open porous framework formed by spherical primary particles of 5
nm in diameter. Those spheres cluster into secondary particles (around 20-50 nm) that are
linked in chains creating the porous aerogel skeleton. This structure is schematized in Figure
2.5.
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Figure 2.5. Basic scheme of silica aerogels structure

Silica aerogels were here synthesized by the sol-gel method and labeled as AM(aeroge/
monolith)_number of experiment. The optimal synthesis conditions for the aerogel monoliths
were selected from Magda Moner's thesis:}4 tetramethylortosilicate (TMOS, 98 wt%, Sigma-
Aldrich) was used as the silicon precursor and methanol (MeOH, anhydrous, 99.8 wt%, Sigma-
Aldrich) as the solvent, in a TMOS/H,O/MeOH molar ratio of 1/4/12.25, and ammonium
hydroxyde (NH4OH, 32 wt%, Merck) at a concentration of 0.06 M as the base catalyst. Note that
the amount of water was stoichiometric with respect to the TMOS ([TMOS]/[H,0] = 4) in order

38



Chapter 2 SYNTHESIS OF SILICA-BASED MATERIALS

to favor a complete hydrolysis of the TMOS. Two similar batches were performed to obtain the
base materials for further processing. In Table 2.2 details on reactants concentration ([ ]) and
volume (V) are given.

Table 2.2. Concentration in methanol and volume of the reactants employed to prepare silica aerogel monoliths
(AM).

.| [TMOS] | Vimos | [H20] | Vo | Vmeon [NH;] VNHaoH

Synthesis
(M) (mL) (M) (mL) (mL) (M) 32 wis (ML)

AM_1
14 253 5.5 12.2 84.5 0.06 0421

AM_2

The procedure was based on the following steps:

Step 1: Preparation of the gels.

e A mixture of the catalyst and water was added, drop by drop, to a solution of TMOS in
MeOH. Next, this solution was quickly poured into several Pyrex assay tubes. The gel
network started to form immediately; therefore, it was important not to move the recipients
during the gelling process to avoid gel cracking. Within 2-4 min., the gels were formed.

e Ageing process took place during 2 days and needed the gels to be wet with an extra

volume of the fresh solvent (around 3 mL).

Step 2: The tubes were placed in a 2 L high pressure reactor for supercritical drying (Figure
2.6a) using a stainless steel holder with three platforms and several holes drained to fit the
tubes (Figure 2.6b).

. Stainless
steal holdes

Pyex ==

assay tube

Figure 2.6. For the gels drying: (a) supercritical 2 L reactor, and (b) a Pyrex assay tube placed in the designed

stainless steel holder.

Step 3: Supercritical drying. The temperature and pressure pathways of a representative

experiment of supercritical gels drying are plotted in Figure 2.7a and Figure 2.7b, and
described as follows: the reactor was sealed (stage 1) and the system was then pressurized by

injecting compressed carbon dioxide (CO;) up to a pressure of ca. 50 bar (stage 2). The
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temperature was increased in 30 °C every 10 min. until reaching 270 °C. This rising in the
temperature brought a gradual increase in the pressure up to 240 bar (stage 3). The final
conditions were in all cases above the critical point of the used CO,/MeOH mixture.’> These
conditions were maintained for 2h. The system was first depressurized by venting out the
solvent and the unreacted precursors into another chamber, but keeping the high temperature.
This maintenance of the temperature was crucial to avoid the liquation of the solvents and the
collapse of the pore structure due to capillary forces. In this way, the solvents reached directly
the gaseous state from the supercritical conditions (see Figure 2.3). Once the reactor was at the
atmospheric pressure, fresh CO, at 3 bar with a flow of 3 Kg/h was circulated during 30 min. to
remove any unreacted species left (stage 4). The reactor was then completely depressurized

and cool down to room temperature overnight (stage 5).
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Figure 2.7. For the synthesis of AM, graphs of: (a) pressure vs. temperature cycle, and (b) evolution of pressure and
temperature with time. The blue shadow area in (a) corresponds to the supercritical state for any CO,/MeOH

mixture

2.3.2.Results and discussion

2.3.2.1.Size and morphology of silica aerogels

Two batches for aerogel monolith synthesis were carried out (labeled as AM_1 and AM_2),
obtaining in both similar results. Resulting materials were constituted by extremely light,
transparent and fragile cylindrical bars of around 7 cm in length and 1.3 ¢cm in diameter. By
measuring the volume of the cylinder and weighing the bar, the bulk density can be calculated.
This value is in the order of 0.11 + 0.03 g/cm?3. In Figure 2.8, a picture an aerogel monolith is
depicted, showing its representative transparency. Using the calculated bulk densities, the
aerogel porosity can be determined with Equation 2.3, where psio, is taken as 2.19 g/cm? (the
density of the pure silica) and ppaterial is the bulk material density. The porosity in both prepared
monoliths was similar and fitted into the common data range of described silica aerogels, being
95.0% for AM_1 and 93.6% for AM_2.
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Figure 2.8. Photograph of a silica aerogel bar. | stands for length and d for diameter.

Equation 2.3 P(%) = (pSiOZ_pmaterizﬂ) «100

Psio,
Scanning and transmission electron microscopy (SEM, TEM)

The microstructure of the aerogel monoliths was studied by scanning and transmission electron
microscopy (SEM and TEM, respectively). For SEM characterization, the monolith was first milled
in an agate mortar and small pieces were stuck directly onto the SEM holder. Next, it was
sputtered with gold for 2 min. with an intensity of 20 mA. For TEM observations, the milled
monolith was dispersed in ethanol or acetone and then one drop of this dispersion was poured
onto a holey carbon TEM grid coated with copper (Monocomp). Finally, the solvent was left to
evaporate. The use of water for dispersing the monolith must be avoided, because in the
aqueous environment the reactive groups that still have the silica surface can suffer further
condensation when exposed to the electronic beam of the microscope. The utilization of
ethanol or acetone is more appropriate for this purpose.

The synthesized aerogels presented a three-dimensional framework of interconnected silica
nanoparticles with sizes around 50 nm as it is observed in the SEM image of Figure 2.9a. In the
image, the porous arrangement is also exhibited; being distinguished from the granular
structure of the silica network due to the different contrast: the less electrodense regions, the
darkest the image. TEM observations evidenced the same structure: small silica particles linked
to build a solid framework with pores arranged in a tortuous way (Figure 2.9b).

Figure 2.9. Images of (a) SEM, and (b) TEM of a representative sample of aerogel monolith.
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2.3.2.2.Textural properties of silica aerogels
Nitrogen adsorption/desorption isotherms (BET method)

Silica aerogel monoliths were characterized in regards of their textural properties by analyzing
the nitrogen adsorption/desorption isotherm with the BET method. Prior to measurements, both

systems were degassed at 100 °C for 24 h under reduced pressure (< 102 bar).

Figure 2.10 shows the low temperature adsorption/desorption curve of a characteristic aerogel
monolith (AM_1). The monolith had an isotherm of type IV (see Figure 2.4), as it was expected
for mesoporous aerogels according to the literature.l® The adsorption in the first part of the
curve (P/Py < 0.1), which corresponds to the microporous fraction of the system, was not
significant. In the intermediate zones (at relative pressures from 0.1 to 0.9) the adsorption was
important due to the existence of pores in the meso range. The abrupt rise above relative
pressures of 0.9 relied on the condensation of the adsorbate gas molecules that takes place

inside the pores.
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Figure 2.10. Low temperature nitrogen adsorption/desorption isotherms of samples AM_1.

In Table 2.3 the parameters defining the textural properties of aerogel materials are shown.
High porosities were obtained for both AM_1 and AM_2 samples (more than 90%). Surface
areas (Sger), pore volumes (Vpoe) and mean pore sizes were similar for both materials. The
intensity of the adsorption interactions of nitrogen with the surface of the adsorbent was
assessed from the C constant of the BET equation. C parameter represents the surface
adsorbate/adsorbent interaction energy, so it must take a positive value. Although rigorous
interpretation of the C constant combined with its use for the determination of surface energies
has fundamental limitations, this simplistic qualitative approach gives an idea of the
hydrophobic character of the surface: the lower the C constant value, the lower the
hydrophilicity. As it can be observed in Table 2.3, aerogels presented values of C around 50
that is a relatively low value for a hydrophilic material. This is related with the drying process
used to obtain the aerogels: when the gels are exposed to the high temperatures needed to
reach supercritical MeOH, the condensation of the hydroxyl groups is promoted and the silica

surface is partially depleted of those hydrophilic moieties.
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Table 2.3. For AG samples, data of porosity calculated by BET and the C parameter.

Porosity SgET Mean Ve Mean pore
Sample . C
(%) (m?%/q) (cm3/g) size (nm)
AM_1 95 429 0.73 6.8 49
AM_2 94 331 1.00 12 51

2.4. SILICA PARTICLES

Two types of silica particles were fabricated: supercritically dried aerogel-like silica particles (AP)
and silica particles prepared by a slight modification of the classical Stéber method. An intrinsic
porosity was achieved in the first case, contrary to the more compact spheres obtained by the

conventional procedure.

2.4.1.Synthesis of aerogel-like silica particles

Aerogel-like sub-micron silica particles were prepared by precipitation from a mixture of
TMOS/H,0O/acetone, in a molar ratio of 1/2/88.34, following a similar procedure than that
employed to synthesize aerogels (see Section 2.3.1.). In this approach, the sol is made just
before starting the treatment in supercritical media. Hence, the sol-gel reaction takes place in a
supercritical mixture CO,/acetone without the addition of any catalyst. From Elena Taboada's
thesis,!” the parameters that result in monodisperse sub-micron sized spheres were selected.
The particles obtained in these experiments are identified as AP(aerogel particles) number of
experiment. Two experiments were carried out at the same conditions to obtain particles
around 300 nm in diameter (samples AP_1 and AP_2). Details on the reactants concentration in
acetone (QP, Panreac) and volume are given in Table 2.4. It is worth to mention that a

substoichiometric amount of water was used to prepare the particles.

Table 2.4. Concentration in acetone and volume of reagents used to prepare silica aerogel-like particles (AP).

. [TMOS] VTMOS [HZO] VHZO Vacetone
Synthesis
(M) (mL) (M) (mL) (mlL)
AP_1
0.15 11.2 03 27 500
AP_2

The synthetic procedure follows 4 important steps:

Step'l: Preparation of a sol. TMOS was poured into acetone and water was added drop by

drop. The mixture was subjected to magnetic stirring for 10 min. Note that no catalyst was
added.

Step 2: The sol was introduced in a 1 L Pyrex vessel designed to fit inside the 2 L high pressure
reactor showed in Figure 2.6a. This Pyrex container is shown in Figure 2.11jError! No se

encuentra el origen de la referencia.:
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Figure 2.11. Pyrex vessel for the synthesis of aerogel-like silica particles, in which the sol is introduced inside the
supercritical reactor.

Step 3: Supercritical drying. The temperature and pressure pathways of a characteristic

experiment are plotted in Figure 2.12a and Figure 2.12b. The main stages of the protocol are
labeled similar to Section 2.3.1. The Pyrex beaker containing the solution of reactants was
placed inside the reactor (1), which was then pressurized with CO, up to 50 bar (2) and heated
up stepwise to 250 °C, causing a pressure rise to 280 bar (3). These conditions, which
correspond to supercrtitical conditions of the mixture CO,/acetone were kept for 2h. An
additional part in this step, with respect to the synthesis of aerogel monoliths, was included. It
consisted in the circulation of fresh CO, at 250 °C and with flow rates of 0.5 Kg/h during 1 h
and then of 1.5 Kg/h during 1 h more (3). The objective was the extraction of any alkoxyde
precursor residue. The system was next depressurized to a pressure of 3 bar and the solid
material was washed up for 30 min with a flow of fresh CO, at 3 Kgh! and 3 bar (4). Finally, it
was left to cool down overnight (5).

A maximum of three uses of the Pyrex beaker was recommended to avoid the existence of

silica nucleation sites in the Pyrex internal walls and the loosing of control over the particle size.
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Figure 2.12. For the synthesis of AP, graphs of: (a) pressure vs. temperature cycle., and (b) evolution of pressure
and temperature with time. The green shadow area in (a) corresponds to the supercritical state for any
CO,/acetone mixture.

2.4.2.Synthesis of Stober silica particles

Silica nanoparticles were prepared by using a modification of the Stober method.'® The silicon
precursor was tetraethylortosilicate (TEOS, 98 wt%, Sigma-Aldrich) and the solvent was ethanol
(EtOH, 96% v/v, Panreac). NH4,OH 32 wt% was used as the catalyst. First at all, the lab beakers

in contact with the reagents were carefully cleaned with a 5% v/v water solution of hydrofluoric
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acid (48 wt%, Sigma-Aldrich). Briefly, 250 mL of a solution of H,O 3 M and NH4;OH 0.5 M in
EtOH was prepared. TEOS was then added up to a concentration of 0.3 M. The solution was
magnetically stirred at a high speed. The container was covered to avoid the evaporation of the
catalyst. After few minutes, the agitation speed was lowered and the reagents were allowed to
react for 18 h. It was observed that after 2 h, the opacity of the solution increased considerably
evidencing the presence of colloidal particles. Then, the solution was washed three times by re-
suspending the particles in fresh EtOH and centrifuging 1 h at 5000 rpm. The final precipitate
was re-dispersed in ethanol. This dispersion is labeled as StdberP (Stober particles). The

characteristics of those particles were compared with those of the aerogel silica particles.

2.4.3.Results and discussion

2.4.3.1. Size and morphology of silica particles

Table 2.5 summarizes some results obtained for the experiments performed in the synthesis of
silica particles. The mass yield was calculated for each experiment using the ratio depicted in

Equation 2.4.

. . masspp 1 masspp 1
Equation 2.4  Yield (%) = ———— B2 %100 = ——— P2 %100
nominal 100% mass moltmMos*MWsio,

where MWjso, is the molecular weight of silica.

Table 2.5. Results on the synthesis experiments of silica particles.

Mass Mass ®revm | Polydispersity | ®yyqg (nm), .
Sample . L ; . Necking
(9) yield (%) | (nm) in size (%) by intensity
AP_1 34 76 303 9 528
AP_2 1.8 40 385 12 638 No
StoberP 29 19 82 10 145

Transmission electron microscopy (TEM) and dynamic light scattering (DLS)

Mean particle diameters (®rgy) were statistically calculated for each sample from TEM images
by counting 200 particles and fitting the obtained results to a Gaussian curve. A dynamic light
scattering (DLS) technique was used to get information on the hydrodynamic diameter and,
thus, on the colloidal behavior of the particles. The preparation of the grids for TEM analysis
was made by dispersing the particles in ethanol or acetone, placing one or two drops onto a
TEM grid and letting the solvent to evaporate. DLS measurements were done by analyzing
stable colloidal dispersions of the particles in a concentration of around 0.5 mg/mL in EtOH or
acetone. Hydrodynamic diameters were determined based on the average of the intensity-

weighted particle size distribution of three measurements.
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Aerogel silica particles

Aerogel particles were collected as white and very light dry powders (Figure 2.13a). The
powder was placed mainly at the bottom of the Pyrex vessel, but also in its inner and outer

walls and in the inner walls of the reactor, as it can be observed in Figure 2.13b.

Figure 2.13. Photographs of aerogel particles: (a) sample inside the Pyrex vessel, and (b) the reactor just opened.

Particles of ca. 300 and 400 nm diameter were recovered in batches AP_1 and AP 2,

respectively.

TEM image in Figure 2.14a evidences the spherical shape and the low polydispersity in size of
a characteristic AP sample (AP_1). For these particles, necking was insignificant (Figure 2.14b),
understanding this parameter as the contact between adjacent particles in such a way that they
interact and the boundary becomes unclear, thus, lowering the monodispersity of the system.
The particles had a high degree of monodispersity (Figure 2.14c).
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Figure 2.14. TEM images of AP_1 at: (a) low and (b) high magnification, and (c) size distribution fitted to a
Gaussian function.

Stober silica particles

The results obtained for the Stober SiO, particles are also listed in Table 2.5 for comparison.
The particles made by the Stéber have a mean diameter of 82 nm, significantly smaller than the
aerogel particles. Figure 2.15a and Figure 2.15b show the aspect of a colloidal dispersion of
StéberP in EtOH. This suspension was very stable and remained several months at room
temperature without sedimenting. The TEM observation showed spherical nanoparticles (Figure
2.16a). Nevertheless they were not as spherical as the particles synthesized in supercritical
media, as it is shown in Figure 2.16b. This image also suggests the existence of two
populations in size. To corroborate this finding, the size distribution was calculated by both

number and volume of particles. TEM analysis reports measured particles size by number. To
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recalculate data in volume, the geometric shape formula of a sphere was used: volume =
(4/3)Tr(diameter/2)3. The curve referred to number exhibits only one main peak centered at 85
nm (Figure 2.16c) with a relatively high monodispersity (Table 2.5). However, a bidomal

distribution is clearly observed when the data is given by volume, with a major and a minor

peak at 85 and 125 nm, respectively (Figure 2.16d).
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Figure 2.16. TEM images of the StoberP at: (a) low and (b) high magnification, and size distributions fitted to a

Gaussian function by (c) number of particles and (d) volume of particles.
2.4.3.2.Textural properties of silica particles
Nitrogen adsorption/desorption isotherms (BET method)

Textural properties of the silica particles were assessed by measuring the N,
adsorption/desorption isotherms. Before performing the measurements, samples were degassed
at 300 °C for 24 h under reduced pressure (< 108 bar).

Figure 2.17a and Figure 2.17b show the low temperature adsorption isotherms of sample AP_1

and the Stober particles, respectively. Aerogel spheres presented isotherms of type I,
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corresponding to microporous materials. For silica particles, textural data regarding the pore
size was calculated at a relative pressure of 0.2 to take predominantly into account the
micropore void. The surface area was in the order of 150-200 m?/g with a micropore volume
around 0.1 m3/g and a micropore size of 1.6-1.7 nm. When also taking into account the
interparticle void space, the mean pore size increased to 2.3 nm. The isotherm of the Stober
particles coincided with type II that belongs to nonporous solids. The smaller diameter of those
particles conferred them a large surface area in the order of 130 m?/g (Table 2.6). The particles
agglomerates had a pore volume near 0.3 m3/g and a mean interparticle pore size of 7.8 nm.
The micropore area in StéberP was very low, suggesting that this sample did not have intrinsic

microporosity, in contrast with the aerogel-like particles AP_1 and AP_2.
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Figure 2.17. Low temperature nitrogen adsorption isotherms of samples: (a) AP_1, and (b) StoberP.

Table 2.6. Data of porosity calculated by BET of AP and Stober samples.

. Mean Pore Mean
SgeT Micropore . .
Sample 2 o Vpore SIzeintraparticle pore size

(m*/g) | area (%)

(cm3/g) (nm) (nm)
AP_1 205 86 0.12 17 23
AP_2 146 68 0.08 16 23
StoberP | 133 94 0.26 17 7.8

2.5. COMPOSITE IRON OXIDE-SILICA NANOPARTICLES

One important goal of this work was to fabricate aerogel-like nanoparticles with theranostic
properties. In order to satisfy this purpose, iron oxide-silica core-shell particles were fabricated.
These particles were designed for being magnetic drug carriers and contrast agents for
magnetic resonance imaging (MRI). Porous silica offers a biocompatible host matrix for
therapeutic agents while the magnetic properties of the nanoparticles in the core are
responsible of an enhancement of the negative contrast in MRI and could also serve for the
magnetic guidance of drugs to the target tissue.!® They were synthesized following a similar

method to the one employed in the preparation of AP spheres.
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This work uses maghemite/magnetite nanoparticles to obtain the composite nanospheres.
Magnetite formulation contains both oxidations states of iron Fe(ll)Fe(Ill),O,4 while maghemite
only has one: Fe(lll);O5. Both have the same crystalline structure, an inverse spinel with oxygen
ions forming a close-packed face-centered cubic structure with the iron ions occupying both
tetrahedral (Fe(Illl)) and octahedral (Fe(Il) and Fe(lll)) interstitial sites. The magnetic behavior is
also similar for both crystalline phases, showing ferrimagnetism at low temperatures and
paramagnetism over the Curie temperature (~ 570 °C). For small particle sizes (< 20 nm),
maghemite and magnetite particles display superparamagnetic behavior at room temperature.
However, magnetite presents higher magnetization than maghemite, which is desirable to

exploit the magnetic properties of magnetic particles.

2.5.1.Iron oxide nanoparticles. Synthesis and characterization

High magnetic susceptibility and saturation magnetization and superparamagnetic behavior at
room temperature are all desired properties for the selected bioapplications of the core-shell
nanoparticles. These properties strongly depend on the size, shape, and crystallinity of the
magnetic particles. The synthetic route of choice to prepare the iron oxide nanoparticles was an
adaptation of the method developed by Sun et a/?° It is based on the high temperature
decomposition of organometallic compounds in the presence of capping ligands dissolved in
organic solvents. This method produces spherical particles with controlled particle size, narrow
size distribution and excellent crystallinity when compared with more traditional procedures, as
for instance the co-precipitation route. The collected material remains stable in apolar solvents
by steric repulsions of the capping ligands (typically long chain alkyl surfactants) deposited on

the particles surface.

For a typical synthesis the following reactives were used as received: iron (Ill) acetylacetonate
(Fe(acac)s, 97 wt%), 1,2-hexadecanediol (90 wt%), oleylamine (70 wt%), benzyl acohol (99 wt%),
all of them purchased from Sigma-Aldrich, oleic acid (Scharlab), hexane (> 98.5 wit%) and

ethanol (96 % v/v) from Panreac.
The experimental set-up is described in Figure 2.18. Commonly, the process reads as follows:

1. A mixture of 2 mmol (0.71 g) of Fe(acac);, 10 mmol (2.58 g) of 1,2-hexadecanediol, 6 mmol
(1.90 mL) of oleic acid, 6 mmol (1.97 mL) of oleylamine and 20 mL of benzylether is
prepared in a three-neck round-bottom flask provided with a magnetic bar and 6 or 7
pumice stones.

2. Three cycles of vacuum/argon pumping and flushing were applied to the vessel to assure an
inert atmosphere during the reaction. Finally, the system was filled with argon and closed.

3. The flask was heated up to 200 °C and maintained under magnetic stirring for 2 h. A first
change of color was observed during the heating from yellowish orange-red, identified as
dissolved iron precursor, to dark brown indicating the presence of a Fe(Il)/Fe(Ill)

intermediate obtained from the decomposition of the precursor.

49



Chapter 2 SYNTHESIS OF SILICA-BASED MATERIALS

4.

The temperature in the system was increased to 300 °C and maintained under reflux for 1 h.
The magnet was previously removed by quickly opening one of the taps under argon flow.
The solution was cooled down to room temperature. The first wash of the precipitated
particles was performed with extra ethanol, centrifugation at 4500 rpm during 20 min and
discarding the supernatant.

The process was followed by the addition of an extra amount of oleic acid and oleylamine
(0.05 mL each) to the solid sediment and by re-dispersing the mixture in hexane with the
aid of an ultrasound bath. The suspension was then centrifuged at 4000 rpm for 10 min to

keep the supernatant.

7. A second wash was performed as in step 5.

8. Purification of the particles by further centrifugation (4500 rpm, 20 min) was required to

eliminate any solid impurity, once the precipitate was re-dispersed again in hexane. The
supernatant was kept as the final product.

The batches obtained in these experiements are called Fe_number of experiment.

1. Heating source: a) oil bath for first step heating (T = 200 =C)
and b) heating mantle for second step heating (T = 300 =C)
ATQOn resorvoir

Argan line

Vacuum line

Vacuum/farngon valve

Condenser with water refrigeration.

Reaction round-bottom Hask.

. Hyg safety bubbler.

0 =i Oh o B g

Figure 2.18. Experimental set-up for the synthesis of iron oxide nanoparticles by thermal decomposition of

organometallic substances.

After the fabrication process, the obtained colloidal dispersion in hexane had a deep black color

(Figure 2.19a). The magnetic properties of the material were clearly visible by attracting the

colloid with a magnet (Figure 2.19b).
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The mechanism of the iron oxide nanoparticles formation by this method is still non-fully
unraveled, but some statements can be asserted based on bibliography.?02%22 A Fe(ll)/Fe(Ill)
intermediate (dark brown) seems to be formed from partial reduction of the Fe(lll) precursor in
presence of a dialcohol. This corresponds to the stage 3 at 200°C in the described procedure.
Next, the particles nucleate and grow.?> Nucleation occurs when the concentration of Fe(ll) and
Fe(Ill) ions exceeds the supersaturation limit. In the described procedure this situation is
reached in the stage 4 at 300 °C. If this step occurs quickly and homogenously, the resulting
particles are uniform in size.?* Particles growth occurs by Ostwald ripening through the
formation of surfactant-metal complexes that dissolve the smallest iron oxide particles. Besides,
as it has been studied kinetically, the nucleation and growth processes are separated along

time, which is crucial to obtain uniform particles.?®

The oleic acid molecules are chemisorbed on the iron oxide nanoparticles surface through a bi-
dentate bond.?627 The carboxylic groups at the head of these molecules can delocalize their
electronic pair to establish and ionic bond with the positively charged surface of the particles.
Figure 2.19c shows a sketch of this arrangement in which the apolar tails of the surfactant are
in contact with the surrounding medium, thus making the nanoparticles dispersion stable in
organic nonpolar solvents. It is worth mentioning that the oleic acid, as a carboxylic acid-type
surfactant, is involved both in the growth of the iron oxide nanocrystals and in the particles

stabilization in organic media.

—

Figure 2.19. Photographs of a representative colloidal dispersion of iron oxide nanoparticles in hexane in: (a)
natural state, and (b) when attracted by a magnet (0.5 T), and (c) schematic representation of oleic acid molecules

chemisorbed on the surface of iron oxide nanoparticles
Titration of iron with potassium dichromate

The iron oxide nanoparticles concentration of the dispersion must be known to prepare core-
shell composites. The characterization of the composition in terms of the crystalline phase is
also important to understand the magnetic behavior. Titration of iron oxide with potassium
dichromate was used to determine both the overall iron content and the Fe(Ill) and Fe(Il)

relative percentage. Titration is a process based on the oxidation of Fe(ll) to Fe(lll) by the action
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of potassium dichromate. The experimental protocol consisted in two stages and reads as

follows:

Stage 1: Determination of the Fe(ll) amount. An aliquot of 0.1 mL of the nanoparticles

dispersion in hexane was left to evaporate at ambient conditions and the sediment was
dissolved in 0.2 mL of hydrochloric acid (HCl, 37 wt%), thus obtaining a bright yellow solution
involving Fe(lll) and Fe(ll) cations. Next, 0.1 mL of a H,SO4 (95-98 wt%, Panreac) + HNO; (65
wt%, Panreac) mixture in a volume ratio of 1/3 and a few drops of the indicator (sodium
diphenylaminosulphonate, 2 wt%) were added to the solution. By adding potassium dichromate
(K,Cr,0O5, Aldrich), at a concentration of 0.5 mM, Fe(ll) was oxidized to Fe(Ill) and the solution

color changed from green to violet. The redox reaction is schematized in Reaction 2.6:
Reaction 2.6 6Fe2* + Cr,05%2° + 14H* — 2Cr3* + 6Fe3* + 7H,0

The concentration of Fe(ll) ([Fe(Il)]) was calculated with Equation 2.5:

Equation 2.5 [Fe(II)] — 6.[K,Cr;07].Vk,cr, 0,

\% sample

Stage 2: Determination of the total Fe amount. Tin chloride (SnCl,, 98 wt%, Sigma-Aldrich) at a

concentration of 0.25 M and ~ 30°C was added dropwise until the solution turned colorless,
which indicated the total reduction of the Fe(lll) to Fe(ll). At this point, the overall iron content

was in the form of Fe(ll). The process occurs by the redox reaction in Reaction 2.7:
Reaction 2.7 2Fe3* + Sn2* — 2Fe2* Sn**

Mercury chloride (HgCl,, Labbox) 5 wt% was added to oxidize the excess of Sn(ll) to Sn(IV) until
the solution changed to cloudy white. Problems related with interference of Sn(ll) were thus

avoided. The redox reaction taking place is presented in Reaction 2.8:
Reaction 2.8 Sn?* + 2Hg?* — Sn** + 2Hg*

After adding a few drops of the indicator, the total iron content ([Feroral]) was titrated with the
required volume of K,Cr,0; (Reaction 2.6), The concentration of Fe(lll) ([Fe(lll)]) was estimated

by subtraction of the amount of Fe(ll) to the total amount of Fe.

Each sample was titrated three times and an averaged concentration was considered. The
method has a considerable associated error due to the difficulty in identifying the exact

moment of the color change.

The percentages of magnetite and maghemite in several iron oxide samples were tentatively
assessed from the amounts of Fe(lll) and Fe(ll) measured by titration. Table 2.7 shows the
atomic ratio of cations Fe(lll)/Fe(ll) and the subsequent contents of maghemite (y-Fe,O;) and
magnetite (Fe;0,4) calculated in the following way: the Fe(l) amount can be directly related to
the amount of Fe;0, (composed by a Fe(lll)/Fe(ll) atomic ratio = 2). Subtracting the amount of
cations necessary to form Fe;Oy4 the remaining Fe(lll) exits as maghemite. All the samples

contained at least two third of maghemite.
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Table 2.7. Results of Fe(lll)/Fe(l) atomic ratio and the percentages of the two phases maghemite (y-Fe,Os3) and

magnetite (FesOs) calculated from by iron titration for several iron oxide samples.

Sample Fe(III)/Fe(II) y-Fe, 03 (%) Fe;0, (%)
Fe 1 8.0 75.0 25.0
Fe 2 16.0 88.2 118
Fe_3 8.6 77.0 23.0
Fe 4 8.2 75.0 250

In the light of these results, we considered that our samples were composed by a mixture of
maghemite and magnetite and they were identified as /ron oxide nanoparticles (IONPs) or the
chemical formula of maghemite (Fe,03), for being the majority. The concentration of iron oxide
in the analyzed dispersions was calculated considering both maghemite and magnetite

contributions to the whole amount of Fe.
Transmission electron microscopy (TEM)

The shape and size of two representative batches of the synthesized IONPs (samples Fe_1 and
Fe_2) were studied by TEM, and the hydrodynamic diameter (®,4) by DLS. Dilute dispersions of
iron oxide nanoparticles in hexane were used in both characterization techniques. Table 2.8 lists
the resulting measured values. All the prepared IONPs presented diameters of ca. 5-6 nm
obtained by TEM (®gy), while values of 8-9 nm for hydrodynamic diameters were estimated
from DLS. The hydrodynamic diameter, which includes both the magnetic core (considered as
the ®py) and the organic shell, was in all cases larger than the diameter estimated by TEM.
Assuming that the oleic acid is a molecule with a length of ~ 2 nm, and forms a monolayer on
the IONPs surface, the following expression can be approximately applied to the fabricated

particles:?®

Equation 2.6 Opyg = Prem + ~ 4 nNm

In Figure 2.20a and Figure 2.20b, TEM images of particles of the two batches are shown.

Particles were spherical and they exhibited a high degree of monodispersity.

Table 2.8. Mean particle diameters from the TEM images (®rem) and hydrodynamnic diameter measured by DLS
(Prya).

®rem | Polydispersity | @4 (nm), by
Sample L. . .
(nm) in size (%) intensity
Fe_ 1 6.4 18.8 8.7
Fe 2 53 17.6 8.0
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Figure 2.20. TEM images of two IONPs samples dispersed hexane: (a) Fe_1 and (b) Fe_2.
X-Ray diffraction (XRD) and selected area electron diffraction (SAED)

XRD and SAED patterns of a representative batch of iron oxide nanoparticles are presented in
Figure 2.21a and Figure 2.21b, respectively. For XRD, an aliquot of the particles dispersion was
deposited on a glass support. The hexane solvent was evaporated at ambient conditions. SAED
pattern was captured from the electron beam irradiation of a TEM grid containing the particles.
Results obtained in both cases were in agreement with the reference pattern for magnetite
(ICDD PDF019-0629), but also for maghemite (ICDD PDF039-1346). The differentiation between
these two phases has been object of many studies?® and there is not yet a reliable standard

technique to distinguish them when they are as nanoparticles of less than 10 nm.
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Figure 2.21. (a) X-ray diffraction and (b) SAED patterns of a representative sample of iron oxide nanoparticles.
Fourier transformed infrared spectroscopy (FTIR)

FTIR was used to detect the chemical bonds established between the surface of the iron oxide
nanoparticles and the surfactant molecules. The FTIR characterization were performed with

pellets made by mixing an aliquot of the particles dispersion with KBr (for IR-Spectroscopy,

54



Chapter 2 SYNTHESIS OF SILICA-BASED MATERIALS

Fluka) in an agatha mortar, letting the hexane to evaporate at ambient conditions. The mixture
was pressed under ~ 10 bar for 2 min. Figure 2.22 displays the IONPs, raw oleic acid (OA) and
oleylamine (OAm) spectra. The recorded IONPs profile showed a strong peak at 583 cm?,
characteristic of the stretching vibration in the Fe-O bonds, and a broad band between 3000
and 3600 cm that came from the O-H stretching modes of free adsorbed water. While the
spectrum of free OA presented and intense peak at 1710 cm™ due to the C=0 carbonyl group,
the IONPs spectrum had not this signal. Besides, the particles showed two peaks at 1407
(symmetric mode) and 1572 ¢cm (asymmetric mode) revealing the presence of carboxylate
groups adsorbed on the nanoparticles surface. Both surfactants had sharp peaks at 2855 and
2925 cm™ attributed to CH, symmetric and asymmetric stretching vibrations of the alkyl chains,
respectively. No signs of OAm adsorption were found by FTIR. Thus, we conclude that only OA
was chemically bonded to the IONPs surface and OAm was removed during the cleaning
procedure. The amount of OA chemisorbed on the nanoparticles was assumed to be around 17
wt%, in concordance with the experimental value given by O. Pascu's et a/3°

IONPs

Transmittance (a.u.)
|':.I
=
J
<
g
&

3750 3000 2250 1500 750
Wavelength (em”)

Figure 2.22. Infrared spectra of the iron oxide nanoparticles (IONPs) and the free surfactants oleic acid (OA) and
oleylamine (OAm).

M(H) and Zero field cooling-field cooling (ZFC-FC) curves

Regarding the magnetic properties of these particles, different key parameters were acquired
from magnetometry (SQUID) measurements: the saturation magnetization (M, emu/g), the
coercitivity (H,, Oe) and the superparamagnetic blocking temperature (Tg, K). To make the
measurements, a previously dried cotton piece was introduced and compacted in a gelatin
capsule and impregnated with the proper volume of an IONPs dispersion to have ~ 0.5 mg of
the magnetic material. The analysis was performed once the solvent evaporated. To refer M; to
the amount of magnetic material, the weight of the oleic acid coating the nanoparticles was

subtracted from the total weight.

Figure 2.23a collects several magnetization curves at different temperatures obtained for
sample Fe_2. The particles were superparamagnetic at room temperature, i.e., with absence of

hysteresis loop in the coercivity, while they behaved as ferrimagnets at 5 K (see the inset in the
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figure) with Hc = 100.7 Oe. My at 300 K was registered as 93 emu/g, while the values for bulk
magnetite and maghemite are 92 emu/g® and 73-74 emu/g3? respectively. The obtaining of

such a high experimental value was related to the associated error in the iron oxide titration.

The superparamagnetic nature of the particles at room temperature was also confirmed by the
Zero field cooling-field cooling (ZFC-FC) magnetization curve. Figure 2.23b shows the ZFC-FC
curve for sample Fe_2. ZFC magnetization increased with the temperature until reaching a
maximum value at which the blocking temperature (Tg) was registered. Above this parameter,
the thermal energy is higher than the magnetic anisotropy energy and the magnetic material
enter into the superparamegnetic zone from the ferrimagnetic one. FC curve showed a
decreasing magnetization with temperature. The sharp peak representing the maximum in the
ZFC and the FC curve, which separates from the ZFC one just above the blocking temperature,

confirms that the system had a narrow particle size distribution.
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Figure 2.23. Curves of: (a) magnetization, and (b) ZFC-FC of sample Fe_2 at 50 Oe.

2.5.2.Synthesis of iron oxide-silica nanoparticles

The synthesized iron oxide nanoparticles were used as the nucleation sites for the fabrication of
silica composites under supercritical conditions, following the same steps described in Section
2.4.1. Typically, the preparation of the sol in acetone was done by magnetically stirring the
mixture for 10 min. TMOS/H,0O/acetone/IONPs/hexane were used as reagents, with a mass
composition of 0.92/0.22/95.6/0.04/3.19 wt% (Step 1). These amounts were extracted from
Elena Taboada's thesis!” to produce core-shell IONPs-silica spherical and monodispersed
particles with diameters smaller than 200 nm (Table 2.9). The magnetic particles dispersed in
hexane were added to the solution of TMOS in acetone and water. The preparation of a stable
colloidal dispersion of the IONPs in the silica sol was crucial to obtain nanoparticles with the
desired quality. Among other factors, the order in which the reagents were added was
previously found to be a key parameter to achieve colloidal stabilization. The most suitable
sequence was established as follows: acetone as a solvent, then TMOS is added followed of
water (added dropwise) and finally the suspension of IONPs in hexane. To allow the TMOS to

nucleate on the iron oxide nanoparticles, the sol was prepared the day before to the
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supercritical treatment. Next, the sol was introduced in the Pyrex vessel showed in Figure 2.11
and it was fitted into the supercritical reactor of Figure 2.6a (step 2). Next, the drying in the
supercritical medium was performed (step 3). The main stages, illustrated in Figure 2.24, are
labeled in the same manner as in Section 2.4.1. Five experiments were performed and the
resulting samples are named as APr.(aecrogel particles with IONPs) number of experiment.

Table 2.9. Concentrations in acetone and volumes of reactants used to prepare IONPs-silica nanoparticles (APre).

*The mass of silica (msio2) was assumed as the sol-gel reaction of TMOS proceeds with a 100% mass yield.

Sample [TMOS] VTMOS [HZO] VHZO Vacetone mSiOZ*/ Vacetone
(M) (mL) (M) | (mL) | (mL) | mionps | /Vhexane
APFe
0.05 3.73 0.10 0.90 493 10 60
samples
300 — 350 300
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Figure 2.24. For the synthesis of AP, graphs of: (a) pressure vs. temperature cycle.,, and (b) evolution of pressure
and temperature with time. The brown shadow area in (a) corresponds to the supercritical state for any
CO,/acetone mixture.

Aliquots of some sols were kept for further characterization.

IONPs were coated by organic molecules that made them stable in nonpolar solvents but
unstable in polar solvents. Thus, by increasing the amount of acetone, the stability of the iron
oxide dispersion decreases and the cluster size of the magnetic particles grow. Since the
diameter and the magnetic response of the core-shell particles are determined by the magnetic
cluster size, the possibility to modulate the Vacetone/Vhexane ratio confers control not only over the
stability of the sol, but also over the characteristics of the composite particles. To prove the
relation between the volume ratio of solvents and the magnetic clusters size, several sols of
INOPs with different Vacetone/Vhexane ratios were prepared and the hydrodynamic diameters
measured by DLS. The sols were made in 20 mL vials with constant concentrations of TMOS
(0.025 M, 0.074 mL) and water (0.05 M, 0.018 mL). The SiO,/IONPs mass ratio was also
maintained equal to 10 in all the solutions. To do this, a volume of 0.149 mL of the IONPs
dispersion of 20 mg/mL (calculated by iron titration) was needed. The volume ratio of acetone

and hexane was varied following the next expressions:
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acetone Vacetone

Equation 2.7 Volume ratio =
hexane Vhexane+0.149

Equation 2.8 Vacetone + Viexane +0.074+0.018+0.149=20 ml

The DLS measurements were done just after preparing the sols. Table 2.10 gives the obtained
results and Figure 2.25 shows the magnetic cluster size vs. the acetone/hexane volume ratio,
showing that the larger the solvents volume ratio, the bigger the cluster. Nevertheless, high
reproducibility in the cluster size is difficult to obtain because of the many other factors that
have influence over this value, such as the reaction time or the stirring rate.

Table 2.10. Hydodynamic diameter (®nyq), polydispersity index and Zaverage Of sols with different acetone/hexane
volume ratios.

q)H d. (nm): Zavera e
Vacetone/Vhexane byyvolume PdI (nm;;
5 45 0.105 53
20 58 0.117 71
30 71 0.187 92
50 86 0.145 104
20 101 0.203 127
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Figure 2.25. Hydrodynamic diameter of IONPs clusters vs. acetone/hexane volume ratios in the sols.

2.5.3.Results and discussion
2.5.3.1. Size and morphology of iron oxide-silica nanoparticles

Aerogel-like iron oxide-silica nanoparticles (APg) were obtained as dry, light and brown
powders with a spongy texture. The powder was found located all over the autoclave and the
Pyrex vessel walls. Around 1 g of material was obtained in each synthesis. The powder was
easily dispersed and stabilized in water (Figure 2.26a) at a maximum concentration of 1 mg/mL.
Moreover, the particles were homogeneously attracted by an external magnetic field, as it can

be observed in Figure 2.26b.
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Figure 2.26. Photograph of an APg. characteristic sample: (a) stabilized in water at ca. 0.5 mg/mL, and (b) being
attracted by a magnet (0.5 T).

The mass yield was calculated following Equation 2.9:

maSSAPFe * massApFe

Equation 2.9 Yield (%)= o T 100% mass BTV a——
Masses of SiO, and IONPs were obtained by elemental analysis with inductively coupled plasma
combined with mass spectrometry (ICP-MS). With this technique, that was employed with
samples APg._3 and APg._5, the concentration of Si and Fe in the composite particles was
obtained. Previous to measurements, around 2 mg of each sample was digested twice with a
mixture of HNO3z; and HF inside a microwave at 150 °C. The IONPs mass was found to be
around 7-8%. Measured SiO,/Fe,O3 mass ratios were close to the initial value of 10, indicating
that the loss of IONPs during the nanoparticles preparation process was low. The mass yield

values calculated for APg._3 and APg._5 wherein both cases ca. 60%.

The morphological features of APg, samples are listed in Table 2.11. Composite particle size
values measured by TEM ranged from 60 to near 200 nm, with a narrow size distribution. The
hydrodynamic diameter of the nanoparticles was acquired in 0.5 mg/mL dispersions in EtOH or
MeOH, resulting in values between 400 and 550 nm. These high values of the diameter indicate
certain aggregation of the particles when dispersed in the liquid media. The size of the
magnetic core was estimated by TEM to be around 20 nm in diameter for the smallest particles
and 55 nm for the largest ones. The magnetic cluster size of the prepared sols prior to the
supercritical treatment of samples APr._1 and APg._4 was also analyzed by DLS. The obtained
diameter values were larger than the ones resulting from TEM observations. An explanation of
this comes from a possible disaggregation of the clusters inside the autoclave when being in

contact with the less polar solvent mixture CO, + acetone.

Figure 2.27 schematizes the core-shell structure of the particles and identifies the different

compounds constituting them, as well as the sizes given in Table 2.11.
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Table 2.11. Results for synthesized IONPs-SiO, nanoparticles. *This value corresponds the material collected in

three batches.

Sample APr. 1 | APg. 2 | APg. 3 | AP 4 | AP 5

Mass (g) 0.7 1.2 3.3* 13 0.9

Mass yield (%) - - 59 - 59
masssio>/Mass;onps - - 7.2 - 9.2
IONPs mass (%) - - 10 - 8.1
D1y (NM) 98 60 65 184 177
Polydispersity in size (%) 13 32 19 11 12
®yya. (nm), by Intensity 446 409 742 513 548
®em of IONPs cores (nm) 23 21 24 59 52

®yyq4. of IONPs cores by 80 ) ) 9 )
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Figure 2.27. Scheme detailing the morphology of composite AP, particles.
Transmission and scanning transmission microscopy (TEM, SEM)

The spherical shape of the composite particles and their high monodispersity was shown in the
TEM observations (Figure 2.28a and Figure 2.28b). The grids for TEM analysis were prepared
from dispersions of the particles in EtOH or acetone. The core-shell structure is evidenced in
the high magnification images shown in the insets. Besides, the absence of necking is revealed

in the images and tagged by an orange arrow.
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Figure 2.28. TEM images and particles size distribution of samples: (@) APre_1 and (b) APg_3. The orange arrow

marks a zone where two particles are superposed evidencing lack of necking.
2.5.3.2. Textural properties of iron oxide-silica nanoparticles
Nitrogen adsorption/desorption isotherms (BET method)

The properties of the core-shell particles in terms of texture were analyzed by
adsorption/desorption isotherms. Prior to measurements, samples were degasified at 300 °C for
24 h under reduced pressure (< 108 bar). Figure 2.29 shows the low temperature
adsorption/desorption isotherm of sample APg._3, which corresponds to type I, typical of a
microporous materials. Isotherms with these features were also found for pure silica particles
(see Section 2.4.3.2), evidencing the existence of intraparticle microporosity and interparticle

mesoporosity.
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Figure 2.29. Low temperature N, adsorption/desorption isotherm of APge_3.

Table 2.12 lists the values of some textural parameters for the composite particles. Surface area
values ranging from 160 to 256 m?/g were obtained. The microporosity percentages were in the
range of < 50% and > 70% and pore volumes were between 0.1-0.2 cm3/g.
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Table 2.12. For APr. samples, data of porosity obtained by BET.

Pore
SgeT Micropore | Mean Vo . Mean pore
Sample 5 3 SIZ€ntraparticle .
(m3/g) | area (%) (cm3/g) size (nm)
(nm)
APg. 1 160 36 0.19 18 47
APg. 3 160 50 0.13 18 3.2
APr. 4 256 81 0.12 16 19
APg. 5 210 72 0.12 16 23

The textural properties of the core-shell (APg) and the pristine silica (AP) particles were
compared. The surface area of composite particles can be given referred to either the total
mass of sample or the mass of silica. Since the magnetic core is considered nonporous, data
referred to silica mass was recalculated for composite samples. Thus, the mass of IONPs in AP,
was subtracted from the overall mass. The expression in Equation 2.10 was used to estimate
the surface area:

2 2
Equation 2.10 SBET( m ) = SBET( m ) 18APpe

*
gsio, 8aPp./ (1-BIONPs)8sio,

where the mass of SiO, and IONPs were obtained by ICP-MS. This formula was only applied for
samples APr._3 and APg,_5 due to the absence of data from this technique for the rest of AP

samples.

Table 2.13 shows the porosity data of AP and AP, referred to silica mass. Using this approach,
similar values of surface area were found for both systems, with values between 150 and 230
m?/g. The intraparticle mean pore size values were also comparable, with values near 2 nm (1.5-
1.7 nm). These results indicated that the textural characteristics of the silica prepared by the
described method in supercritical media were not affected by the presence of iron oxide

nanoparticles and both APg, and AP materials presented analogous porous structures.

Table 2.13. Surface area and intraparticle pore size of APg referred to the mass of silica and AP samples.

Sample | Sger (M?%/gsio2) Pore sizeintrapartice
sio2 (nm)
APre 3 172 17
AP 5 228 15
AP_1 205 17
AP_2 146 16

2.5.3.3. Magnetic properties of iron oxide-silica nanoparticles

To analyze the magnetic properties of the composite particles has special relevance for
exploiting those characteristics in biomedical applications. Magnetization values can be referred
to the total composite mass or to the mass of constituent magnetic material (IONPs). In this

work, the shown curves are assigned to the mass of composite material, but important data on
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magnetization is reported being referred in both to the composite particles (APg) and only to
the magnetic materials (IONPs). Samples were prepared by introducing in a gelatin capsule

around 10 mg of the composite powder and compacted with dried cotton.
M(H) and Zero field cooling-field cooling (ZFC-FC) curves

Figure 2.30a graphs the magnetization data, M(H), vs. the applied magnetic field (H) of sample
APr._3 at 5 K and room temperature (RT). A small coercivity can be appreciated in the inset, as
well as a small Mgr/Ms ratio (0.2), being My the remanent magnetization, characteristic of soft
magnetic materials. As expected for a superparamagnetic system, the curve does not show
coercivity at room temperature. Moreover, the saturation magnetization is lower at this
condition than at 5 K; this is a common behavior already observed for the pristine IONPs. In
particular, the studied sample has a Mg = 6.2 emu/gapre and 63.0 emu/gionpes at RT, a value that

is below those for bulk magnetite (92 emu/g®!) and maghemite (73-74 emu/g3?).

ZFC-FC curve shown in Figure 2.30b has a maximum of the ZFC data that defines the blocking
temperature (Tg = 59 K) and FC values decay when the temperature increases. This is the typical
profile of a superparamagnetic material. The facts that this peak is not very sharp and that the
FC curve does not separate from the ZFC one just below the Tg indicate a wide magnetic

cluster size distribution in the composite particles.
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Figure 2.30. For sample APg._3, curves of: (a) magnetization vs. external applied field, M(H), at room temperature
and 5 K and (b) ZFC-FC at 50 Oe. Inset: zoom at low magnetic field showing the coercive field at 5 K and the lack
of it at 300 K.

2.6. STRUCTURAL CHARACTERIZATION OF SILICA-BASED MATERIALS

Fourier transformed infrared spectroscopy (FTIR)

The three silica-based materials: aerogel monolith (AM), aerogel-like sub-micron particles (AP)
and core-shell IONPs-SiO, nanoparticles (APg.), were characterized by FTIR to detect the
distinctive functional groups of the silica. The measurements were performed in pellets made by
grinding the samples in a concentration of ca. 0.5 wt% with KBr in an agatha mortar. The

mixture is left under ~ 10 bar for 2 min. Figure 2.31 shows the spectra of some representative
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samples of AM, AP and APg. The three systems presented the same infrared spectrum. They
showed the typical absorption signals of silica as a strong band at 1107, a shoulder at 971 and
intense peaks at 805 and 475 c¢cm!, which correspond to Si-O-Si asymmetric, Si-OH and Si-O-Si
symmetric stretching modes and O-Si-O bending, respectively. Moreover, O-H st. modes at
3446 and 1636 cm™* were associated to the free and the adsorbed water, respectively. The small
peaks at 2956 and 2855 cm! belonged to C-H st. modes and the one at 1459 cm™ to O-CH;
vibrations.33343> Those signals could indicate both the presence of solvent traces or the
uncompleted hydrolization of silicon precursor (TMOS). Since the high temperatures used in the
drying process are enough to evaporate the MeOH, we considered the second explanation
more reasonable. The absence of extra peaks from IONPs in the AP spectrum was related to
the small amount of the magnetic material in comparison with silica (see Table 2.11). The
quantity of Fe-O or Fe-O-Si bonds was much lower than the amount of Si-O bonds and the

high intensity of this last one hinder the visibility of the less intense peaks.
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Figure 2.31. Infrared spectra of representative samples of APg, AP and AM.
Thermal gravimetric analysis (TGA)

TGA was performed to get information about the relative mass composition of the silica-based
materials, especially to know the amount of adsorbed water, which is important in the design of
drug carriers. The silicon atoms at the surface of amorphous silica try to maintain their
tetrahedral coordination by two ways: the formation of silanol groups that are covalently
attached to the surface or the establishment of hydrogen bonds between the oxygen and the
surrounding water. The second process involves a weaker bonding energy than the previous
one. These differences were evidenced in the TGA. The dehydration of a typical silica material is
initiated at ca. 120 °C, but for porous silicas the loosing of water molecules can be extended up
to 300 °C. In the range between 300 and 500 °C, the condensation of vicinal -OH groups takes
place forming new siloxane bonds (Si-O-Si). The sintering of the material happens at
temperatures above 600 °C, which causes the densification of the porous structure and
consequently a considerable decrease in the specific surface area. This process also favors

further dehydroxilation, and hence the enhancement of the hydrophobicity, of the silica surface.
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For the TGA measurements, 5-10 mg of each sample were weighed and heated from room
temperature to 700 °C at 10 °C/min under a N, atmosphere. The thermogravimetric profiles
and the weight loss of three representative samples of the silica-based materials are
represented in Figure 2.32 and Table 2.14, respectively. Note that, while the particulates
systems showed certain amount of physisorbed water and vicinal OH groups, AM did not
present significant weight loss below 460 °C (1 wt%) suffering only condensation processes
from isolated hydroxyl groups. From these results we concluded that silica AP particles
constituted the material with the highest degree of hydration, followed by the composite AP,
particles, while the aerogel AM monolith had an insignificant amount of physically adsorbed

water.
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Figure 2.32. Thermal gravimetric analysis of representative samples of APg, AP and AM.

Table 2.14. Weight losses of the silica-based materials at different range of temperature obtained by TGA.

Chemical specie

Sample Physically

adsorbed H,0
AP, 2 wt% (0-185°C) | 1.2 wt% (185-370 °C) | 2 wt% (370-520 °C)
AP 5 wt% (0-120 °C) 2 wt% (120-420 °C) | 3 wit% (420-630 °C)
AM - - 4 wt% (460-700 °C)

Vicinal OH Isolated OH

X-ray diffraction (XRD)

The crystalline or amorphous nature of the silica-based materials was determined by PXRD.
Figure 2.33 displays the X-Ray diffractograms of characteristic samples of IONPs, composite
nanoparticles, silica sub-micron particles and the aerogel monolith. The presence of amorphous
silica in the three studied products was indicated by a broad band between 5 and 27 °. The
peaks of IONPs in the AP, sample appeared at 30, 35, 43, 53, 57 and 63 ° and they can be
indexed to either magnetite or maghemite, according to referenced patterns mentioned in
Section 2.4.1.
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Figure 2.33. X-Ray diffractogram of representative samples of IONPs, APg,, AP and AM.

2.7. CONCLUSIONS

Three different silica-based materials were synthesized combining sol-gel chemistry and
supercritical fluids technology: silica aerogels, silica sub-micron particles and iron oxide-silica
nanoparticles. All of them presented intrinsic porosity without the need of using porogenic
agents during the synthetic procedure. The objective of fabricating these materials was to
obtain non toxic and biocompatible matrices to host pharmaceutical ingredients for drug
delivery applications. The products were amorphous and hydrophilicc which are relevant
characteristics for the bioapplicability of silica. Composite magnetic nanoparticles are in addition
promising theranostic devices acting as efficient contrast agents. The particulate systems, as dry
and light powders, were prepared in a one-pot and one-step process. The main conclusions

obtained for each material can be summarized as follows:
Silica aerogels

Highly porous and transparent aerogel monoliths were obtained with low densities (0.1 g/cm3).
BET surface areas were in most cases higher than 400 m?/g and pore sizes fitted in the meso
zone with values in the range of 7-12 nm. Although hydrophilic, aerogel monoliths showed

negligible amounts of adsorbed water by TGA.
Silica particles

Around 300 nm in size microporous spheres with narrow size distributions (9-12 %) were
synthesized. The particles were stable in colloidal dispersion of polar solvents. BET surface areas
ranged from 150 to 200 m?/g and intraparticle pore sizes were found below 2 nm. When

analyzed by TGA, around 5 wt% of adsorbed water was encountered.
Iron oxide-silica nanoparticles

The particles were spherical in shape and colloidally stable in polar solvents. They were
composed by inner cores of iron oxide clusters and external silica shells with tunable particle

sizes ranging from 60 and 185 nm (suitable for parenteral administration). Superparamagnetic
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properties were assessed for the nanospheres. BET surface areas were found between 160 and
250 m?/g with intraparticle pore sizes in the micro regime (< 2 nm). TGA experiments resulted

in ~ 2 wt% of adsorbed water.
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3

MOLECULAR IMPREGNATION OF SILICA-
BASED MATERIALS

This chapter is devoted to the impregnation of porous silica-based materials with
different functional organic molecules by dissolving them in supercritical carbon
dioxide. Firstly, as a proof-of-concept, two organic photosensitizers were
simultaneously /n situ synthesized and encapsulated in the silica systems, leading to
hybrid materials with high stability and enhanced properties for applications in
photocatalysis. Secondly, drug carriers systems were fabricated by entrapping a model
drug in the silica matrices. Details on the processes and on the characterization, in
terms of organic load, structural and textural properties of the resulting materials, are
presented. Special attention is dedicated to the chemical conformation and stability of
the drug inside the silica matrices and to the /n vitro release kinetics in aqueous
media, which determines the potential use of the composites as drug delivery systems.

For comparison purposes, previous results obtained in the group from the
impregnation in zeolites (for photosensitizers) and in an organic polymer (for the
therapeutic agent) are also presented. Differences in the porous structure, polarity and
release profiles are emphasized.
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3.1. ENCAPSULATION OF ORGANIC CATIONS

One of the most interesting applications of porous materials is related to their ability of hosting
molecules and other chemical entities. Zeolites, carbon nanotubes, ordered mesoporous silicas
(OMSs), organic polymers and other materials with induced or intrinsic porosity can act as
platforms to anchor different molecules. The encapsulation of some compounds in nanoporous
matrices contributes to stabilize those substances from a chemical, crystallographic or physical
point of view,?>3 due to the capability of host materials to adsorb and interact with atoms, ions
and molecules in restricted spaces. Among the available methods of encapsulation, the use of
supercritical fluids (SCFs) to perform absorption and/or impregnation in porous matrices offers
several advantages compared to the use of common solvents. In addition to the avoidance of

using toxic and contaminant organic solvents, some important advantages are:

e Less energy cost in drying process.

e Prevention of pore collapse when solvent is being extracted from the porous system, due to
the null surface tension of SCFs. This point is of special relevance for aerogel-like systems.

e Homogeneous surface functionalization because of the low viscosity of compressed fluids,
which can diffuse easily through, even into the smallest pores.

The purpose of this work was to use the porous materials previously synthesized as described in
Chapter 2 as platforms to be impregnated with therapeutic agents for drug delivery applications.
However, first trials on the encapsulation process were performed using organic photosensitizers
known by the group. We chose silica aerogels (AM) and porous silica submicron particles (AP) as
suitable matrices to encapsulate organic molecules, in particular cationic dyes, by dissolving them
in supercritical carbon dioxide (scCO,) Two kinds of chromophores, a pyrylium and a trytyl
cation, were chemisorbed in the inner surface of the studied matrices,. The solvent power and
diffusivity of scCO, played key roles. Results obtained with aerogel-like matrices were compared
to those attained for an aluminosilicate support, a faujasite-type zeolite (ZY). The knowledge
acquired with these experiments served as the basis to perform the impregnation with drugs as

well as to demonstrate the versatility of the encapsulation method.

3.1.1. Organic cations for catalytic applications

The encapsulation of chromophores and cationic organic dyes within nanoporous matrices is a
particular example of host-guest synthesis. The obtained hybrid nanocomposites have
applications as solid-state dye lasers,°> aerogel-platform gas sensors® and in photocatalysis,
among others.”8210.1112 sing opaque solids as supports to carry out photochemical reactions
lead to inherent disadvantages associated with the interaction of light with solids (scattering,
diffraction and reflection). The use of highly transparent mesoporous silica aerogel structures
could bring added value to materials with intended applications in photocatalysis. The
photosensitizers selected in this work were 2,4,6-triphenylpyrylium (PhsPy*) and dimethoxytrityl
((CH30),Ph3C*) cations. Figure 3.1 shows the chemical structure of both species. These salts have
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a relatively high oxidation power and have been reported to be good electron transfer
photosensitizers for photochemical reactions involving aromatics, dienes or alkenes and epoxides,
and for treating air and water pollutants using solar light.314 Unfortunately, they have a poor
stability in aqueous media.l>® For this reason, the intravoid space of nanoporous matrices is
specially suited to incorporate and stabilize these guests. The resulting host-guest assemblies can
act as easily recoverable heterogeneous photocatalysts.

(&} il
“ J (b} e,
~F [ ]
'\-;\_;:J'";.
o ;_\.\_
E 1 ot e h-ﬁ-.
L~ b -~ '\-\.H_-I_:,_._:'.'- "'\-».___.-"---‘h":",_-\. ) |’ ll
| [EFE B = ""ﬂ (=2
S S

Dimethooytrityl

24,6- triphenylpyrylium
Figure 3.1. Chemical structures of: (a) 2,4,6-triphenylpyrylium, and (b) dimethoxytrityl cations.

3.1.2. Method of cations impregnation

The precursor used for PhsPy* impregnation was the diketone 1,3,5-triphenyl-2-pentene-1,5-
dione, synthesized in our laboratory.l” The two organic precursors used as the building blocks for
(CH30),Ph3C* encapsulation were benzaldehyde and anisole (> 98.0 wt% and > 99.0 w%
respectively, Fluka) in a 1.2 molar ratio. Commercially available 2,4 6-triphenylpyryl
tetrafluoroborate (PhsPyBF,, c-Py*, Aldrich) and trityl tetrafluoroborate (Ph;CBF, c-C*, Aldrich)
were used as references for comparisons with encapsulated products. All these substances were

used as received.

Supercritical impregnation experiments were performed in the batch mode in the high pressure
equipment shown in Figure 3.2a. In a typical experiment, liquefied CO, (99.995 wt%, Carburos
Metalicos, Spain) was compressed by a syringe pump and conducted to the reactor. The
autoclave was first charged with ca. 0.5 g of each matrix in the form of small pieces (AM) or
powder (AP and ZY), and the precursors of the guest material in a proportion of 20 wt% with
respect to the matrix (total weight 0.3 g). The three materials were enclosed in 0.45 um pore size
filter paper, thus avoiding direct contact of the matrices with the solutes, and hanged from the
thermopar bar inside the reactor (Figure 3.2b). The cations formation proceeds in two steps: (1)
diffusion and (2) condensation, separated in time.l*!2 The first step consisted in diffusing the
starting reagents inside the matrix nanochannels at a pressure of 150 bar and a relatively low
temperature (60 °C), thus minimizing the formation of the bulky cation, which otherwise could
block the channels in the early stages of the process. This stage was followed by a condensation
step at higher temperature (130-150 °C), serving to activate the reaction of the precursors inside

the acid matrix. During the reaction, the autoclave was stirred at 400 rpm. Finally, the system was
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depressurized and left to cool down to room temperature. Pressurization and depressurization
cycles were carried out avoiding the formation of liquid CO, in the autoclave, which could
damage the fragile porous structure of aerogels. Zeolite samples recovered at this stage were
gently rinsed with dichloromethane (DCM). Monolithic samples were cleaned with a flow of
nitrogen. The resulting products were labeled as cation@matrix. Some materials were further
cleaned with a flow of continuous scCO, at 200 bar and 80 °C for 3 h. The resulting samples
were labeled as [cation@matrix]sc.

Figure 3.2. (a) 100 mL supercritical reactor used for the organic cations impregnation, and (b) paper packets

containing the matrices hanged from the thermopar bar.

The porous structure of faujasite-type zeolites presents cuasi-spherical cavities of 1.3 nm in
diameter that are accessible though small channels (0.74 nm in height) arranged in a
tridirectional ordered structure.!® This porous structure is schematized in Figure 3.3. Since the
selected cations have larger dimensions than the channels, but they fit into the cavities, a called
ship-in-a-bottle reaction in supercritical CO, takes place. It basically consists in dissolving the
cation precursors in the compressed fluid, diffusing them through the channels until reaching the
cavities and increasing the temperature to promote the chemical reaction. Thus, the
encapsulation procedure not only implies the entrapping of the cations inside the matrices, but

also it is the synthetic method of the guest molecules.
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Figure 3.3. Basic scheme of the porous structure of faujasite-type zeolites. h stands for the diameter of the channels

and d makes reference to the diameter of the cuasi-spherical cavities.
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3.1.3. Results and discussion

Some of the characteristics of the resulting materials are shown in Table 3.1. The chemical
reaction necessary to form the cations was triggered by the weak acid sites of the inner pores of
either the silica aerogel AM or the aerogel-like spheres AP (silanols, pka = 8) (Figure 3.4a) or the
aluminosilicate (Figure 3.4b). The formation of the pyrylium cation was accomplished in two
steps: first the dehydration and then the cyclisation of the diketone. The reaction used for the

preparation of the dimethoxytrityl cation occurred between benzaldehyde and anisole.

The resulting hybrid nanocomposites presented a characteristic coloration which may be used as

a first visual indication of the degree of success of the reactions (Table 3.1).

Table 3.1. Characteristics of the obtained loaded materials AM AP and ZY.

Sample Impregnated cation Sample color Loading (%)
Py*@AM Pyrylium Orange 8.6
Ct@AM Trityl Yellow 15
Py*@AP Pyrylium Yellow 57
[Py*@AP]sc Pyrylium Pale yellow 53
C*@AP Trityl Pale yellow 34
[Py*@ZY]sc Pyrylium Yellow 5.9
[C*@ZY]sc Trityl Ochre 7.0

The precursors of the guest molecules were colorless, and only after cation formation a color
appeared. It was associated with absorption in the visible range. While the matrices were initially
either transparent (AM in Figure 3.5a) or white (AP and ZY in Figure 3.5d and g, respectively),
the adsorption of the cation was noticeably visible from the resulting yellow-orange color (Figure
3.5b, ¢, e and f for impregnated aerogels and Figure 3.5h, i for impregnated zeolites).1*2° The
pyrylium impregnated AM sample (Py*@AM) exhibited a uniform color, as it is observed in
Figure 3.5b. This uniformity indicated a homogeneous diffusion of the precursor throughout the

porous sample.
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Figure 3.4. Schematic representation of the encapsulation reactions performed in the different matrices: (a) AM or

AP, and (b) zeolite Y.

Figure 3.5. Optical images of: (a) pristine monolithic aerogel (AM), and impregnated samples (b) Py*@AM and (c)
C*@AM; (d) pristine aerogel particles (AP), and impregnated samples (e) [Py*@AP]sc and (f) C*@AP; and (g) pristine
zeolite Y, and impregnated samples (h) [Py*@ZY]sc and (i) [C*@ZY]sc.
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3.1.3.1. Morphological and structural characterization of the impregnated materials

The resulting hybrid nanocomposites preserved the same shape than that of the raw matrices.
Thus, the silica aerogel AM remained in monolithic form and the powders AP and ZY appeared
as powdered solids after the supercritical treatment, demonstrating that the encapsulation

process assisted by scCO, did not change the morphological properties of the starting materials.
Fourier transformed infrared spectroscopy (FTIR)

The success of cations encapsulation was evaluated by infrared spectroscopy. Figure 3.6a and
Figure 3.6b show the spectra of the commercial chromophores and the impregnated matrices
for pyrylium and trityl cations, respectively. The typical bands of Ph3Py* appeared between 1550
and 1650 cm for the commercial compound?! (sample c-Py* in Figure 3.6a) and at the same
wave length for the encapsulated products. The lack of the C=0 vibration bands at 1680-1650
cml, characteristic of the diketone precursor, revealed a high degree of purity for samples
impregnated with pyrylium cations and indicated the success in the impregnation process for this
chromphore. Peaks at 1489 and 1445 cm™ in the FTIR spectrum of commercial Ph;CBF, (sample
c-C* in Figure 3.6b) were attributed to C-C stretches in the phenyl ring and a signal at 1384 cm-
I was assigned to C-Ph stretching.?? This latter signal did not appear in any of the building
blocks used and therefore was especially useful to monitor the presence of the trityl cation. The
most intense peaks for the trityl-impregnated products corresponded to the C-C ring stretching
mode in the (CH;0),Ph;C* cation and were found between 1495-1500 and 1440-1450 cm
However the band due to the C-Ph bond at 1384-1381 c¢m™ was the most representative one
(Figure 3.6b). In the light of these results, it can be assumed that the preparation of the

(CH30),Ph3C* cation was successfully achieved.
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Figure 3.6. FTIR spectra of pristine matrices and commercial cations of: (a) pyrylium, and (b) trityl impregnated

matrices
Thermal gravimetric analysis (TGA)

Mass loadings regarding the encapsulation of the organic cations in the different matrices were
obtained by TGA. Thermal gravimetric profiles of the pristine matrices and commercial cations
are shown in Figure 3.7a and Figure 3.7b, respectively. AP and ZY profiles show the evaporation

of adsorbed water at temperatures lower than 150 °C, presenting an initial weight loss of ~ 5-10
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wt% (Figure 3.7a). In the temperature range of 150-400 °C, the weight loss of untreated
monolithic aerogel was insignificant, while for particulate aerogel and zeolite matrices, although
minor, it was measurable (ca. 0.5-1 wt%). Aerogel matrices also lost weight at temperatures
higher than 450-500 °C, which was attributed to material densification, and the reaction between
silanol groups with the associated loss of water. Decomposition of commercial Ph;PyBF, salt
occurred at temperatures between 240 and 325 °C and the maximum slope was found at 300 °C.
On the other hand, Ph3;CBF, decomposed with a profile characterized by a pronounced weight
loss (~ 75 wt%) between ~ 190 and 320 °C (Figure 3.7b). For the impregnated samples in the
form of particulate powders (Figure 3.7c and Figure 3.7d), the first mass decay was observed at
temperatures lower than 180 °C due to the loss of water, while the decay at temperatures higher
than 200 °C was associated with the loss of the embedded organic cation. Pyrylium cation when
entrapped in aerogel-like (AM or AP) and zeolite matrices decomposed in the temperature
ranges of 250-400 °C (with the maximum slope at 350 °C) and 325-500 °C (maximum slope at
425 °Q), respectively as it can be seen in Figure 3.7c. This result indicates that the Ph3Py* cation
inside the nanopores presents higher thermal stability than in the PhsPyBF, salt. The trityl cation,
once impregnated in the different systems, thermally decomposed (Figure 3.7d) in a temperature
range only slightly superior (~ 250-400 °C) to that of the commercial product. Thus, organic
loads were acquired by measuring the weight losses in the appropriate temperature ranges for
each cation@matrix pair (Table 3.1). In general, higher loadings were obtained for the pyrylium
than for the trityl cation. Note that the formation of those substances into the matrices proceed
in different ways: while the pyrylium cation is prepared through dehydration and cyclisation of
one precursor (diketone), the synthesis of trityl cation involves two building blocks and the

formation of a C-C bond (Figure 3.4).
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Figure 3.7. TGA curves of: (a) pristine matrices, (b) commercial salt of the organic cations; and hybrid composites
obtained after impregnation with: (c) pyrylium, and (d) trityl cations. Curves labeled as d(cation@matrix) are the

derivatives of the respective TGA curves.
3.1.3.2. Textural properties of the impregnated materials
Nitrogen adsorption/desorption isotherms (BET method)

The specific surface areas were measured before and after processing the matrices with the
pyrylium cation. A significant decrease for materials with the organic molecules absorbed into
the pores was expected. Prior to measurements, samples were degassed under a reduced
pressure (< 108 bar). The conditions used were 300 °C for 24 h for aerogel particles, 100 °C for
24 h for aerogel monoliths and 150 °C for 48 h for zeolites. The aerogel monolith and particles
had surface area values of 475 and 205 m?/g, respectively, as it was detailed in Chapter 2. AP
sample can be considered as an intermediate material between zeolites and aerogel monoliths,
since it has an intraparticle pore size of 1.5-2 nm, similar to that of zeolites, but also has some
other characteristics, such as the non-ordered pore structure, closer to monolithic silica aerogels.

For the calcined zeolite (ZY), the measured surface area was 700 m?/g.

After impregnation of the AM and the zeolite with pyrylium cations, their specific surface areas
were only slightly diminished to values of 410 and 500 m?/g, respectively. Contrarily, a drastic
decrease of ca. 80% resulted for the impregnated aerogel-like particles, pointing towards the
blocking of the channels, probably due to reduced pore interconnectivity in this matrix with

respect to the aerogel monolith and zeolite.
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Although this analysis was not performed for trityl impregnated samples, a similar behavior is

expected.

3.1.3.3. Complementary characterization towards the applicability in photocatalysis
Diffuse reflectance UV-Vis spectroscopy

The measurements were carried out entrapping the powdered samples between two microscope
glass slides and fixing them with adhesive tape. The monolithic materials were directly stuck to
the surface of one microscope glass slide. It is important that those plates do not absorb light in
the wavelength range of operation, as well as taking care of not letting the adhesive tape
interfere with the light beam. All the matrices used were quite transparent to UV-Vis radiation
above ca. 250-300 nm. Figure 3.8a shows the diffuse reflectance spectra in the UV-Vis range of
the commercial PhsPyBF, salt and the matrices loaded with Py*. The solid spectrum of
commercial Ph3PyBF, displayed a broad band between 320 and 530 nm. For all the prepared
pyrylium samples, a similar absorption band between 330 and 500 nm was found, which
suggests cation formation. Analogously, Figure 3.8b shows the diffuse reflectance spectra of the
commercial Ph3CBF, salt, as well as the matrices loaded with C*. The spectrum of the commercial
product is characterized by a broad absorption band from 320 to 530 nm. For the trityl-
impregnated aerogel, the absorption in the range 352-525 nm was weak, which was related to
the relatively low impregnated amount (see Table 3.1). On the other hand, the diffuse reflectance
UV-Vis spectrum of sample [C*@ZY]sc showed two separated maxima at 417 and 506 nm,

characteristic of substituted trityl cations with optical asymmetry.
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Figure 3.8. Diffuse reflectance UV-Vis spectra of: (a) pyrylium product and the matrices impregnated with Py*, and
(b) commerecial trityl product and the matrices impregnated with C*.

Fluorescence spectroscopy

Room temperature emission fluorescence microscopy was used to investigate the fluorescence of
the AM and ZY impregnated samples upon excitation at 420 nm. The products were directly
placed on the microscope glass slides. Control experiments with the pristine matrices did not
show any significant fluorescence. The emission spectra of the matrices with entrapped pyrylium

cations (samples Py*@AM and [Py*@ZY]sc) are presented in Figure 3.9a. In particular, pyrylium
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salts in solution have a fluorescence band with a maximum at 470-480 nm.?*?* This value is
similar to that found for the prepared solid pyrylium samples, which clearly showed a strong
fluorescence band centered close to 500 nm. In contrast to pyrylium, trityl cations exhibited a
much weaker fluorescence?>2¢ and low intensity emission spectra were registered for the matrices
with entrapped trityl cations (not shown). For [C*@ZY]sc and C*@AM, fluorescence microscopy
indicated that samples were also fluorescent in the blue region (Figure 3.9b). It is remarkable
that fluorescent optical images showed a homogeneous distribution of dyes in the matrices, even

in the large pieces of the aerogel monolith.
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Figure 3.9. Fluorescence data upon 420 nm excitation: (a) emission spectra of encapsulated pyrylium, and (b)

fluorescence images of encapsulated trityl.
Leaching behavior in water by UV-Vis spectrophotometry

The synthesized composite materials have a great number of potential applications involving the
presence of water, for instance, as heterogenous catalytic platforms for contaminated waters. For
such applications, it is important to know the possible leaching of the encapsulated substances
from the nanoporous matrices in water. An experimental procedure was designed to elucidate
the leaching behavior of the impregnated cations, which allowed controlling their stability in
water at the same time. The impregnated matrices were immersed in distilled water (pH = 6.5)
for a total period of 12 days. Approximately 3-5 mg of each sample was placed into a glass
beaker with 4 mL of water and kept in a lab exposed to natural light. After the first 24 h, 1.5 mL
of the liquid was analyzed by UV-Vis spectrophotometry. On the 5% day, a second 1.5 mL aliquot
was extracted and the absorption measurement repeated. Then, the impregnated matrices were
covered with a further 5 mL of fresh water and one more UV-Vis monitoring was performed at
day 12. Importantly, after this relatively long period of time, the materials still maintained their
characteristic yellow/orange color of the impregnated products, indicating that both leaching and
degradation of the cation were minor. The UV-Vis spectra of the triphenylpyrylium and trityl salts
in organic solution are characterized by the presence of a broad band between 370-480 nm,
generated by two independent chromophores,?7?® while their precursors have appreciable

absorption at wavelengths between 200 and 350 nm. Preliminary tests have showed that both

81



Chapter 3 MOLECULAR IMPREGNATION OF SILICA-BASED MATERIALS

cations were unstable in water at neutral pH, being transformed in low molecular weight

degradation products exempted of color.

0 gathers the results obtained after following the designed leaching protocol. After 5 days of
water inmersion, the spectra of the as-prepared aerogel samples showed an appreciable
absorption between 225 and 325 nm whatever the encapsulated compound (either pyrylium or
trityl cations in 0a, ¢ and Ob, d, respectively). However, they did not present any significant
amount of organic compounds in the refreshed water added afterwards and measured on day
12. On the other hand, the supercritically-washed samples [Py*@AP]sc, [Py*@ZY]sc and [C*@ZY]sc
(Oc, e and f) did not undergo any significant leaching during the time period of analysis,
indicating that the washing procedure was effective at eliminating the residual reagents and
unbounded chromophore molecules and that the remaining impregnated material was stable

and strongly interacting with the matrix.

In Figure 3.10a and Figure 3.10b the leaching behavior in water of the three studied matrices
charged with either pyrylium or trityl cation is compared. Some leaching was only observed for
samples that were not previously washed with scCO,. Even in these cases, the desorption of
material only occurred in the first stage, suggesting that the leaching was originated from
impregnated organics located on the most external part of the matrices where the cation was
less stabilized than in the most internal nanopores. It has been previously reported that simple
deposition of these cations on the external surface of silica does not prevent hydrolysis.?? In our
case, cation leaching behavior was probably diffusion controlled through the nanopores, since
the UV-Vis absorption at day 1 was much lower than at day 5. For all the studied matrices, the
impregnated cations showed higher hydrolysis stability when encapsulated than the non-

encapsulated ones.
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Figure 3.10. Leaching behavior in water of the prepared samples measured by UV-Vis spectroscopy: (a), (c) and (e)
matrices impregnated with pyrylium cation; and (b), (d) and (f) matrices impregnated with trityl cation. The numeric
notation is referred to the time of aliquot measurements: after @ day, after @ days and after @12 days with
refreshed mother liquid.
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Figure 3.10. Leaching behavior of (a) pyrylium impregnated, and (b) trityl impregnated samples. Axis Y indicates the
average pore diameter of the raw matrices calculated by BET (4Vpere/Sger), corresponding to ~ 1.2 for zeolites, ~ 1.8
for aerogel particles and ~ 7 for aerogel monoliths.

3.2. ENCAPSULATION OF TRIFLUSAL AS MODEL DRUG

The development of drug carriers as controlled drug delivery systems have been deeply explored
during the last few decades?® because they can solve several common problems in the
pharmaceutical industry. Compared to traditional pharmaceutical formulations, these new
materials with engineered biodistribution profiles diminish side effects, insufficient drug
concentration at target sites, rapid metabolization or drug degradation related problems. Among
the studied systems, nanoparticulate materials have been proved to enhance the /n vivo
efficiency33233 of active agents by facilitating prolonged circulation after administration, by
increasing bioavailability and by enhancing the percentage of unaltered drug in the pathological
area. In this category, hydrophilic silica offers some advantages when contrasted to polymer-
based materials: stability under various thermal and chemical conditions, non aggregation related
to lipophilic nature upon intravenous administration3 and biocompatibility.3>3637 While many of
the marketed polymeric drug delivery carriers are adequate for the sustained release of water-
soluble drugs, porous silica particles are mostly applied to obtain an immediate optimal drug
dosage of poorly water-soluble compounds at the desired target site.® Another challenge for

SiO, drug delivery systems is to warrant the full preservation of the drug activity during its
storage and administration period.

We selected a poorly water-soluble drug as model active agent (7riflusal) to be encapsulated into
the pores of the three silica-based materials previously synthesized (Chapter 2): APg, AP and
AM. See Section 3.2.1 below for main characteristics of Triflusal. Using hydrophilic silica as the
host matrix we expect to improve both the dissolution profile and to increase the preservation of
the Triflusal. Besides, composites APg, can actuate not only in therapeutics, but also in diagnosis
(MRI). In the impregnation procedure, supercritical CO, was the solvent for the therapeutic agent.
The unique properties of this fluid have been advantageously exploited in processes involving

poorly water-soluble drugs, since a higher solubility of hydrophobic compounds in scCO, is
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usually found. Besides, the avoidance of organic solvents, the intrinsic sterility of scCO, and the
fact that the final product is in a dry form and is produced in confined autoclaves are also of
particular interest for pharmaceutical products manufacturing.3® Results attained for these
systems were compared to those obtained for a hydrophobic matrix made of polymethyl

metacrylate (PMMA) in terms of drug loading, stabilization and release profile.

A generic scCO, method for the impregnation of both inorganic and polymeric matrices with Trf

is proposed to create potential drug delivery systems.

3.2.1. Properties of triflusal

Triflusal (Trf), 2-acetyloxy-4-trifluoromethyl benzoic acid, is defined as a drug practically insoluble
in water by the European Pharmacopoeia and with an estimated log P (log octanol/water
partition coefficient) of 2.09.40 Triflusal is an antiplatelet agent that irreversibly acetylates
cyclooxygenase isoform 1 and, therefore, inhibits thromboxane biosynthesis.*' The main
metabolite of Trf is the 2-hydroxy-4-trifluoromethyl benzoic acid (HTB) that also possesses anti-
aggregation activity. Trf has a structural analogy to aspirin, with a trifluoromethyl group in the C,4
position of the aromatic ring. Although both drugs are widely used, Trf has less risk of producing
hemorrhagic complications due to its lower acidic nature (Figure 3.11a and Figure 3.11b). At the
same time, care must be taken to ensure that the drug does not extensively hydrolyze before it
can be absorbed. Therefore, the pharmaceutical industry is promoting the development of
alternative forms of Trf administration trying to overcome two main problems: its low solubility
and its high instability at alkaline pH. The use of micelles in the pharmaceutical formulae has
been the most investigated approach to enhance Trf water dissolution and to protect the active
agent from degradation by alkaline hydrolysis.*> Moreover, the use of a polymeric delivery
system based on a copolymer of an acrylic derivative of triflusal has been commercialized.*?
Here, nanoporous silica-based carriers are introduced as a proposal to substitute the commonly

used organic systems.
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Figure 3.11. Chemical structures of: (a) 2-acetyloxy-4-trifluoromethyl benzoic acid (Trf), and (b) 2-hydroxy-4-
trifluoromethyl benzoic acid (HTB).
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3.2.2. Method of drug impregnation

The silica matrices were first dehydrated by heating them in a tubular oven (Carbolite 3216) at
300 °C (particulate systems) and 100 °C (AM) for 2 h under a flow of nitrogen. This step was
supposed to guarantee the availability of the total surface area by desorbing the whole amount

of water.

Impregnation process in scCO, was performed in the high pressure equipment presented in
Figure 3.12a. Experiments were carried out in the batch mode. The autoclave (100 mL) was
charged with Triflusal (kindly donated by Uriach S.A) and the matrix in a weight ratio of ca. 1.:2.
The aerogel monolith was micronized in pieces between 2 and 5 mm. Each matrix was then
separately wrapped with a 0.45 um pore filter paper, and placed inside the reactor maintaining a
physical separation from the drug of 2-3 cm. In order to get this separation, a cylindrical steel
grid was used from which the paper-wrapped matrices were hanged (Figure 3.12b). The reactor
was then filled with pressurized CO, up to 200 bar and heated at 45 °C. These conditions were

previously found as the most appropriate ones for the drug dissolution.*

In all the experiments, the amount of commercial Trf was added in excess ensuring saturation of
the scCO, phase. In a typical run, the autoclave was magnetically stirred at 300 rpm during 6 h
for the silica matrices and 24 h for the PMMA. PMMA was purchased from Bonar Polymers (UK)
with a molecular weight of ~ 350,000 g/mol in the form of beads of 0.5-1 uym in diameter.
Experiments performed at longer running times did not lead to higher load of Trf, indicating that
maximum loading was likely reached under chosen working conditions. Nonporous PMMA
needed longer reaction time to induce the swelling previous to impregnation. For silica samples,
pressurization and depressurization were carried out slowly and stepwise to avoid the formation
of liquid CO; in the autoclave, which could damage their fragile porous aerogel structure. This
impregnation methodology is reproducible and it has been demonstrated by repeating the
experiments at least three times and obtaining similar results. Moreover, it allows the
impregnation of various materials at the same time, in our case Trf was encapsulated in all the
silica aerogel-like matrices in the same experiment. The resulting materials from the
impregnation of the AP, AP, AM and PMMA matrices are labeled as 7rf@APr, Trf@AP, Trf @AM
and 7rf@PMMA respectively.
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Figure 3.12. Equipment for the impregnation of matrices with drugs: (a) 100 mL autoclave, and (b) silica samples
wrapped in paper bags hanged from a steel grid.

3.2.3. Results and discussion

Table 3.2 shows different characteristics of the studied matrices. Inorganic SiO, matrices have an
inherent pore volume available to be loaded. AM has the largest surface area (ca. 430 m?/g) and
pore volume and mean pore size (0.75 cm3/g and 6.8 nm respectively). APg, and AP have
intraparticle pore sizes near 2 nm which are comparable to that of the size of the studied drug,
with a total pore volume around 0.1 cm3/g and Sggr values of 160-200 m?/g. For nonporous
PMMA, impregnation must be preceded by polymer swelling. Contrasting to acetyl salicylic acid,
the presence of an additional hydrophobic trifluoromethyl group in the Trf molecule renders a
pronounced effect in the interaction of Trf with scCO, and thus on its solubility. The Trf solubility
in this solvent at the working temperature and pressure was found to be in the order of 31072
mole fraction, a relatively high value for a scCO,/solute system.*> Trf molecules most likely
stabilize forming dimmers in both crystalline and solution states, as determined by comparison
with other structurally similar carboxylic acid compounds.#44647.4849 On the other hand, HTB tends

to form intramolecular H-bonds (see Figure 3.13).

Table 3.2. Characteristics of the matrices and drug load impregnation values by HPLC.

Matrix AP, AP AM PMMA
@1y (NnM) 65 303 - 500-1000

Polydispersity in size (%) 19 9 - 20

Sger (M?/9) 160 205 430 0.07
Mean Ve (cm3/g) 0.1 01 0.7 -
Mean pore size (nm) - - 6.8 -
Pore sizejntraptie. (NM) 1.8 1.7 - -
Drug loading (%) 41 33 17 16
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Figure 3.13. Proposed 3D-comformations of Trf and HTB metabolite and equilibrium conformations via H-bonds of

the molecules dissolved in scCO,.
3.2.3.1. Drug loading in the drug impregnated materials
High performance liquid chromatography (HPLC)

The percentage of drug loaded in each matrix was determined by following a HPLC procedure.
Accurately weighed samples of 3-5 mg were treated with 50 mL of either acetone (99.5 wt%,
Fluka) for PMMA or 20 mL of ultrapure water (Millipore, Milfdford, MA, USA) for aerogel-like
systems. These last ones were also submitted to magnetic stirring at 150 rpm during 2 h. Those
treatments were expected to completely extract and dissolve the drug contained in the matrices.
In the case of the hydrophobic polymer, the solvent was evaporated under a nitrogen flow and
the dry residue was re-dissolved in 20 mL of mobile phase, which consisted of 25 mM acetic
acid/acetate aqueous solution (pH = 5)/MeOH in a volume ratio of 40/60. Acetic acetate and
ammonium acetate were used to prepare the aqueous phase (Merck, a.r.). MeOH (HPLC-grade)
was purchased from Merck. 20 pL of the resulting solution for each material were injected into
the chromatograph at a flow rate of 1 mL/min. Since both Trf and HTB resulted in separated
peaks with different retention times (Figure 3.14), the HPLC method was also used to evaluate
the progress of Trf hydrolisis. Both species were spectrophotometrically detected at 280 nm. The
stationary phase where the components separated was a Synergy Hydro-RP C18 column from
Phenomenex (150 mm x 4.6 mm i.d. particles size 4 ym, 80 A). In all cases, three independent
replicates were carried out and the following mean values were obtained: 4.1 + 0.2, 3.3 + 0.2, 17
+ 2 and 16 + 1 wt% for samples Trf@APg, Trf@AP, Trf@AM and Trf@PMMA, respectively. To

calculate the amount of impregnated drug both the Trf and the HTB contributions were
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considered. For the silica matrices, drug load could be correlated with the pore volume available
(Table 3.2). AM matrix had the highest value of pore volume and size (in the mesopore zone),
and, thus, the highest impregnation capacity. APr, and AP samples had similar values of mean
pore volume and intraparticle micropore sizes, leading in similar drug payloads although slightly

higher for the composite nanospheres.
3.2.3.2. Drug stability in the drug impregnated materials

In this study we were interested in analyzing not only drug loading, but also drug stability.
Therefore, the amounts of Trf and HTB were evaluated separately by chromatographically
monitoring the decomposition of Trf in water and in 10 mM HCl (pH = 2.0) and 10 mM
Na,HPO,/NaH,P0O,-2H,0 (pH = 7.4) solutions. Such conditions simulated the pH-conditions of
either stomach or blood plasma, respectively. Hydrochloric acid (37 wt%) was purchased from
Merck. Dibasic sodium phosphate (Na,HPO,) and dihydrated monobasic sodium phosphate
(NaH,PO42H,0) were acquired from Merck (a.r.). Ultrapure water was used for the preparation of
all the solutions.

As shown in Figure 3.15a, Trf hydrolysis was faster in water and basic media than in acid
medium. In water and at pH = 7.4, the degradation of Trf to HTB was completed in 10 days,
while for acid solutions the process lasted for 1 month. The transformation into HTB of
impregnated Trf for the different matrices was studied after 6 months of samples preparation.
Samples were stored under ambient conditions (21 °C and 60-65% relative humidity). The
percentage of both species was calculated from the corresponding chromatographic peaks at the
initial stages of the release. Those values were considered to mirror the degree of hydrolysis of
the encapsulated drug, and were related to the percentage of drug degradation during
preparation and storage. As Figure 3.15b shows, the hydrolysis degree ranged from ca. 18% in
Trf@AM to more than 50% in Trf@PMMA. Intermediate values of approximately 30% were found
for Trf@APg, and Trf@AP. It is noteworthy that the highest value of HTB among the prepared
drug delivery system was found for the most hydrophobic matrix, the PMMA, being Trf better
preserved inside the hydrophilic aerogel-like matrices. This behavior was attributed to the acidity
provided to the adsorbed water by the SiO, system, which in turn stabilized Trf molecules
against hydrolysis. Trf is a drug with a relatively high stability in acid media.*® After impregnation,
the PMMA matrix would have an internal porosity induced by CO, swelling.#> This feature
allowed the incorporation of neutral water to the matrix, which led to a high hydrolysis degree of
the Trf drug. Hence, for those drugs susceptible of hydrolysis, the use of aerogel matrices as
drug delivery carriers have the additional advantage of contributing more efficiently to drug
preservation than when using hydrophobic polymeric microparticles. Comparing Trf stability in
the three silica matrices, it was found that the mesoporous aerogel monolith was more effective
than the microporous particles. We argue that this finding could be related to two different
geometrical conformations adopted by the Trf molecule inside of the pores, as explained later in

the structural analysis.
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Figure 3.14. Representative chromatogram of a raw Trf sample in aqueous medium. The retention times for both Trf

and HTB at the used chromatographic conditions are shown.
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Figure 3.15. Hydrolysis of triflusal: (a) time evolution of Trf crystals dissolved in aqueous solutions (pH = 7), 10 mM
HCl (pH = 2) and 10 mM Na;HPO4/NaH,P04-2H,0 (pH = 7.4), and (b) percentage of Trf and HTB inside the studied
matrices after 6 months of storage (21 °C and 60-65% relative humidity).

3.2.3.3. Structural analysis of the drug impregnated materials
Fourier transformed infrared spectroscopy (FTIR)

The presence of the drug and the chemical interactions with the host matrices were monitored
by FTIR spectroscopy. Figure 3.16 depicts the spectra of the raw Trf and HTB and of the
impregnated materials in the useful region of solid Trf (1800-1500 cm™). The spectra of the silica
matrices can be found in Chapter 2. The spectrum of triflusal contains a band at ca. 1510 cm™
corresponding to the benzene ring, and two bands at 1770 (band 1) and 1685 cm™ (band 2) that
belong to the carbonyls (C=0) (Figure 3.13). This second band is shifted to lower wavenumbers
in Trf crystals than the regular carbonyl range, 1730-1740 cm™, due to both conjugation with
C=C in the attached benzene ring and Trf-Trf dimmer formation with the consequent weakening
of the C=0 bond. The main characteristic peak of HTB is associated to the carbonyl group and
appears at 1671 cm™. The presence of Trf in the impregnated matrices was checked by the band
1 (1770 cm™) in Figure 3.16. This signal was more evident in Tf@PMMA and Trf@AM samples
than in the particulate systems, thus indicating the higher loads achieved in the first cases. For
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Trf@AM, the 1770 cm™ band appears together with an additional carbonyl mode at 1752 cm™
(band 4) that is attributed to carboxylic acid species formed via cleavage of the ester and
decomposition of Trf into HTB (see Figure 3.13). In Trf@PMMA, the band 4 is imbibed by the
C=0 band of the ester in the polymer. In both samples, the C=0 band 1 at 1770 cm™ is not
shifted between the crystalline and impregnated forms of Trf, indicating an equivalent structure.
However, the C=0 band 2 at 1685 cm™ in the crystalline Trf was shifted to the high wavenumber
region of 1700-1720 cm™ (band 3) in PMMA and AM impregnated matrices. This indicated
breakage of the self association in Trf molecules and formation of H-bonding with the ester or
OH groups existing in PMMA or SiO, matrices, respectively. Amorphous silica particles present a
large number of silanol groups on their surfaces, which may be able to form hydrogen bonds
with carboxylic groups of drug molecules. It has been suggested the formation of a six-
membered hydrogen bonding intermediate through the reaction of OH in the SiO, with
carboxylic acid containing compounds via adsorbed H,0.4¢ The intermediate can transform to a
carboxylate (COO") ion by transference of the acidic H. However, carboxylate peaks at ca. 1580-
1590 cm™ did not appear in any of the impregnated materials, thus suggesting that the acid-
base reaction between OH in SiO, and the carbonyl acid of the drug did not take place. In the
particulate materials neither the formation of H-bonds with the surface nor the carboxylate salt
was observed by FTIR. In sample Trf@APg., the shift on the C=0 band 2 was not detectable,
indicating that Trf molecules were likely placed in the pores in a similar conformation that in the
solid crystal, /e, forming dimmers. Bands for Trf@AP were not defined enough to be well

analyzed due to low loading.
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Figure 3.16. Infrared spectra of the impregnated matrices, and Trf and HTB crystals. The different C=O bands are
identified as 1 (C=0 of the ester in the Trf molecule), 2 (C=0 of the carboxylic group in the Trf molecule), 3 (C=0 of
the ester group in the PMMA matrix), and 4 (C=0 of the carboxylic group of the acetic acid).

X-Ray diffraction (XRD)

XRD was used to assess the occurrence or the absence of a crystalline arrangement for the
impregnated drug. The aerogel monolith sample was analyzed by microdiffraction. Figure 3.17
presents the recorded spectra. Non-encapsulated Trf could be readily identified by its two most
intense peaks at 26 = 19 and 26°, while HTB displayed two intense peaks at 26 = 17 and 24°
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(Figure 3.17a). XRD patterns of the impregnated matrices did not show diffraction peaks of the
Trf (or HTB) crystalline form, in which only the amorphous broad bands of PMMA (20 = 10-30°)
and silica (centered at 20 = 22°) and the characteristics (2 2 0) and (3 1 1) peaks of magnetite at
26 = 30 and 36° were clearly observed in Figure 3.17b. This indicates that the drug did not
crystallize during the supercritical processing, an especially relevant result for the potential

bioapplications of these hybrid materials.
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Figure 3.17. X-ray diffractograms of: (a) the therapeutic agent and its metabolite and (b) the impregnated matrices.
Differential scanning calorimetry (DSC)

DSC analysis was complementarily used to further confirm the desirable absence of drug crystals.
Around 5-10 mg of the samples were accurately weighed and heated from room temperature to
180 °C for the crystalline Trf and to 300 °C for the impregnated matrices in a differential
scanning calorimeter. Raw triflusal has a melting point of 118 °C. The glass transition of the
PMMA appears at around 125 °C. Within the studied temperature interval (up to 450 °C), thermal
transitions are inexistent for silica matrices. The melting peak of Trf was not observed in any of
the four samples. As an example, Figure 3.18a and Figure 3.18b show the DSC curves of
Trf@PMMA and Trf@AM, which corresponds to samples loaded with the highest drug
percentages (ca. 16-17 wt%).
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Figure 3.18. Differential scanning calorimetry thermographs of Trf crystals and impregnated: (a) PMMA, and (b) AM

matrices.
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Thus, XRD and DSC results indicated that Trf was most likely dispersed inside the matrices at a

molecular level.
3.2.3.4. Proposed conformation of triflusal molecules in the silica-based matrices

The differences in the molecular conformation of drug impregnated molecules for monolithic or
particulate aerogel matrices could be related to their different pore size (Table 3.2). For AM, the
formation of hydrogen bonding between the matrix and the drug did not have any esteric
impediment, since most of the pores were between 5 and 50 nm and the length of the Trf
molecule in this configuration is of ~ 1.13 nm. On the other hand, steric impediments and polar
repulsions, caused by close contact between the hydrophobic CF; group in the Trf and the
hydrophilic adsorbed water on SiO, pore walls, are expected in the small pores of AP, and AP.
Consequently, impregnation in the form of dimmers was likely favored (Figure 3.19). Moreover,
hydrogen bonding of Trf molecules with the surface of AM stabilizes the drug against hydrolysis
more efficiently than the dimmers occurring in the aerogel-like particles, obtaining a higher
degree of hydrolysis in the impregnated AP, and AP (see Figure 3.15b).

several nanometers

b

Figure 3.19. Proposed conformations of triflusal molecules inside the aerogel pores (AM) forming H-bonds with the

water adsorbed at the pore surface and triflusal molecules forming dimmers inside the smaller pores of the particles

(AP, APge). Simulations were performed with the HyperChem 8.03 software.
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The Van der Waals-surface-bounded molecular volume of triflusal was calculated using QSAR
(quantitative structure-activity relationship) module together with Hyperchem 8.03 program.>°
The calculated volume of the Trf molecule was 619 A3, while the volume of the dimmer was 1138
A3, Thus, the occupied pore volume by Trf molecules is the 40-50% of the total mesopore
volume in the aerogel (Table 3.2). However, the molecular Van der Waals volume only counts
the volume occupied by single molecules, without considering molecular packing or
conformational structures. Similarly, using a value of 60 A? for the area occupied by an adsorbed
Trf molecule, the covered surface was estimated to be around 300 m?/g that means more than
50% of the BET surface area in the pristine matrix, indicating the formation of an adsorbed
monolayer of Trf. During the adsorption process, a monolayer of the adsorbate with liquid-like
density is formed. As a result, these molecules present mobility and their conformation change,
being the real volume occupied by each Trf molecule higher than the estimated Van der Waals
value. Hence, the empty mesopore volume after impregnation could be even smaller than the
calculated 50-60%. Total coverage was not achieved because the pore size distribution also plays
an important role in adsorption. It has been demonstrated that this phenomena occurs more
efficiently in large mesopores than in the smaller ones due to better diffusion and less steric
impediments.®! It should be taken into account that smaller pores contribute more largely to
surface area. Hence, and since crystallization was avoided, it is likely that the maximum possible
loading was achieved. Indeed, by modifying processing conditions, such as pressure or reaction
time, the achieved loading was not varied.

3.2.3.5. Drug release profiles
High performance liquid chromatography (HPLC)

Release kinetics were followed under gastric (pH = 2) and plasmatic (pH = 7.4) pH-conditions. In
these experiments, a given amount of sample (~ 5 mg) was placed in each vessel containing 25
mL (APg, sample), 12.5 mL (AP sample) and 100 mL (AM and PMMA samples) of 10 mM HCI (pH
= 2) or 10 mM Nay;HPO,/NaH,P0,-2H,0 (pH = 7.4) solutions. Stirring rate was fixed at 60 rpm
and temperature at 37 °C. The kinetic curves were monitored chromatographically to obtain the
corresponding delivery profiles. The experiments were repeated three times for silica matrices
and an error range was obtained from the standard deviation in each case. Table 3.3 shows the
drug release data of the studied matrices. Drug dissolution profiles, involving both Trf and HTB
contributions, at acid pH of the impregnated matrices are shown in Figure 3.20a. For silica
aerogel spheres (Trf@AP), the drug release occurred almost instantaneously and the 97 wt% of
the drug was dissolved completely in 1 min. The behavior of Tf@APg, was very similar to that of
the Trf@AP, being the 90 wt% of Trf + HTB released in the first minute. The drug delivery profile
of the monolithic aerogel Trf@AM was different, around 70 wt% of the drug was dissolved
during the first 5 min and a progressive release of the remaining 30 wt% occurred during the
next 2 h. Reasons of prolonged released could be related to both the different conformation of

the drug inside the pores (Figure 3.19) and to the longer diffusion channels that the molecules
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follow to reach the bulk solution in the monolithic aerogels. The slowest release kinetics was
obtained with the impregnated PMMA. In this case, the delivery of Trf from the sample to
gastric-pH medium lasted several days having only the 18 wt% released in the first 60 min.
Slightly slower dissolution rates were measured in experiments performed at pH 7.4 (Figure
3.20b), but the same general tendency as in acid solutions was observed. Particulate materials
have the 56 wt% and 77 w% of the drug delivered in the first minute and the 69 wt% and 87
wt% in 30 min (for Tf@AP and Trf@AP¢,, respectively). The monolith Trf@AM showed a similar
release profile with the 32 wt% of the drug delivered in 1 min. The fast drug release observed
when the materials were submerged in acid solution is explained by a favored hydrolysis of the
ester group when a high concentration of H* is present. Once more, for sample Trf@PMMA a
sustained release lasting more than 1 month was observed (only the 4.5 wt% of the drug is

discharged after 60 min) and almost instantaneous release for the rest of the samples.
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Figure 3.20. Overall drug release profiles (Trf + HTB) obtained for the investigated materials at the two studied
conditions: (a) acid pH, and (b) basic Ph. Error bars correspond to the standard deviation of three replicates. Solid
lines are included as a guide to the eye.

Table 3.3. Drug release in the impregnated matrices obtained by HPLC in acidic and basic aqueous media.

Medium Drug release (= 5 wt%)
Sample
pH 1 min. 5 min. 30 min. 60 min. 120 min.
Trf@AP 97 98 99 99 100
Trf@APE, 5 90 98 93 93 100
Trf@AM 37 70 98 96 100
Trf@PMMA 1.0 30 13 18 18
Trf@AP 56 58 69 81 100
Trf@APE, 74 77 81 87 91 100
Trf@AM 32 61 85 89 100
Trf@PMMA 25 3.0 3.0 45 5.0

The release behavior of the drug in the silica matrices attends to the phenomenon typically
referred as "burst effect”, which consists on an initial release of the drug to the concomitant

medium just upon placement in it, before the release reaches a stable profile. Although this
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situation has been identified as a limitation to create long-term controlled release devices, this
rapid delivery at the initial stage may be desirable in several cases. For instance, in the treatment
of wounds or applied to triggered and pulsatile releases.>> During this thesis, some effort has
been made to understand the Trf + HTB release mechanism from the silica-based materials. In
particular, the experimental data has been fitted to different mathematical models describing the

physical phenomena which govern the process. Those models are explained in Chapter 4.

3.3. CONCLUSIONS

The combination of inorganic nanoporous host and functional organic molecules render hybrid
materials with enhanced properties towards different applications. Encapsulation within the
matrices by dissolving, and in some cases also synthesizing, the substances of interest in
supercritical carbon dioxide opens interesting possibilities for materials processing. From a
general point of view, scCO, technology can be used for upscaling the production of complex
high purity nanoproducts at a reasonable cost and with positive green chemistry implications.
Here, we have successfully synthesized and impregnated photoactive cations and a model drug
in silica-based matrices (Chapter 2) by scCO,, yielding hybrid nanocomposite materials with
good stability. Those systems were designed to be applied in photocatalysis and drug delivery
and they were compared with more conventional materials used in these fields, such as zeolites

and polymeric PMMA matrices respectively:

e Pyrylyum and trytil cations entrapped in silica materials (aerogel monolith and aerogel-like
particles) and in zeolites present high photostability and a favorable polar environment for
photoinduced electron transfer. Moreover, the high surface area and adsorbent capacity
provided by the mesopores in the AM are expected to increase the efficiency of light
activated processes. Cations supported in the mesoporous aerogel underwent some initial
hydrolysis, while when encapsulated into the microporous zeolite, were totally stable.
However, this transparent matrix enhances their intrinsic photocatalytic activity due to the
absence of both solvent and light diffusion restrictions. On the other hand, the accessibility of
organics to be oxidized to the encapsulated photocatalyst may be difficult in microporous
zeolite matrices.

e Triflusal, an antithrombotic agent, was chosen as a model compound to be impregnated in
both hydrophobic PMMA beads and hydrophilic SiO,-based materials (magnetic aerogel-like
nanospheres, sub-micron arogel-like particles and aerogel monoliths). The scCO, loading
procedure allowed a homogeneous impregnation of the drug inside of the matrices in
percentages of the order of 16 wt% for PMMA and aerogel monolith and 3-4 wt% for
particles. The drug was distributed at a molecular level and no crystals or amorphous forms
of the drug were detected. Carboxylic H-bonding was determined to be the most feasible
conformation for triflusal adsorbed in PMMA and aerogel monolith matrices. In contrast, due
to steric reasons dimmer was the most likely conformation of the Trf molecules inside the

aerogel particles. An /n vitro release study in aqueous media demonstrated a sustained
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release lasting for several days in Tf@PMMA, in which the induction of polymer swelling was
required previous to drug dissolution. On the contrary, the experiments for aerogel matrices
showed that more than 80 wt% of triflusal was dissolved within the first minutes. Although
these systems could not be used for prolonged release, they could be highly attractive for
enhancing the bioavailability of poorly water-soluble drugs in intravenous or gastric
conditions. The molecular dispersion of Trf in the SiO, aerogel-like matrices was relatively
stable against hydrolysis for at least six months when stored under ambient conditions while
when entrapped in PMMA gradually changed to the HTB metabolite.

97



Chapter 3 MOLECULAR IMPREGNATION OF SILICA-BASED MATERIALS

3.4. REFERENCES

1 Di Nunzio, M.R, Agostoni, V., Cohen, B., Gref, R, Douhal, A. A “Ship in a Bottle” Strategy to load a hydrophilic
anticancer drug in porous metal organic framework nanoparticles: efficient encapsulation, matrix stabilization, and
photodelivery. /. Med. Chem.,, 2014, 57, 411-420.

2 Jarvis, K.L, Barnes, T.J,, Prestidge, C.A. Surface chemistry of porous silicon and implications for drug encapsulation
and delivery applications. Adv. Colloid Interface Sci, 2012, 175, 25-38.

3 Zoua, X, Wonga, K.-L, Thomasa, S., Metzgerc, T.H., Valtcheva, V., Mintova, S. Platinum clusters confined in FAU-LTA
hierarchical porous composite with a core-shell structure. Catal. Today, 2011, 168, 140-146.

4 Shulz-Ekloff, G, W&hrle, D, Van Duffel, B, Schoonheydt, RA. Chromophores in porous silicas and minerals:
preparation and optical properties. Microporous Mesoporous Mater., 2002, 51, 91-138.

5> Garcia, O., Sastre, R, Del Agua, D. Costela, A, Garcia-Moreno, 1, Roig, A. Efficient optical materials based on
fluorinated-polymeric silica aerogels. Chem. Phys. Lett, 2006, 427, 375-378.

6 Plata, D.L, Briones, YJ, Wolfe, RL, Carroll, MK, Bakrania, S.D., Mandel, S.G., Anderson, AM. Aerogel-platform
optical sensors for oxygen gas. /. Non-Cryst. Solids, 2004, 350, 326-335.

7 Corma, A, Garcia, H., Sastre, G, Viruela, P.M. Activation of molecules in confined spaces: an approach to zeolite-
guest supramolecular systems. J. Phys. Chem. B, 1997, 101, 4575-4582.

8 Dutta, P.K, Kim, Y. Photochemical processes in zeolites: new developments. Curr. Opin. Solid State Mater. Sci.,
2003, 7, 483-490.

9 Corma, A, Garcia, H. Zeolite-based photocatalysts. Chem. Commun., 2004, 1443-1459.

10 Corma, A, Fornés, V., Garcia, H., Miranda, M.A,, Sabater, M. Highly efficient photoinduced electron transfer with
2,4,6-triphenylpyrylium cation incorporated inside extra large pore zeotype. MCM-41 J. Am. Chem. Soc, 1994, 116,
9767-9768.

1 | épez-Periago, AM.,, Fraile, J., Garcia-Gonzélez, C.A, Domingo, C. Impregnation of a triphenylpyrylium cation into
zeolite cavities using supercritical CO,. J. Supercrit. Fluids, 2009, 50, 305-312.

12 | épez-Periago, AM., Garcia-Gonzalez, CA, Saurina, J, Domingo, C. Preparation of trityl cations in faujasite
micropores through supercritical CO, impregnation. Microporous Mesoporous Mater, 2010, 132 357-362.

13 Sanjuan, A, Aguirre, G, Alvaro, M., Garcia, H. 2,4,6_Triphenylpyrylium ion encapsulated in Y zeolite as
photocatalyst. A co-operative contribution of the zeolite host to the photodegradation of 4-chlorophenoxyacetic
acid using solar light. Appl. Catal. B 1998, 15, 247-257.

14 Miranda, M.A,, Garcia, H. 2,4,6-Triphenylpyrylium Tetrafluoroborate as an electron-transfer photosensitizer Chem.
Rev, 1994, 94, 1063-1089.

15 Williams, A. The hydrolysis of pyrylium salts. Kinetic evidence for hemiacetal intermediates. /. Am. Chem. Soc,
1971, 93 2733-2737.

16 Toncheva, V.D., Velichkova, R.S. Photostability of trityl salts with different anions under argon. Makromol. Chem.,,
1983, 184, 2231-2239.

17 Kharchenko, V.G., Pchelintseva, N.V. Unsaturated 1,5-diketones and their halogen-substituted derivatives-
Preparation and use in the synthesis of heterocycles. Chem. Heterocycl. Compd., 1996, 32, 1113-1130.

18 |ercher, JA, Jentys, A. in Handbook of Porous Solids, ed. F. Schith, K. Sing and J. Weitkamp, Wiley-VCH,
Weinheim, 2002, vo/. 2, ch. 4, pp. 1097.

19 Saunders, RM., Schwarz, H.P., Stewart, J.C. Spectrophotometric assay of the triphenylmethyl group. Anal. Chem,
1967, 39 550-551.

20 Shchepinov, M.S,, Korshun, V.A. Recent applications of bifunctional trityl groups. Chem. Soc. Rev, 2003, 32, 170-
180.

2L Infrared Spectra of Adsorbed Molecules, ed. L. H. Little, Willmer Brothers, Ltd. New York, 1996.

98



Chapter 3 MOLECULAR IMPREGNATION OF SILICA-BASED MATERIALS

22 Eide, OK, Ystenes, M., Stovneng, J.A, Eilertsen, J.L. Investigation of ion pair formation in the triphenylmethyl
chloride-trimethyl aluminium system, as a model for the activation of olefin polymerization catalyst Vib. Spectrosc,
2007, 43 210-216.

2 Chen, Y., Wu, SK. A study of the photophysical properties of 2,4,6-triphenyl pyrylium salts with rigid and non-
rigid structures. J. Photochem. Photobiol. A, 1997, 102, 203-206.

24 Atienzar, P, Corma, A, Garcia, H., Serra, J.M. High-throughput characterisation of materials by photoluminescence
spectroscopy. Chem.-Eur. J, 2004, 10, 6043-6047.

% Cano, M., Coznes, F.L, Garcia, H., Marti, V., Scaiano, J.C. Intrazeolite photochemistry. 13. photophysical properties
of bulky 2,4,6-triphenylpyrylium and tritylium cations within large- and extra-large-pore zeolites. J. Phys. Chem.,
1996, 100, 18152-18157.

26 Adolph, S., Spange, S, Zimmermann, Y. Catalytic activities of various moderately strong solid acids and their
correlation with surface polarity parameters. J. Phys. Chem. B 2000, 104, 6429-6438.

27 Fakis, M., Tsigaridas, G., Polyzos, I, Giannetas, V., Persephonis, P. Spiliopoulos, I, Mikroyannidis, J. Intensity
dependent nonlinear absorption of pyrylium chromophores. Chem. Phys. Lett, 2001, 342 155-161.

28 Duxbury, D.F. The photochemistry and photophysics of triphenylmethane dyes in solid and liquid media. Chem.
Rev,, 1993, 93 381-433.

2 Miranda, M.A,, Amat, AM., Arques, A. Stability and performance of silica gel-supported triphenylpyrylium cation as
heterogeneous photocatalyst. Catal. Today, 2002, 76, 113-1109.

30 Bhise, N.S,, Ribas, J, Manoharana, V., Zhang, Y.S., Polini, A, Massa, S., Dokmeci, M.R, Khademhosseini, A. Organ-
on-a-chip platforms for studying drug delivery systems. /. Controlled Release, 2014, 190, 82-93.

31 Torchilin, V.P. Multifunctional nanocarriers. Adv. Drug Deliv. Rev., 2006, 58 1532-1535.

32 Sahoo, S.K, Labhasetwar, V. Nanotech approaches to drug delivery and imaging. Drug Discov. Today, 2003, &,
1112-1120.

3 Peer, D, Karp, J.M, Hong, S, Farokhzad, O.C, Margalit, R, Langer, R. Nanocarriers as an emerging platform for
cancer therapy. Nat. Nanotechnol, 2007, 2, 751-760.

34 Lee, JE, Lee, N, Kim, T, Kim, J., Hyeon, T. Multifunctional mesoporous silica nanocomposite nanoparticles for
theranostic applications. Acc. Chem. Res., 2011, 44, 893-902.

35 Gupta, K, Gupta, M. Synthesis and surface engineering of iron oxide nanoparticles for biomedical applications.
Biomaterials, 2005, 26, 3995-4021.

36 Radin, S., El-Bassyouni, G., Vresilovic, E., Schepers, E, Ducheyne, P. In vivo tissue response to resorbable silica
xerogels as controlled-release materials. Biomaterials, 2005, 26, 1043-1052.

37 Wu, S, Lin, Y, Hung, Y., Chou, Y, Hsu, Y, Chang, C, Mou, C. Multifunctional mesoporous silica nanoparticles for
intracellular labeling and animal magnetic resonance imaging studies. ChemBioChem, 2008, 9, 53-57.

38 Qian, KK, Bogner, RH. Application of mesoporous silicon dioxide and silicate in oral amorphous drug delivery
systems, J. Pharm. Sci, 2012, 101, 444-463.

39 Schutz, E. Supercritical fluids and applications-a patent review. Chem. Eng. Technol, 2007, 30, 685-688.

40 US Environmental Agency’s EPISuiteTM v4.10.

41 Murdoch, D., Plosker, G.L. Triflusal: a review of its use in cerebral infarction and myocardial infarction, and as
thromboprophylaxis in atrial fibrillation. Drugs, 2006, 66, 671-692.

42 Ferrit, M., Del Valle, C,, Martinez, F. The study of the influence of surfactant charge on alkaline hydrolysis reactions
of acetylsalicylic acid (ASA) and triflusal (TFR) using spectrophotometric methods. £ur. J. Pharm. Sci, 2007, 31, 211-
220.

4 Rodriguez, G., Fernandez-Gutiérrez, M. Parra, J, Lépez-Bravo, A, Honduvilla, N.G, Bujan, J, Molina, M.,
Duocastella, L, San Roman, J. Bioactive polymeric systems with platelet antiaggregating activity for the coating of

vascular devices. Biomacromolecules, 2010, 11, 2740-2747.

99



Chapter 3 MOLECULAR IMPREGNATION OF SILICA-BASED MATERIALS

4 Andanson, J.M., Lopez-Periago, A, Garcia-Gonzalez, C.A, Domingo, C., Kazarian, S.G. Spectroscopic analysis of
triflusal impregnated into PMMA from supercritical CO; solution. Vib. Spectrosc, 2009, 49, 183-189.

45 Lopez-Periago, A, Argemi, A, Andanson, J.M., Fernandez, V. Garcia-Gonzélez, CA,, Kazarian, S.G., Saurina, J,
Domingo, C. Impregnation of a biocompatible poly-mer aided by supercritical CO,: evaluation of drug stability and
drug-matrix interactions. /. Supercrit. Fluids, 2008, 48, 56-63.

4 Gupta, MK, Vanwert, A, Bogner, R.H. Formation of physically stable amorphous drugs by milling with Neusilin. /.
Pharm. Sci, 2003, 92, 536-551.

47 Domingo, C., Berends, E., Van Rosmalen, G.M. Precipitation of ultrafine organic crystals from the rapid expansion
of superecritical solutions over a capillary and a frit nozzle. /. Supercrit. Fluids, 1997, 10, 39-55.

48 Kazarian, S.G., Martirosyan, G.G. Spectroscopy of polymer/drug formulations, processed with supercritical fluids: in
situ ATR-IR and Raman study of impregnation, of ibuprofen into PVP. Int. J. Pharm., 2002, 232, 81-90.

4 Argemi, A, Lopez-Periago, A, Domingo, C, Saurina, J. Spectroscopic and chromatographic characterization of
triflusal delivery systems prepared by using supercritical impregnation technologies. /. Pharm. Biomed. Anal, 2008,
46, 456-462.

50 HyperChem (Molecular Modeling System), Hypercube, Inc.,, Gainesville, FL, USA, 2007 http://www.hyperchem.com/.
51 1. Smirnova, S. Suttiruengwong, W. Artl. Feasibility study of hydrophilic and hydrophobic silica aerogels as drug
delivery systems. /. Non-Cryst. Solids, 2004, 350, 54-60.

52 Huang, X. Brazel, C.S. On the importance and mechanisms of burst release in matrix-controlled drug delivery
systems. J. Control. Release, 2001, 73, 121-136.

100



4

POLYMER COATING OF SILICA-BASED
PARTICLES

The polymer coating of silica sub-micron particles and iron oxide-silica nanospheres
envisaging enhanced properties of the hybrid products for biomedical applications is
tackled in this chapter. Two different biopolymers were grafted on the surface of drug-
loaded silica-based particles: Eudragit® RL 100 and polyethyleneimine to sustain the
drug release and to confer improved features for potential uses biomedicine,
respectively. Both coatings involved the presence of compressed CO,, which served as
an antisolvent or as reaction medium and catalyst for the polymer. Employed methods
and pertinent characterization showing the success of the coating processes are here
presented. The morphological properties and thermal stability of the resulting
materials were also studied. Moreover, /n vitro drug delivery in aqueous media and
drug stability were analyzed and the obtained results compared with those found for
an organic polymeric matrix. Based on the results obtained by fitting the data to
different mathematical models, a diffusion-controlled mechanism is proposed for the
release of the drug in our materials.
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4.1. POLYMER COATING OF PARTICLES FOR BIOMEDICINE

The coating of micro and nanoparticles with polymers is nowadays a widely used technique for
powder processing in the pharmaceutical industry.l? There are many different biocompatible
polymers that can potentially be used in the preparation of pharmaceutical systems. They include
both naturally derived and synthetic materials.3*> Natural polymers encompass hydrophilic
carbohydrates (dextran, starch), hydrophilic proteins (albumin, arginylglycylaspartic acid), and
hydrophobic lipids®’ and phospholipids.2 Regarding synthetic polymers, the most widely used are
polyethylene glycol (PEG), polyvinyl alcohol (PVA), polyethyleneimine (PEI), and poly-L-lactic acid
(PLA). Fats and waxes can also be used for encapsulation. Particles modification with these
polymers provides organic linkers on the surface and, thus, a wide range of surface properties to
suit various processes. The most common organic linkers are amine (NH,, NHR, NR;), carboxylic
acid (COOH), aldehyde (CHO), and thiol (SH) groups. In addition, polymer coating can modify
several physicochemical characteristics of the original material, such as, hydrophilicity,
appearance, mechanical strength or degradation rate. Polymer encapsulation of particles can also
result in more uniform particle size distributions, smoother surfaces, and enhanced flowability.
Regarding the chemical characteristics, it aids to protect unstable ingredients from external
degradation factors, such as moisture, air, or light, and can enhance compatibility and wettability.

Many different techniques can be used to coat the surface of small particles, among others we
can mention, dip coating, spray coating, sputtering, and layer-by-layer assembly.® Dip coating
involves soaking the powder in a polymer solution. Spray coating comprises spraying micro-
droplets of a polymer solution directly onto the particles surface. A very thin coating can be
obtained by using the more recently developed layer-by-layer assembly technology, in which
oppositely charged polymers and drugs can be sequentially deposited.l® However, when using
processes based on solution chemistry, individual particles coating is difficult to achieve mainly
due to particles aggregation. Besides, high temperatures are commonly used to evaporate the
solvents.1t1213 Alternatively, replacement of organic solvents with compressed CO, results in an
environmental friendly option with a near-zero waste production.'*> As already mentioned in
this thesis, CO, is an ideal processing medium, because of its relatively mild critical conditions
(311 °C and 73.8 bar) and generally recognized as safe (GRAS) status. The applicability of
compressed CO, to coating depends primarily on the solubility of the coating material in this
fluid.*617 In general, compressed CO, has a limited solvent strength for many polymers of
interest. Hence, most of the work performed in coating using compressed CO, has been carried
out by antisolvent methods.181® CO, antisolvent approaches have often been successfully applied
to the coating of micrometric organic and inorganic particles,29?122 although only in some
particular cases they are used for the coating of nanometric particles. As an example, it was used

for the surface modification of superparamagnetic 10-15 nm iron oxide particles.?>2*
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4.2. POLYMER COATING OF SILICA-BASED PARTICLES FOR DRUG DELIVERY

In the particular case of controlled drug delivery systems, encapsulation is used to modulate the
release rate of an active pharmaceutical ingredient into the organism. Many of the commercial
polymeric drug delivery carriers are adequate for the sustained release of water-soluble drugs.
For low water-solubility substances, polymeric systems could also exhibit a good response but
often they release the drug very slowly due to its high hydrophobicity. As an alternative, the
relevance in controlled drug delivery of inorganic materials such as silica, titania, or magnetic
iron oxide particles, either alone or combined with polymers in hybrid matrices, is
increasing.?>2%27 Inorganic porous particles are mostly applied to obtain an immediate drug
dosage of poorly water-soluble compounds at the desired target site.

In Chapter 3, supercritical carbon dioxide was used to prepare impregnated drug delivery
systems involving a practically water-insoluble and highly unstable at neutral and alkaline pH
drug (triflusal). Those systems were based in aerogel-like silica matrices?® (Chapter 2). Here, we
have extended our background in the processing with supercritical and compressed CO, using its
antisolvent power to address the precipitation of the polymer Eudragit® RL 100 on the surface of
APr. and AP particles. The particles used were either as synthesized or previously impregnated
with Trf. Results showed that polymer coating of particles was achieved in both cases.

4.2.1. Eudragit® RL 100 for sustained drug release

Eudragit® RL 100 is a commercial copolymer of acrylate and methyl methacrylate with a low
content of methacrylic acid ester and quaternary ammonium groups. It is hydrophobic and water
insoluble, but has a relatively high permeability due to the presence of ammonium groups as
salts. Figure 4.1 shows its chemical structure. Since it presents suitable characteristics to be
applied in drugs dispersions,?®3031 it is commonly used in the design of drug controlled-release

formulations, /e. for coating of tablets or in transdermal patches.3?
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Figure 4.1. Chemical structure of Eudragit® RL 100.

The in vitro release studies of Trf-impregnated silica matrices demonstrated that the 80 wt% of
the drug was dissolved in the media within the first minutes, while a sustained released

prolonged for several days was attained in the PMMA polymeric systems. In the light of these
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results, a sustained release at intermediate times was sought by coating the silica-based particles
with Eudragit® RL 100. As found in release studies, the deposited coating acted as a drug-release
barrier, resulting in delivery rates that were in between those attained with uncoated particles
and the PMMA matrix. Moreover, drug stability in water increased in the hybrid matrices with

respect to the rest of studied systems.

4.2.2. Eudragit® RL 100 coating of silica-based particles

Two experimental approaches were used for particles encapsulation in Eudragit® RL 100
depending on the particles size. Both methods were based on the precipitation of the polymer
from an acetone solution when brought in contact with compressed CO,.

The semicontinuous precipitation compressed antisolvent (PCA) technique was used to coat the
smallest APg, particles, and the batch gas antisolvent (GAS) method was employed for AP.

4.2.2.1. Semicontinuous precipitation compressed antisolvent (PCA)

A set of experiments, aiming at coating of the smallest iron oxide-silica particles (APg, 65 nm),
was performed using the PCA semicontinuous approach. The used equipment works in a
semicontinuous co-current mode, in which the CO, antisolvent and the liquid solution are
separately fed to the top of the precipitator and are continuously discharged from the bottom.
The temperature inside the chamber is controlled by heating jackets.3®> A more detailed
description is provided in Chapter 7. In this technique, an acetone solution involving dispersed
silica-based nanoparticles (previously impregnated with triflsual or not), the polymer dissolved,
and in some cases triflusal was sprayed into a continuous feed of CO,. When Trf was added to
the solution, the mixture was left to soak overnight under mild conditions of stirring. The mixture
was sonicated during 15 min before pumping. The high pressure autoclave was first heated at 30
°C and filled with CO, at a pressure of 90 bar, and, then, the acetone suspension was sprayed
into the vessel at a flow rate of 1.5-2.0 mL/min. A capillary nozzle (180 um diameter) was used.
Liquid CO, was continuously pumped to the vessel at a rate of 15-25 g/min during acetone
injection and, afterwards, for 1 h to wash the obtained product. The coated material was
recovered on a 5 pm filter overtopped by two membranes of 0.22 uym placed at the bottom of
the autoclave. More than ten experiments were performed adjusting the AP, polymer and Trf
concentrations obtaining similar results. Samples were called EFud Trf@APr, or Eud Trf AP, for
pre-impregnated and non pre-impregnated particles respectively. Table 4.1 gathers the

concentrations of the materials in the liquid phase for two representative experiments.

Table 4.1. Concentrations of APg, the polymer and triflusal in acetone for PCA experiments.

[APg] [Eudragit® RL 100] | [triflusal]
Sample
(mg/ml) (mg/ml) (mg/ml)
Eud_Trf@APg. 40 8.0 -
Eud_Trf AP 5.0 20 6.5
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4.2.2.2. Batch gas antisolvent (GAS)

Other experiments were performed in a GAS home-made batch apparatus, consisting of a 0.5 L
autoclave that at the bottom has a membrane filter of 0.22 ym placed on the top of a stainless
steel frit (5 ym mesh). The setup is provided by a stirrer that plunges into the solution, thus
maintaining the particles in suspension. The pumped CO, is dispersed into the solution through
an eight turbine holes and the temperature is controlled by heating jackets3* (see Chapter 7 for
more details). In the batch approach, compressed CO, was introduced into the vessel that
contained the acetone suspension of 300 nm AP particles with the polymer and the drug
dissolved. In a typical GAS experiment, AP and triflusal were weighed in a mass ratio of 1.0/1.4
(ca. 0.25 g of Trf) and mixed with 40 mL of acetone. The obtained mixture was soaked overnight
under mild conditions of stirring, previous to Eudragit addition, which was done in a
silica/polymer mass ratio of 1.0/0.8. The temperature of the vessel was maintained at 26 °C
during the polymer precipitation step. Compressed CO, was added resulting in a gradual
increase of the pressure in the chamber up to 100 bar. After 1 h, the exit valve was opened, and
the product was washed at 30 °C with a fresh flow of CO,. Two experiments were carried out in
the same conditions obtaining analogous results. Samples recovered were labeled as Fud_ Trf AP.

4.2.3. Results and discussion

The antisolvent process is based on solute precipitation occurring when compressed CO, and an
organic liquid phase that contains the solute come into contact.3>3¢ The interdiffusion of the
organic solvent and CO, creates conditions of solute supersaturation in the organic phase, since
the newly formed CO,-solvent mixture exhibits lower solubilization ability than that of the pure
solvent. Besides the precipitation of a single specie, the formation of complex mixtures can also
be carried out through CO, antisolvent coprecipitation of two or more solutes dissolved in the
liquid phase.3” In the process used in this work, aerogel-like particles were dispersed in a liquid
solution containing the dissolved polymer. The CO, addition provoked the precipitation of the

polymer embedding the inorganic particles and forming the hybrid products.

The used experimental conditions are shown in Table 4.2 together with some products
characteristics. The mass composition of the products was calculated by TGA in the case of the
polymer and the silica-based particles and by HPLC for triflusal. Under working conditions, the
yield was typically below 50 wt%, likely due to the high solubility of Trf and Eudragit in acetone.
The yield was also reduced because of the nanometric size of the inorganic particles that could
easily bypass the used filter at the bottom of the reactor. Moreover, Trf has a relatively high
solubility in compressed and supercritical CO, (a mole fraction of 3102 at 200 bar and 35 °C).38
Experiments were performed at a temperature lower than the critical temperature of CO, to
reduce drug solubility in the solvent mixture and to prevent polymer swelling in the liquid phase.
Organic compounds solubility in CO, + solvent mixtures increase generally with temperature,3>3°

thus processing at low temperature reduced the risk of losing the drug by dissolution. Regarding
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the mixing behavior of the solvent and CO,, 3D simulation has shown that the mixing plume do
not differ notably in the interval from 25 to 45 °C, since convection and not diffusion is the

mechanism that dominates mass transfer.3®

Batch GAS approach was applied to modify the surface of the 300 nm AP particles. The feasibility
of this precipitation-on-slurry technique has been demonstrated previously for micrometric
particles.3* This approach was selected preferably to the semicontinuous PCA mode to coat the
largest silica particles that are difficult to pump avoiding sedimentation. The PCA approach could
be applied only for the coating of the 65 nm AP, particles, avoiding flow instabilities and nozzle
plugging occurring when pumping large particles. For the Trf pre-impregnated samples, it was
observed that the drug loading was reduced after antisolvent processing, likely due to partial
dissolution of the drug in both the compressed CO, and in the liquid phase. Trying to reduce
this problem, GAS experiments were performed starting from a pristine AP sample that was
soaked overnight with a solution of Trf in acetone (Eud_Trf_AP). The soaking step was thought as
a way to infiltrate the drug into the silica pores.®® Using the PCA approach, samples were
prepared either directly from a triflusal pre-impregnated sample, Trf@APg,, (Eud_Trf@AP.) or by

first soaking pristine AP, nanoparticles in acetone with Trf overnight (Eud_Trf_APg.).

Table 4.2. Composition of the processed slurry and recovered powder, in regard to polymer, silica matrix, and

triflusal drug, for the antisolvent experiments.

Matrix .
. Slurry Composition of as-
composition .
. composition recovered samples (wt%)
Sample before coating

Silica Trf | Silica/Eudragit/Trf

. g Silica | Eudragit | Trf
particles | (wt%) mass ratio

Eud_Trf@APg, | Trf@APg. | 4.1 1.0/0.5/- 43 56 1
Eud_Trf AP, APge - 1.0/4.0/1.3 47 51 2
Eud_Trf AP AP - 1.0/0.8/14 60 39 1

4.2.3.1. Morphological characterization of Eudragit-coated particles
Scanning and transmission electron microscopy (SEM, TEM)

When performing the PCA experiments, part of the polymer was stuck to the filter as a cake due
to the continuous flow. The rest of the product was recovered from the reactor as a free-flowing
powder. Figure 4.2a shows a SEM image of the filter cake product of a representative sample, in
which aggregates of nanoparticles were entrapped in the polymeric matrix. SEM (Figure 4.2b)
characterization of the as-recovered flowing powder demonstrated that it consisted of small
agglomerated entities immersed in a continuous polymer film. The product can be further
dispersed by rinsing it with a minimum amount of a proper solvent (acetone, ethanol, or
methanol) to eliminate the excess of polymer, as it is shown in the TEM image of Figure 4.2c.
Washing the polymer excess with a liquid solvent was not strictly necessary for controlled drug

delivery applications; however, it was considered desirable to reduce particle aggregation while
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still having a polymer coating. The presence of Eudragit after dispersing the powder in liquid
media was confirmed by TEM observations, as it is marked in the image, but also by FTIR and

TGA measurements.

Figure 4.2. For a representative sample processed by the PCA method, SEM images of: (a) the cake portion of the

product, and (b) some pieces of the as-recovered sample; and (c) TEM image of the sample, after being dispersed in

MeOH. The arrow marks the polymeric layer covering the nanoparticles.

Bare APg, and AP particles were spherical, non-aggregated and they presented narrow size
distributions. Besides, the first ones showed a characteristic core-shell structure form their
composite nature (see Chapter 2). After the PCA coating process, the as-recovered Eud_Trf@APg.
and Eud_Trf_AP¢. particles were clearly embedded in a continuous mass of polymer, as shown in
Figure 4.3a and Figure 4.3b, respectively. The core-shell structure is easily distinguishable in the
image insets of those figures. The thickness of the polymer film could be reduced by rinsing the
sample with methanol (Figure 4.3c and Figure 4.3d), thus producing almost individually coated
particles. The presence of the polymer after rinsing was not easily seen in the images, and only a

thin layer of the organic material connecting the particles was visible (Figure 4.3d).

A similar behavior to that explained for Eudragit-coated APg. samples was observed for the
Eud_Trf_AP sample. GAS precipitation produced particles embedded in a polymer mass (Figure
4.4a). The polymer layer is clearly seen in the inset of this image. After partial elimination of
Eudragit with methanol, the particles looked like being individually coated (Figure 4.4b). In the
TEM images, the polymer is not easily observed surrounding the rinsed particles, but some

techniques showed its presence, as it is presented below.
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(a) (b)

(d)
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Figure 4.3. TEM images of: sample Eud_Trf@APf. (a) as-recovered, and (c) rinsed with MeOH and of sample
Eud_Trf_APee (b) as-recovered, and (d) rinsed with MeOH.

Figure 4.4. TEM images of the flowing Eud_Trf_AP powder: (a) as-recovered, and (b) after rinsing it with MeOH.
4.2.3.2. Structural characterization of Eudragit-coated particles
Fourier transformed infrared spectroscopy (FTIR)

FTIR spectroscopy was used to monitor the presence of the different components in the
precipitated products involving Trf drug, silica matrix, and Eudragit polymer as a coating agent.
The spectra of the different products obtained by the antisolvent route are shown in Figure 4.5.
The as-recovered samples were rinsed with methanol before analysis. The most distinctive band
in the spectrum of Eudragit was the C=0O vibration appearing at ca. 1725 cm™. Moreover, the
spectra of the polymer exhibited the characteristic bands of the asymmetric and symmetric alkyl
stretching modes at 2990 and 2950 cm™, respectively. The corresponding absorbance of bending
vibrations appeared as a shoulder around 1480 cm™ and as two peaks at ca. 1445 and 1385 cm”
1. The spectra of the studied silica matrices are shown in Chapter 2 and presented three main
bands: at 900-1200 cm™, 1620-1630 cm™ and 3600-3100 cm™. They correspond to O-Si-O bonds
in the SiO, tetrahedrons, bending frequency of molecular water adsorbed in the silica and free
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O-H stretching vibrations, respectively. The useful FTIR region of solid Trf/HTB contained bands
at 1770 and 1685 cm™ corresponding to the carbonyls (C=0). The presence of Trf in the coated
matrices was difficult to assess, due to the low percentage of drug in the samples. However, for
some samples, the Trf could be tentatively monitored by the C=0 band of the ester appearing at
a frequency near 1770 cm™, as a shoulder of the more intense carbonyl band associated to the
polymer occurring at a slightly higher frequency (1725 cm™).

Eud_Tr_AF
[~~~ Bui WgAP, ¥ ™ p°

Eud_Trf_AP,_

\/,/Eudrn it
E R o
e f

C=0 Eudragit

Transmittance [a.u.)
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Wavenumber (em’)

Figure 4.5. FTIR spectroscopic analysis of the Eudragit-coated products (indicating the C=0 carbonyl functionality for

the polymer and, tentatively, also for the drug), and of pristine Eudragit and Triflusal.
Thermal gravimetric analysis (TGA)

The quantification of the organic and inorganic phases was performed by sample heating in TGA
measurements. The thermogravimetric curve obtained for solid Eudragit indicated that the
polymer decomposed in the temperature interval of 350-430 °C (Figure 4.6a). The lost of Trf
occurred in the range 150-350 °C. However, the amount of Trf in the samples was too small to
be quantified. The remaining weight after heating up to 450 °C was assigned to the inorganic
phase. Figure 4.6b shows the thermogravimetric profiles of the coated materials. In the
Eud_Trf_AP sample, the percentage value of the residue at 450 °C corresponded to ca. 60 wt% of
the total composite mass, while in the PCA precipitated products, this percentage was reduced to
values of less than 50 wt%. After rinsing the Eud_Trf@APy, sample with methanol, the percentage

of polymer was reduced to values of 10-20 wt%.
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Figure 4.6. Thermal analysis of: (a) the solid Eudragit polymer, and (b) the as-recovered powders of the studied
experiments, and sample Eud_Trf@AP¢. also after rinsing it with methanol (Eud_Trf@APg MeOH). Curve labeled as
d(Eudragit) is the derivative of the respective TGA curve.

4.2.3.3. Drug stability in Eudragit-coated particles

The preservation of the non hydrolyzed Trf inside the Eudragit-coated matrices during
preparation and storage was studied and compared with the pure drug and the Trf in silica
samples before Eudragit coating and with Tf@PMMA. The transformation was evaluated after 6
months of storing the samples under ambient conditions, ie, 21 °C and 60-65 % relative
humidity.® The amount of either Trf or HTB was determined from the corresponding
chromatographic peaks at the initial stages of the release in water using a HPLC equipment. The
experimental protocol is described in Chapter 3. Figure 4.7 shows that the Trf transformation for
the different samples was of more than 50% for the PMMA-based matrix to less than 8% for the
Eudragit-coated AP particles. An intermediate situation was observed for the uncoated Trf@AP,
and Trf@AP materials, which showed hydrolysis degrees of ~ 30%. The Eudragit-coated AP
sample showed a similar behavior but with a slightly lower hydrolysis of around 20%. As studied
in Chapter 3, hydrophilic silica matrices preserved the water-sensitive drug more efficiently than
the PMMA beads due to the acidity that silica provides to the adsorbed water. After
impregnation in CO,, the PMMA matrix has an internal porosity®® that allowed the water diffusion
leading to an increase in the hydrolysis degree of Trf. For the inorganic particles, the coating
with Eudragit likely avoided the diffusion of water into the material, minimizing the subsequent

hydrolyzation of the drug.
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Figure 4.7. Percentage of Trf and HTB in the studied silica-based particles before and after Eudragit-coating after 6
months of storage (21 °C and 60-65% relative humidity) and in Tf@PMMA.

4.2.3.4. Drug release profiles of Eudragit-coated particles

The percentage of drug loaded in the as-recovered powders was determined by HPLC (see Table
4.1). Obtained values were in the order of 1 wt% for Eud_Trf@AP¢, and Eud_Trf_AP samples and
of 2 wt% for Eud_Trf_APg. The release kinetics of samples Eud_Trf_APr, and Eud_Trf AP were
followed under gastric and under blood stream pH-conditions for the coated-composite
nanoparticles (Figure 4.8a and Figure 4.8b respectively) and they were compared with the
results obtained for the uncoated AP particles. The drug release curves of sample Trf@PMMA
are also shown in the figures for comparison. When oral administration, the carboxylic acid of
the Trf molecule is protonated at the acid stomach pH, and the drug is completely absorbed
before reaching the intestine. Although uncoated Trf@APg. nanospheres released the drug
almost instantaneously in both pH, the release profile was slightly faster in acid (more than the
95 wt% was dissolved in 5 minutes) than in basic medium (around the 80 wt% was released in
the first 5 minutes). In contrast, the slowest release kinetics was obtained for the sample
Trf@PMMA with a drug delivery lasting for several days and having only the 18 wt% released in
the first 60 min at acid and the 4.5 wt% at basic conditions. The measured drug delivery profiles
of the coated samples Eud_Trf_APr. and Eud_Trf AP were intermediate between those of
Trf@APe, (fastest kinetics) and Trf@PMMA (slowest kinetics). For Eudargit-coated particles, ca. 25
wt% of the drug was dissolved during the first 10 min., and a progressive release of the
remaining 75 wt% occurred during the next 5-8 h in acid pH. For instance, at 60 min, the
released percentages were around 70 and 55 wt% for Eud_Trf AP and Eud_Trf_ AP samples,
respectively (Table 4.3). The coated APy particles showed a similar behavior in basic pH
releasing around the 25 wt% of the drug in the first 10 minutes and the 65 wt% in 60 minutes.
According to literature, the drug dissolution profile of pure Trf is characterized by a fast kinetics
with complete drug dissolution in a period of ~ 25 min. for both gastric and blood stream pH-
conditions.*! This kinetics profile was considered comparable to that of the uncoated particles.
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Reasons of prolonged released in the coated systems were related to the necessity of swelling

the polymer before diffusion and the long diffusion channels that the drug molecules have to

follow to reach the bulk solution.
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Figure 4.8. Drug delivery profiles for Trf pre-impregnated APre (Trf{@APg), and PMMA (Trf@PMMA) samples, and
Eudragit-coated powders Eud_Trf_APg. and Eud_Trf_AP in: (a) acid pH, and (b) basic pH. Error bars correspond to the
standard deviation of three replicates. Solid lines are included as a guide to the eye.

Table 4.3. Drug release in the pre-impregnated and Eudragit-coated samples obtained by HPLC in acidic (pH =2)
and basic (pH = 7.4) aqueous media.

Medium Drug release (wt%)
Sample
pH 5 min. | 60 min. 120 min. 280 min. | 520 min.

Trf@APg, 98 93 100 - -
Eud_Trf_APg. 7.0 69 87 97 -
Eud_Trf_AP 2 16 56 68 89 100
Trf@PMMA 3.0 18 18 19 21

Trf@APE, 81 91 100 - -
Eud_Trf AP, 74 22 65 79 92 -
Trf@PMMA 30 45 50 7.2 9.1

To better understand the mechanism of the drug delivery from the Eudragit-coated silica

particles, the release data was fitted in the light of two different models.

The first one, the Korsmeyer-Peppas model,**3 is a simple semi-empirical model which follows
Equation 4.1 and includes the possibility of a burst effect:

M —at+b

Equation 4.1 Mo

where M; represents the amount of the drug released at time t; M., the total amount of drug
released over a long period of time (it is considered equivalent to the drug loading); a, the
kinetics constant that is related to structural and geometrical characteristics of the carrier; t, the

elapsed time; n, the release exponent, indicative of the drug release mechanism; and b, the
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parameter that introduces the burst effect. This model is commonly used to describe the drug

release from polymeric systems and when the kinetics of the process is unknown.
The second model is the Baker-Lonsdale® that interprets the diffusion of the drug from a
spherical matrix, being adjusted to the expression shown in Equation 4.2:

. 3 M 2/3 M
Equation 4.2 f; = 5[1 — (1 _ M_;) ] _ M_; — kt

where M, is the drug released amount at time t and M., is the amount of drug released at an
infinite time. For a heterogeneous system with structural features that influence the drug
discharge mechanism, k can be written as depicted in the Equation 4.3:

Equation 4.3 k= %

ryT

being Dy the diffusion coefficient, K the drug specific volume, Cs the drug solubility in the liquid
surrounding the matrix, ry the radius of the spherical matrix, and t the tortuosity factor of the
system. The use of this approach requires the total drug loading to be greater than its solubility

in the matrix.

The drug dissolution data in both acid and basic pH for samples Eud_Trf APg and Eud_Trf_AP
were fitted to Equation 4.1, and when needed also to Equation 4.2. For Equation 4.1, only the
first 60% of the cumulative release points was considered, as the Korsmeyer-Peppas model

demands. Correlation coefficients (R?) were used to evaluate the quality of the fit.

In Table 4.4, the correlation coefficients, "n” values and kinetic constants resulting from fitting
the curves with the Korsmeyer-Peppas equation are presented. On the basis of this model,
reasonable values of R? were obtained for the drug release performed at pH = 2, especially for
the case of the Eudragit-coated APg, nanoparticles. In addition, the n exponents were determined
to be equal to 0.42 and 0.49 and the kinetic constants to 0.92 and 0.55 for encapsulated AP,
and AP particles, respectively (Figure 4.9a and Figure 4.9b). According to these results, the drug
was released by a Fickian diffusion mechanism in Eud_Trf_APg. sample. The release from sample
Eud_Trf_AP did not seem to be governed by a Fick's law* but could be described by anomalous
transport, as Peppas et al determined for spherical polymeric matrices.*> The release data of
Eud_Trf AP in acid medium was also fitted to the Baker-Lonsdale equation, obtaining a

correlation coefficient value of 0.9888 (Figure 4.9¢).

The release data of Eud-coated APy, nanospheres in pH = 7.4 were fitted to the same equations
obtaining the best fit for the Korsmeyer-Peppas model (Table 4.4, Figure 4.10a). Those results
suggested also an anomalous transport of the drug when released from AP, in basic medium.
Figure 4.10b shows the curve fitted to the Baker-Lonsdale equation, and the improved R?
resulted with a value of 0.9910 indicating a diffusion drug release mechanism from the

composite nanospheres.
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However, it is worth mentioning that the application to these models was not satisfactory for the
non coated Trf-loaded particles (Chapter 3) even for Korsmeyer Peppas model. We interpret this
as the drug delivery systems we fabricated show a faster release than the most common
mathematical models contemplates.

Table 4.4. For samples Eud_Trf_APg. and Eud_Trf_AP, release parameters estimated from the fits of the experimental
data in acid and basic media to the Korsmeyer-Peppas model.

Sample Medium pH R? n a (h™m
Eud_Trf_ AP, ) 0.9965 042 0.92
Eud_Trf AP 0.9838 0.49 0.55
Eud_Trf_APg, 74 0.9878 0.48 0.63
0,6 045
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Figure 4.9. For pH = 2, drug release data fitted with the Korsmeyer-Peppas equation for the following: (a)
Eud_Trf_APge and (b) Eud_Trf AP samples, and with the Baker-Lonsdale equation for (c) Eud_Trf_AP. Symbols
correspond to experimental data and solid lines to fitted profiles.
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Figure 4.10. For sample Eud_Trf_APg and pH = 7.4, drug release data fitted with: the (a) Korsmeyer-Peppas, and the
(b) Baker-Lonsdale equations. Symbols correspond to experimental data and solid lines to fitted profiles.
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4.3. GRAFTING OF POLYETHYLENEIMINE ON SILICA-BASED PARTICLES

4.3.1. Polyethyleneimine for biomedical applications

Polyethyleneimine (PEI) is a hydrophilic polymer composed by repeating units of ethyleneimine
monomers (Figure 4.11). The uses of polyethyleneimine go from a wide variety of applications in
different industrial processes*® to the pharmaceutical industry. Regarding biomedical applications,
drug surface modification by coating with PEI is a common method to prevent burst release.?’
PEI has also been used for the coating of stents to reduce inflammation and thrombogenicity.*®
Moreover, PEI with amine linkers creates ionic interactions with protein molecules forming
protein-polymer conjugates. PEI modified systems are utilized for prolonging the /in vivo
circulation half-live of therapeutic proteins, for reducing proteolysis, for avoiding chemical
modification and denaturation during storage and administration, or for delivering targeted

payloads of therapeutical proteins into specific tissues.

N
2 n

Ethylenatmina
Figure 4.11. Chemical structure of the polyethyleneimine monomer (ethyleneimine).

Even though, the most generalized application of PEI involves /in vivo gene delivery.4®° The
transfer of DNA or siRNA into eukaryotic cells is considered a highly promising approach for the
treatment of a wide spectrum of hereditary disorders. Many clinical trials have been performed
with viral vectors for gene delivery, but the potential risks of undesired immune and toxic side
reactions have raised some concerns.’! As an alternative, non-viral vectors, such as cationic
polymers, can be used as effective transfection reagents. Particularly for PEL the large number of
secondary amine groups in its cationic structure facilitates interaction with the negatively charged
phosphate backbone of DNA. Indeed, PEl-coated magnetic nanoparticles was the first reported
example of /n vitro nanoparticle-mediated non-viral gene delivery.>2>3 Silica fine powders have
also been widely used for this purpose.®** It has been shown that PEI coating enhances the
cellular uptake of mesoporous silica and iron oxide particles and allows safe delivery of siRNA
and DNA constructs.®®®” In addition, /n situ polymerization of aziridine in the presence of silica
particles suspended in a liquid has been shown to form densely packed hyperbranched PEI

grafted on the silica surface.>®

The main objective of this section has been to develop an alternative PEI coating method for
small silica-based particles. Thin coatings of polymeric PEI were deposited on the surface of both
APg. and AP particles, either pristine or previously impregnated with Trf, using compressed CO,.

The possibilities of small particles coating by the /n situ polymerization of ethyleneimine (or
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aziridine) in the absence of liquid solvents are here demonstrated. By employing compressed
CO,, the process is carried out at lower temperatures and shorter reaction times than the
conventional liquid-solvent processes.!>>° Aspects of composition and polymer molecular weight,
coverage, thermal stability, and morphological parameters of the synthesized hybrid products are
discussed, together with a comparative study of the zeta potential. Besides, /n vitro HPLC
characterization showed that the hydrophilic PEI coating did not significantly modify the drug
release kinetics.

4.3.2. Polyethyleneimine coating of silica-based particles

Silica-based APg, and AP particles were coated with PEI by two different methods: a novel CO,-
assisted approach, and, for comparative purposes, a conventional liquid-solvent process.
Importantly, using compressed CO,, particles coated with low molecular weight PEI were
obtained. Besides, washing steps were avoided when using this approach in contrast with the

standard one.
4.3.2.1. In situ synthesis of polyethyleneimine

The /n situ synthesis of PEI on the particles silica surface was carried out in a high-pressure
reactor of 100 mL running in the batch mode.r> The equipment is described in Chapter 7. The
vessel was charged with about 0.2 g of powder enclosed in a cylindrical cartridge made of 0.45
pum pore filter paper. The cartridge was placed in the upper part of the autoclave using a
stainless steel platform. Around 0.7 mL of liquid ethyleneimine (kindly donated by Menadiona
S.A) was added at the bottom of the reactor, avoiding solid-liquid contact. To promote the
polymerization of the monomer, the vessel was pressurized to 50 bar with CO, at room
temperature and left to react for 30 min. Low-molecular weight chains of PEI that were not
strongly bonded to the silica surface were eliminated during depressurization. A dry sample was
recovered after depressurization. Trf@APg, AP and Trf@AP particles were coated following this
procedure, and the obtained materials were labeled as PElico, Tr{@APr, AP _PElp, and
PElco, TIf@AP, respectively. A similar control experiment was performed without the addition of

the solid powder. The polymer recovered from this experiment was called PElo,.

This is a new process for the grafting of low-molecular weight PEI chains on silica-based particles
surface. It is based on the use of compressed CO, as the initiator of the ring opening
polymerization of the ethyleneimine monomer (Figure 4.12). According to literature, a covalent

bond is formed between the silica and the produced PEL>860

L
5
Ethylensimine

[azimidime)

Figure 4.12. Chemical structure of ethyleneimine monomer that forms polyethyleneimine in compressed CO,.
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4.3.2.2. Standard polyethyleneimine noncovalent coating

AP, and AP particles were coated with commercial PE], following a standard soaking procedure®?
and the obtained samples were labeled as PEI APr. and PEL AP, respectively. This procedure
consisted of first dispersing 50 mg of the silica-based particles in 5 mL of ethanol containing
commercial PEI at a concentration of 2.5 mg/mL. The suspension was then sonicated for 15 min.
and magnetically stirred for 30 more min. The particles were centrifuged to eliminate the liquid
phase and washed three times with 10 mL of ethanol, following the protocol of first sonication
for 5 min. and then centrifugation at 5000 rpm for 20 min.

4.3.3. Results and discussion

4.3.3.1. Mechanism of polyethyleneimine polymerization

PEl is a water soluble cationic polymer that can take both linear and branched forms.®* The
random branched structure is commonly produced by acid-catalyzed polymerization of aziridine
monomers in aqueous or alcoholic solution.5263 The polymerization is activated by aziridine
protonation, followed of nucleophilic attack by a second aziridine molecule as it is schematized
in Figure 4.13a. The ring opening polymerization can be also initiated by a Lewis acid, such as
CO; (Figure 4.13b).5* For unsubstituted aziridine, CO, is not chemically incorporated to the
polymer chain, but it is adsorbed in the formed homopolymer.> Unsubstituted aziridine
reversibly generates the corresponding carbamic acid derivative in equilibrium with the
corresponding ammonium carbamate.®® The CO, sorbed into the synthesized PEI polymer is

easily eliminated at temperatures of 80-100 °C.’

Currently, the used methods to graft hyperbranched polyamines on inorganic surfaces need the
use of organic solvents, catalysts, high temperatures, and/or long reaction times.5263 The present
work tackles the possibility of simultaneous ethyleneimine polymerization and PEI grafting on the
surface of silica-based submicron and nanoparticles using compressed CO,. The process takes

place at low pressure and temperature and in the absence of any organic solvent.
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Figure 4.13. Schematic representation of different mechanisms established for the formation of hyperbranched PEI

from aziridine under: (a) acid and (b) CO; catalysis.
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4.3.3.2. Morphological characterization of polyethyleneimine-coated particles
Transmission electron microscopy (TEM)

The PEI-coated AP particles had a similar morphology than before the encapsulation treatment,
but they were individually coated by the polymer, as it can be clearly observed in Figure 4.14a
and Figure 4.14b for representative samples of coating with PEI synthesized in compressed CO,
(PElcoz) and commercial PEI (PEI), respectively. A thin polymer layer can be seen around the
particles whatever the coating method. This layer is marked with arrows in the images (insets of
Figure 4.14a and Figure 4.14b). The polymer coating was harder to identify by TEM observations
in the case of the APg. nanoparticles. The surface of the pristine composite spheres was already
rough at high a magnification (Figure 4.14c and Figure 4.14d). However, the presence of the
polymer on the silica surface was confirmed for both types of particles by &-potential

measurements shown below in Table 4.5.

200 nm 00 nm

Figure 4.14. TEM images of coated particles: (a) PElco, AP, (b) PELAP, (c) PElco,_Trf@APg., and (d) PEI_AP. Arrows

point the polymer layer.

As described earlier, the pristine silica-based particles have an aerogel-like porous structure with
surface areas of around 200 m?/g, mean pore volumes of about 0.1 cm3/g and intraparticle pore
sizes of 1.6-1.8 nm. Small molecules as triflsual can fit into the internal pores of the particles, but
hyperbranched PEI chains are expected to be predominantly accommodated on the external
surface due to molecular size impediments.®® Some important differences regarding PElo, and

PEI configuration on the particles surface are related with the preparation mode (Figure 4.15).

Strong covalent links between the branched PElco, and the supports have been described for /n
situ polymerization of aziridine in the presence of silica (Figure 4.15a).1>6%70 However, for the
high molecular mass PEI, which was here added to a particles suspension as a hyperbranched
polymer, the most probable configuration is the one resulting from its electrostatic adsorption

on the silica surface (Figure 4.15b).
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Figure 4.15. Schematic representation of different possible configurations of PEI on the surface of silica particles: (a)

PElco; grafted on the silanol groups, and (b) PEI deposited by electrostatic interactions.

4.3.3.3. Structural characterization and size determination of polyethyleneimine-

coated particles
Fourier transformed infrared spectroscopy (FTIR)

FTIR spectroscopy was used to monitor the presence of the different components in the PEI
composites. Representative spectra in the range of 3000-1500 cm! of the polymers and the
polymer-coated particles in compressed CO, or by the conventional method are shown in Figure
4.16a and Figure 4.16b, respectively. Below 1500 cm, intense absorption bands appear in the
900-1200 cm region, corresponding to Si-O-Si vibrations in the aerogel skeleton that
complicate the observation of organic functional peaks. The band at 1620-1630 cm™ was due to
the bending frequency of molecular water adsorbed into the particles. The useful FTIR region of
solid Trf contained bands at about 1770 and 1685 cm™ from the carbonyl groups of Trf and the
hydrolyzed form, respectively. However, the presence of the pre-impregnated drug in the coated
AP, nanospheres was difficult to assess using FTIR analysis, due to the low percentage of the

drug in the composite samples.

The spectra of the PElco, and PEI polymer exhibited the characteristic bands of the asymmetric
(~ 2920 cm™t) and symmetric alkyl stretching modes (~ 2850 cm™t). The most distinctive band for
PElco; was the C=0 vibration appearing at about 1714 cm and assigned to carbamate formed
by interaction with CO, during /n situ polymerization. This band was clearly observed for PElco;,-
coated particles as a sharp peak except in the case of sample PElco, Trf@AP, where it appeared
as a shoulder of the broad band from adsorbed water. The spectrum of commercial PEI did not
present the C=0 band at 1774 cm™. The presence of the polymer when using the conventional
coating method was difficult to confirm by FTIR due to overlapping of its characteristic peaks
with signals present in the pristine matrices. Other techniques were used for this purpose, for

instance TGA or measurements of the &-potential.
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Figure 4.16. FTIR spectra in the range 3000-1500 cm™ of: (a) the synthesized PElco; and the PElcop-coated particles,
and (b) commercial PEI and PEI-coated particles.

Thermal gravimetric analysis (TGA)

The mass composition of the PEI-coated particles was assessed by TGA. PEI featured a three-step
weight decay in the temperature interval of 50-450 °C (Figure 4.17a). Up to 150 °C, the weight
loss was assigned to water and CO, elimination for /n situ prepared PElco, (25 wt%), and to water
evaporation for commercial PEI (5 wt%). PEI began to decompose above 150 °C and up to 375
°C the weight loss is gradual, with values of 30 and 50 wt% for PElo, and PEIL respectively.
When the temperature was increased above 375 °C, the degradation rate increased for both

polymers, indicating that a different decomposition process took place.

At 500 °C, both studied PEI polymers were completely decomposed and removed as volatile
species. TGA analysis indicated that samples consisting of PElco, or PEI deposited on the surface
of the silica-based particles decomposed in a similar temperature range (ca, 150-500 °C in
Figure 4.17b) than pristine polymers. For samples containing particles, a plateau in the weight
loss is not reached, even at temperatures of 500 °C, due to material densification.”27273 The first
derivative graphs are depicted in the figures to indicate the temperature intervals used for
weight lost calculations. Among other data, Table 4.5 shows the mass of deposited polymer for
the coated samples calculated using TGA data. The accuracy of this method has previously been
confirmed in similar PEI-silica composite samples and contrasted with values obtained by
elemental analysis.'>74 PEI coated particles in compressed CO, showed a larger polymer amount

than particles processed by the conventional method.

For Trf pre-impregnated samples, the drug incorporated was estimated from TGA weight loss
measured in the 150 °C-350 °C range (Figure 4.17c¢ and Figure 4.17d). The estimated drug
percentages were 3.3 and 2.1 wt% for Trf@APg. and Trf@AP, respectively. The amount calculated
for the PEI phase was found to be 5-10 wt%.
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Figure 4.17. TGA profiles of: (a) raw polymers, (b) PEI and PElco,-coated particles, and Trf pre-impregnated and

coated (c) APge nanospheres and (d) AP particles. d(xx) profiles correspond to the first derivative curves.

Table 4.5. PEI weight percentage from TGA data, &-potential and hydrodynamic diameter measured by DLS in water

at 25°C.
Sample PEI (wt%) | Drug (wt%) | &-potential (mV) ¢Hf/d. (nnT). by
intensity
AP, - - -40 416
PElco, Trf@APE, 85 33 54 418
PEI_AP, 5.5 - 33 239
AP - - -55 575
PElco, AP 6.5 - 58 771
PElco, Trf@AP 10 21 60 739
PEI_ AP 37 - 45 603

&-potential and hydrodynamic diameter measurements (DLS)

Important features of PEI are its high cationic charge density and the presence of reactive amine

linkers. This characteristic overcomes one of the main drawbacks of the most extensively used

PEG coating, which is the difficulty to further functionalize it with active biomolecules. Hence,

PEI-based systems are widely used for gene delivery thanks to their ability to complex with DNA,

to facilitate endosomal release via the “proton sponge effect”, and to guide intracellular
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trafficking of their cargo into the nucleus. In the literature, it is shown that a positive net charge

and, thus, a positive zeta potential, is necessary to allow complexes entering into the cells.”®

The &-potential of the raw and the PEI-coated samples was determined by measuring dispersions
of the particles in water at 0.1 mg/mL and 25 °C. The silica surface of the silica-based systems
had a negative zeta potential of -40 and -55 mV for APg and AP samples, respectively. The
coating with cationic PEI led to a sharp increase in the zeta potential, resulting in positive values
of +30 to +60 mV for both Trf free and Trf pre-impregnated samples (Table 4.5).

Data on the mean cluster hydrodynamic size, measured by dynamic light scattering of the same
dispersions in water used for zeta potential studies, is also shown in Table 4.5. Cluster size was
not increased by coating with commercial PEI following the standard procedure, and even a
deagglomerating effect was observed PEL AP, nanoparticles. However, the hydrodynamic
diameter of the clusters increased after PEI coating by using the CO,-based procedure, reflecting
the relatively high amount of deposited PEl-o, (Figure 4.17b). As it was observed in the TEM
images for the PEl-o,-coated particles, the polymer can joint several particles together to form

clusters, thus, increasing the measured particle size (see Figure 4.14a).
4.3.3.4. Molecular weight and structure of the /n situ synthesized polyethyleneimine

High- and low-molecular weight polymers have different properties when considering their
biomedical applications.”®7778 While high-molecular weight PEI (25-50 kDa) is effective for
complexing and delivering nucleic acids, these systems repeatedly produce cytotoxicity due to
the damage of cells, lysosomes, and mitochondrial membranes.”®8 Decreasing PEI molecular
weight to medium values (5-10 kDa) reduces cellular toxicity, while the effectiveness of nucleic
acid delivery is maintained. Finally, despite being inefficient at transfecting nucleotides, coating

with low-molecular weight PEI (0.6-1.8 kDa) is useful for several drug delivery applications.

Thus, the synthesis of PEI with reduced molecular weights is of special relevance when seeking

biomedical applications.

Static light scattering (SLS) and time-of-flight mass spectrometry with a matrix-assisted

laser desorption/ionization source (MALDI-TOF)

SLS and MALDI-TOF were both used to determine the molecular weight of the synthesized PElco;

polymer.

For PEI polymers, the average molecular weight achieved following the conventional liquid
synthesis mode is typically within the range of 20-50 kDa.8! The commercial PEI used in this work
has a molecular weight of 25 kDa, as determined by light scattering. The molecular weight of a
PElco, sample was first determined using a SLS method, similarly to the approach used to
determine the molecular weight of the commercial product. Four concentrations of the polymer
dissolved in deionized water were prepared. To determine the absolute molecular weight, a

Debye plot was generated from the light scattering measurements performed for the solvent and
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polymer solutions. The estimated value was in the order of 8 + 2 kDa, which corresponds to a
PEI of low molecular weight. To contrast the results, the PEl.o, sample was also characterized by
using a MALDI-TOF equipment. Significant amounts of 0.2-1 kDa chains were detected by this
technique (Figure 4.18), indicating a low molecular weight for the synthesized PElco, polymer, in
agreement with the results obtained by SLS. Slight discrepancies on the absolute mass estimated
using different characterization techniques are typical for such a low-molecular weight polymers,
shifting the molecular weight distribution to lower masses for MALDI-TOF analysis.® The
maximum peak intensity was centered at 132-304 Da, corresponding to 3 (129 Da)-7 (301 Da)
repeating units (CH,CH,;NH) in the protonated PEI molecule.
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Figure 4.18. MALDI-TOF mass spectrum of the synthesized PElco, polymer.

The process of PEI polymerization in aqueous or alcoholic solutions occurs in a homogeneous
mixture due to the high solubility of the monomer, the polymer, and the acid initiator in the
continuous liquid phase. Solubilization of the polymer during polymerization results in the
formation of high-molecular weight PEL In contrast, because of the limited solubility of most
polymers in compressed CO, low-molecular weight systems are frequently obtained in
supercritical and compressed CO, in the absence of surfactants.®® Since aziridine undergoes
exothermic polymerization in contact with CO,,8 the ring opening polymerization carried out in
the compressed fluid occurs at high reaction rates. The quick heat release vaporized the
monomer resulting in a visually observed vapor cloud, occurring at ~ 50 bar under working
conditions. Hence, the process featured an initially homogeneous vapor phase reaction, where
monomer and initiator (in this case, the Lewis acid CO,) are homogeneously mixed. During
polymerization, the system became rapidly heterogeneous once the growing oligomeric chains
reach a critical molar mass that exceeds the solubility limit in the compressed CO, vapor phase.
Polymer precipitation would reduce significantly the molecular weight of the recovered PElcp,. In
addition, polymer chains grafted on silica surface are expected to have a still lower molecular
weight than the value found by SLS for PElc; (ca, 8 kDa), due to factors related to strong steric

hindrance occurring between the pendant polymer chains.® The high density of chains grafted
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onto the silica particles would interfere with the propagation of the hyperbranched tree-like

structure, resulting in the decrease of the apparent molecular weight.8687

The molecular weight values estimated in this work for the /n situ synthesized PElco, polymers
are in the medium-low values, thus, resulting in compounds with a reduced cytotoxicity and

biological potential applicability.
Powder X-ray diffraction (PXRD)

PXRD analysis of synthesized PElco, showed a broad band between 7 and 35° and centered
around 20° (Figure 4.19). This indicated that the polymer had an amorphous structure, which
suggested a highly branched configuration.
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Figure 4.19. X-ray diffractiogram of PElco;.
Differential scanning calorimetry (DSC)

Amorphous PElco, synthesized in CO, exhibited a glass transition step between 50 °C and 90 °C
as exhibited in Figure 4.20, similar to the one described for the 25 kDa commercial PEI centered
at about 65 °C.88
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Figure 4.20. Differential scanning calorimetry thermograph of PElcoy.
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4.3.3.5. Drug release of polyethyleneimine-coated partcicles

Uncoated Trf@APy, and coated Trf@APg._PEl-o, samples were analyzed by HPLC to assess the
influence of the coating in the drug release profile in both acid and basic pH-conditions, as
shown in Figure 4.21. The percentage of Trf incorporated in each pre-impregnated sample was
also determined by HPLC. Values obtained were 21 and 19 wt% for Trf@APg and
PElco, _Trf@APg, samples, respectively; which means only a 9.5 % of drug loss during the coating
process in CO,. Impregnated Trf values measured using the HPLC approach were slightly lower
than the values estimated by TGA, but nevertheless comparable. Release profiles were not
significantly modified by polymer encapsulation when measured in either stomach (pH = 2 in
Figure 4.21a) or blood plasma (pH = 7.4 in Figure 4.21b) pH-simulated fluids.2° For coated and
uncoated composite nanospheres, the drug release occurred very fast and the 95 wt% of the
drug was dissolved within the first 30 min. Nevertheless, a slightly accelerated drug delivery was
found for the PEI-coated nanoparticles than that for the uncoated ones, which was attributed to
the water solubility of the polyethyleneimine layer.

a) ! b)|
e | e e |
= i E e
75 ;’_ 7S :"
E Jl."" pH=2 |B |4 pH=T74
3 S0} | = 30
H ®
25 a5
E —— Trlﬁ,ﬁ.l?ﬂ E e Tﬁﬁ'ﬂr.
0 PEl, TH@AF, 0 P‘E'.:g.l—‘mﬂ"‘?u
0 30 &0 a0 120 150 i} a0 B0 a0 120 150
Time (minutes) Time (minutes)

Figure 4.21. Drug delivery profiles obtained for uncoated and coated Trf@APf. nanoparticles in aqueous media of:
(@) pH = 2, and (b) pH = 7.4.

4.4. CONCLUSIONS

The surface modification of silica-based particles by polymer coating was successfully performed
by using compressed CO, as processing medium. Two different polymers were selected
regarding the design of drug carriers; for controlled release (Eudragit® RL 100), and multiple

applicabilities in biomedicine (polyethyleneimine).

e Compressed CO, antisolvent route was here presented as a versatile approach for coating
fine particles and preparing hybrid composites made of silica particles, a polymeric coating,
and an active pharmaceutical ingredient. For sub-micron sized particles (300 nm), the coating
was based on mixing an acetone slurry of aerogel nanoparticles and dissolved polymer with
pressurized CO, in a batch antisolvent mode (GAS method). A semicontinuous antisolvent

mode (PCA method) could be applied to encapsulate nanometric particles (65 nm). The
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coating was performed without any prefunctionalization of the surface of the silica particles,
although, in some cases, they were supercritically pre-impregnated with the therapeutic
agent. Our results showed that sub-micron and nanometric porous silica particles were
successfully coated by the polymer Eudragit forming loose agglomerates while simultaneously
incorporating the drug. While, at both pH = 2 and pH = 7.4, triflusal-loaded particles released
almost 100 wt% of the drug in the first 5 min, coating with Eudragit enabled a significant
reduction to less than 25 wt% in the first 10 min and prolonging further the release to several
hours. In addition, the kinetics of the release was shown to obey the Baker-Lonsdale model
indicating a diffusion-controlled delivery of the drug for the sample obtained using the GAS
and the PCA methods at acid and basic pH, respectively. The data of the sample prepared by
PCA at pH = 2 fitted to the Korsmeyer-Peppas model, exhibiting a Fickian diffusional
mechanism.

Compressed CO, antisolvent processes are environmentally friendly techniques for fine
particles encapsulation/coating with diverse solutes, which have applications as high-added-
value pharmaceutical products in relation with their surface chemistry and delivery
characteristics.

e PEl-coated silica fine powder was here shown as a versatile delivery system, which can
facilitate cellular uptake to increase drug delivery payload, and also be utilized to improve
nucleic acids delivery for therapeutic use. PEI was grafted to silica-based particles surface
through covalent bonding by using a novel solventless compressed CO, procedure, starting
with the ring opening polymerization of aziridine. The achieved covalent grafting confers a
high thermal and chemical stability. Moreover, the low molecular weight of PEI prepared
following the /n situ polymer synthesis (ca, 8 kDa by SLS) should result in a toxicity decrease
of the PEI-coated particles. Owing to the relatively low pressure used in the PEI synthesis
procedure, drug pre-impregnated systems could be coated with PEIL avoiding drug

degradation, losses of the loaded drug and the modification of pre-designed release profiles.
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5

PRELIMINARY BIOLOGICAL EVALUATION OF
THE SILICA-BASED MATERIALS FOR
BIOMEDICAL APPLICATIONS

During the last decades, silica-based materials have been one of the most explored
systems aiming at several applications within biomedicine. They have shown promising
properties for their use as drug delivery systems and cell tracking among others,
therefore promoting a vast production of silica-based products with numerous shapes,
microstructure and surface functionality to target specific requirements. However, their
behavior in biological environments is still under discussion and more efforts have to
be devoted in understanding their interaction with biological systems.

This chapter deals with the preliminary study of the silica-based materials described in
Chapter 2 as potential drug carriers, in terms of degradability, colloidal stability in
biological media, cytotoxicity and cellular uptake. Strategies of silica surface
functionalization with the goal of overcoming problems encounter in bioapplications
are also shown.



Chapter 5 PRELIMINARY BIOLOGICAL EVALUATION OF THE SILICA-BASED MATERIALS

5.1. DEGRADATION OF SILICA-BASED MATERIALS IN BIOLOGICAL MEDIA

When designing materials for its use in medicine, an important feature to be studied is their
biodegradability, meaning the capability of being degraded by biological agents. An extremely
fast degradation in biological media should be avoided in order to allow the systems to develop
its function, but a very low degradation rate leading to the accumulation of the product in the
organism may induce undesired side effects.l? Thereby, a compromise between a sufficient
biological half-life and an efficient biodegradability must be accomplished by the materials used

for /n vivo applications.

Although silica is considered an inert and stable material in aqueous media, it is known that
amorphous silica can readily be dissolved in highly alkaline media (pH > 11) through the Si-O
bond cleavage to form silicic acid (Si(OH),).3* Moreover, this process has also been observed in
basic and acid environments.>®’ A special mention is here devoted to porous silica materials,
both monolithic and particulate, which have dissolution rates strongly depending on the surface

area and pore structure 8910

Herein, the dissolution of the silica-based particles and silica aerogels, at both stomach and
blood stream-pH conditions, was monitored along the time. Briefly, around 75 mg of samples
AP, AP (previously calcinated at 300 °C for 24h) and AM were weighed twice and placed on lab
beakers. Then, they were covered with 150 mL of 10 mM HCI (pH = 2.0, as the stomach) or 10
mM Na,HPO,/NaH,PO42H,0 (pH = 7.4, as the blood stream) solutions previously heated at 37
°C. Magnetic stirring at 60 rpm was applied during the experiments. Aliquots of 3 mL were
withdrawn at different times during 30 days and the equivalent volume of fresh solution was
added to the beakers. The aliquots were filtered with a 0.45 pm filter (VWR International) and the
filtered solution was analyzed by ICP-MS giving the concentration of Si dissolved in the media
from the solids. Table 5.1 gathers the textural characteristics of the silica materials, which are

important to explain the degradation experiments.

Table 5.1. Textural properties and particle diameter of the silica-based systems.

Mean pore
Sample SBET (mz/g) . q>TEM (nm)
size (nm)
AP, 210 23 177
AP 205 23 303
AG 429 6.8 -

The weight amount of SiO, remaining in the solutions at pH = 2 and pH = 7.4 as a function of
time is represented in Figure 5.1. The particles APr, and AP remained highly stable in acid
medium showing negligible silica dissolution (98 wt% of remaining silica was found at 30 days in
both samples). In contrast, the aerogel monolith (AG) presented a certain degree of dissolution.
This difference was attributed to the higher surface area available to be wetted by the liquid

medium in the AG monolith compared to the microporous particles. As expected, a faster
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dissolution rate was observed for all the silica-based materials at basic pH. Hence, the
degradation profiles in the phosphate buffer solution were characterized by a fast silica
dissolution rate during the first 8 h, followed by a plateau in the case of particles and a slow and
progressive further dissolution for the aerogel sample. The fact that the silica particles, AP, where
the least dissolved, even below the composite nanospheres, could be explained by the
calcination process performed, which caused the dehydration of the silica and forming a dense
network structure that hinders its degradation.!! Again, the monolith presents the largest
solubility at pH = 7.4 due to its high porosity.
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Figure 5.1. Remaining SiO; vs. time for monolith and particulate silica-based matrices immersed in aqueous media

at acid and basic pH (37 °C, 60 rpm). Solid lines serve as a guide to the eye.

5.2. COLLOIDAL STABILITY OF SILICA-BASED PARTICLES

Aggregation of nanoparticles can significantly change when they are transferred into biological
systems. Here, the colloidal behavior of our silica-based particles was studied in different
biological media and pH ranges regarding cluster size and surface charge, &-potential

measurements.

Particles aggregation in biological media

Both types of particles, AP;. and AP, were analyzed by DLS after being dispersed at a
concentration of 0.4 mg/mL in different biological fluids: phosphate buffered saline (PBS),
minimum essential medium (MEMa) enriched with 10 % of fetal bovine serum (FBS), all
purchased from Life Technologies (Invitrogen). For comparison purposes, the measurements were
also performed in EtOH and water. Hydrodynamic diameters were determined based on the

average of the intensity-weighted particle size distribution of three measurements.

Figure 5.2a and Figure 5.2b show the size distribution of AP, and AP in different liquid media,
respectively. It is worth to note that APg nanoparticles exhibited an increased stabilization when
the fluid was supplemented with serum, presenting the smallest ®,,4 when dispersed in MEMa +

FBS (480 nm). This value was even lower than the one found when particles were dispersed in
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EtOH (550 nm). However, without proteins, the nanoparticles readily aggregated reaching
hydrodynamic diameters of near 1 ym in MEMa and up to more than 2 ym in water and PBS,
showing in addition broader size distributions. AP particles showed similar behavior in all the
fluids, with cluster sizes between 570 and 640 nm, except in PBS, where they tended to form

aggregates of around 1 ym with a broad size distribution.

In contrast with the results found by other research groups,'?13 particles studied in this thesis
deagglomerated or at least they did not show larger aggregates when dispersed in
supplemented media. We argue that a specific type of protein or biomolecule is preferentially
adsorbed on the silica surface over the rest and thus reducing the interaction with other particles
and stabilizing the colloidal system. The tendency of the particles to stabilize with the enrichment

in proteins of the fluid is clearly shown in Figure 5.3.

Precipitation of particles was not observed in any of the studied systems.
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Figure 5.2. DLS intensity-weighted size distributions for: (a) APg, and (b) AP particles in biological media, EtOH and

water.
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Figure 5.3. Hydrodynamic cluster diameters of particles APre and AP in biological media, EtOH and water. Solid lines
serve as a guide to the eye.
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For sample APg, the zeta potential was also measured by DLS. The obtained results are
summarized in Table 5.2 as the average of three measurements with the ®,,4 data. The charge
of the composite nanospheres increased from -40 mV in water to near -20 mV in both PBS and
complete cell culture medium. Despite of having similar zeta potentials, nanoparticles were much
more stable in MEMa + FBS than in PBS. We explain this finding as an additional indication of
the adsorption of a specific protein on the particles surface, which would stabilize the colloidal
systems by combining electrostatic repulsions and steric impediments.14

Table 5.2. &-potential and hydrodynamic diameter measured by DLS in water, PBS and MEMa + FBS at 25°C for AP

nanoparticles,.

Medium &-potential (mV) Py (nm.), by
Intensity
H,0 -40 2045
PBS -17 2261
MEMa + FBS -20 480

Nanoparticles aggregation as a function of pH

The size of the AP, nanoparticles agglomerates in water as a function of pH was also
investigated. The hydrodynamic diameters were measured by DLS between pH = 1.8 and 11.8 at
25 °C. In Figure 5.4 the obtained results are plotted as ®pq vs. pH. It was observed that large
aggregates were formed in acidic conditions, probably due to an inhomogeneous distribution of
the charge, while the minimum aggregate size is observed between pH = 6 and 8 that are

considered physiological conditions. Particle size slightly increased at basic pH values.
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Figure 5.4. Evolution of the cluster size as a function of pH measured by DLS for AP,

5.3. CYTOTOXICITY EVALUATION OF IRON OXIDE-SILICA NANOPARTICLES

Cytotoxicity is defined as the quality of being toxic to cells. Cells exposed to a cytotoxic
compound can respond in a number of ways altering their normal functioning. Regarding

nanomaterials, especially nanoparticles, the new interactions that would appear between those
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materials and biological functional units within cells must be studied. In addition, they depend on
many factors such as cell line, chemical nature, size, shape and porosity of the nanomaterials, as
well as the time of incubation. The analysis of toxicity at the nanoscale is nowadays an emerging
discipline that is still in its infancy. Although living organisms are more complex than cells,
cytotoxicity studies in cell cultures are considered the first necessary step to establish how toxic a

material is.

A revision of the bibliography of toxicity for silica nanoparticles reports contradictory findings.
Several authors have found that those particles are non toxic and biocompatible for both healthy
and cancer cell lines.t>1617.181920 However, other research groups have reported harmful effects in
different cell lines.20212223.24 The severity of this toxicity is conditioned by the size, shape, porosity
and concentration® of the particles, but also by the density of silanol groups (Si-OH) on the
surface accessible to the cells.?! Hence, a specific study on each material of interest should be
performed.

In this work, the cell viability when exposed to composite APg. nanoparticles was evaluated with
the MTT assay by Dr. Maria Milla. The cell line of choice was the human cervical cancer cells
(HelLa) obtained from American Type Culture Collection (ATCC, Manassas, VA). Particles AP, 3
and APg._5, with mean diameters of 65 and 177 nm, respectively, were used at concentration of
25, 50 and 100 pg/ml. Basically, the cells were detached from growth flask by using treatment
with 025 % (w/v) trypsin-EDTA (incubation for 1 min.), re-suspended in MEMa medium
supplemented with 10 % FBS and 2 mM GlutaMax, all purchased from Life Technologies
(Invitrogen), and pelleted by centrifugation at 1400 rpm for 5 min. For cells growth, they were
plated at a concentration of 510% cells/mL in a 96 well-plate and incubated for 24 h at 37 °C and
an atmosphere of 5 % CO,. The following day, the media was replaced by the particles
dispersions in fresh supplemented medium, which were just prepared in sterile conditions, and
the plate was incubated as before for another 13 h. Next, MTT reactive (Bio-Medica) was added
up to 10 % (v/v) and the plate was incubated for 1 h and read in a micro plate reader (Victor3,
Perkin Elmer) at 450 and 620 nm as reference. Three wells were treated for every sample and the

results were expressed as: mean + SD.

Figure 5.5 presents the cell viability in presence of the composite particles at the selected
concentrations. Surprisingly, materials can be considered toxic when the cell viability is lower
than 90 %%® and it is indicated in the figure with a dashed line. AP, nanoparticles were in all
cases toxic for the cells at the used conditions. However, when the time of incubation was
reduced to 1 h, the cell viability was not affected and the 100 % of the cell survive to the
particles exposition (shown in Section 5.6.3). It was also observed that the cell viability decreased
while the particles size increased. Obviously, the particles concentration have an influence on the
toxicity degree: the cells were less affected at 25 pug/mL than at 50 or 100 pg/mL. Those are

preliminary results and more tests should be performed at different incubation times and
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concentrations to know the optimal conditions at which Hela cells would be treated with the

APge nanospheres.

No previous sterilization of the nanoparticles or antibiotic to the culture medium was used.
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Figure 5.5. Hela cells viability in the presence of particles of APg._3 and APg_5. Error bars were calculated from the
deviation standard of the results obtained in three wells. The dashed line at 90 % of cell viability is a guide for the

eye.

5.4. POLYETHYLENE GLYCOL COATING OF SILICA-BASED PARTICLES

One of the most common strategies to enhance the particles biocompatibility and colloidal
stability is the coating with polyethylene glycol (PEG), a nontoxic polymer that provides steric
hindrance when attached to the particles improving their dispersion. Besides, it is well recognized
that PEG prevents nonspecific adsorption of proteins?”?® and uptake by the reticuloendothelial
system (RES), rendering a long circulation time in the blood-stream for the PEGylated-
materials, 23031 which is highly desirable for in vivo applications. For these reasons, the
modifications of particles surface using PEG have been widely used in fields such as drug delivery
systems or biosensing technology.3?

PEG is a simple linear polymer soluble in water. The chemical structure of PEG is illustrated in

T

Ethylene oxide

Figure 5.6.

Figure 5.6. Chemical structure of the polyethylene glycol.

In this work, APr. and AP particles were coated with a diacid derivative of PEG: polyethylene
glycol bis(carboxymethyl) ether (PEG-(COOH),). The chemical structure of this PEG derivative is
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shown in Figure 5.7. The obtained materials were fully characterized confirming satisfactory

results on their PEGgylation.
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Figure 5.7. Chemical structure of the polyethylene glycol bis(carboxymethyl) ether.

5.4.1. Method of silica-based particles coating with polyethylene
glycol

To coat both AP, and AP silica-based particles, a mixture of ~ 50 mg of the particles, 2.8 mL of
polyethylene glycol bis(carboxymethyl) ether (PEG-(COOH),, Sigma-Aldrich) and 120 mL of H,0
was prepared, sonicated for 30 min. and magnetically stirred during 24 h at 300 rpm. The
particles were then precipitated by centrifuging at 5000 rpm for 20 min. and three washes with
200 mL of fresh water, following the protocol of first sonication for 5 min. and then
centrifugation at 5000 rpm for 20 min. The samples obtained are labeled as PEG_APg. and
PEG_AP for composite AP, and AP particles coated with PEG, respectively.

5.4.2. Size and morphology of polyethylene glycol-coated particles

Transmission electron microscopy (TEM)

The PEG-coated particles dispersed in EtOH were observed by TEM to confirm the presence of
the polymer. Figure 5.8 shows a TEM image of the sample PEG_AP where a thin layer of polymer

on the particles surface can be seen.

Figure 5.8. TEM image of the PEG_AP particles. The arrow points the polymer.
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5.4.3. Structural characterization of polyethylene glycol-coated

particles
Fourier transformed infrared spectroscopy (FTIR)

The successful polymer grafting on the surface of the silica-based particles was confirmed by
using FTIR. In Figure 5.9, the spectra of PEG_AP¢, and PEG_AP and the commercial polymer PEG-
(COOH), in the useful wavelength range of 300-1300 cm™ are presented. The polymer showed
different characteristics peaks at 1349, 1457 and 1741 cm! that were attributed to the hydroxyl
(O-H), alkyl (CHy) and carbonyl groups (C=0) vibrations, respectively. For both PEG-covered
particles, the signals corresponding to O-H appeared slightly shifted to lower wavelengths, while
the peaks due to the alkyl groups were tentatively observed as shoulder around 1405 and 1485
cm! (dashed circles in Figure 5.9). The coated particles were repeatedly washed with large
amounts of water before measurements to rinse off the PEG polymer physically adsorbed on the
silica surface. Thereby, the C=0O signal appeared shifted to 1701 (PEG_APg) and 1713 cm
(PEG_AP), suggesting the formation of a covalent bond between the silica surface and the

polymer 3334
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Figure 5.9. FTIR spectra in the range 3000-1300 cm™ of the PEG-coated particles, and commercial PEG-(COOH),.

Dashed circles mark the signal of alkyl CH, groups appearing as shoulder.
Thermal gravimetric analysis (TGA)

The amount of PEG covering the particles surface as well as the thermal stability of the hybrid
materials was assessed by TGA measurements. It is reported that a synthesized PEG-COOH
polymer looses physically adsorbed water in the temperature range from 0 to 150 °C and then
decomposed up to 410 °C.33 The TGA profile of the commercial PEG-(COOH), used in this work
indicates that the polymer mainly decomposed in the range of 260-440 °C, losing the 92 wt% of
the total weight (Figure 5.10a). For the PEGylated APg, nanoparticles, the weight loss attributed
to the polymer is shifted to higher temperatures: from 280 up to 475 °C, indicating the presence
of chemical bonds that confer thermal stability to polymer in the hybrid material (Figure 5.10b).
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For sample PEG_AP, the polymer decomposition was assigned to the weight loss in the region
from 290 to 390 °C (Figure 5.10b). In Table 5.3, the polymer percentages estimated for the

coated particles are shown.
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Figure 5.10. TGA profiles of: (a) raw PEG-(COOH), and (b) PEG-coated APg and AP particles. d(xx) profiles
correspond to the first derivative curves.

Table 5.3. Estimated PEG weight percentage from TGA data, together with &-potential and hydrodynamic diameter
measured by DLS in water at 25°C for the PEG-coated samples.

Sample | PEG (wt%) | o POrential | @wa (nm). by
(mV) Intensity
APre - -40 304
PEG_AP¢, 32 220 319
AP - -65 627
PEG_AP 14 25 573

The samples were characterized by DLS to know the influence of the polymer coating on the
colloidal stability of the particles. Dispersions in water at 0.1 mg/mL were used for the
measurements. The PEG functionalization of the silica surface changed the zeta potential of the
silica-based particles in water from highly negative (< -40 mV) to less negative (> -25 mV), as it
is listed in Table 5.3. Nevertheless, the colloidal stability of the dispersions was maintained after
the coating, exhibiting similar hydrodynamic diameters than the pristine materials and no

sedimentation was observed during hours.

5.5. CELL INTERNALIZATION OF IRON OXIDE-SILICA NANOPARTICLES

The cellular uptake of the composite APg. nanoparticles was preliminarily studied by confocal
microcopy. First, the nanoparticles were successfully labeled with a fluorescent dye by chemically
modifying the silica surface. The presented work was done in collaboration with Elif Ertem from
the Ecole Polythecnique Féderale de Laussanne (EPFL), who was in charge of marking the silica

surface of the particles with the fluorescent molecule.
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5.5.1. Method of fluorescence-labeling of iron-oxide silica

nanoparticles

The labeling of AP, nanospheres with a fluorescent compound was performed in two steps: first,
the modification of the silica surface with amino groups (NH,) was carried out using an
aminosilane and second, the covalent grafting with a fluorophore was performed. The

experimental procedures followed are next explained.
Amino group functionalization

Briefly, 68 mg of AP, particles were dispersed in 136 mL of EtOH and sonicated for 30 min.
Then, 170 pL of (3-aminopropyl)triethoxysilane (APTES, Sigma-Aldrich) were added and the
mixture was magnetically stirred at 80 °C under reflux during 7 h. The particles were washed
three times with EtOH using magnetic decantation. The obtained amine-functionalized particles
are labeled as APr.-NH, and schematized in Figure 5.11.
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Figure 5.11. Schematic representation of amino functionalization of APg nanoparticles.

Fluorescence-labeling

0.5 mg of succinimidyl ester of the BODIPY® 630/650-X dye (BODIPY® 630/650-X NHS ester,
Invitrogen) were dissolved in 1 mL of dymethylformamide (DMF, Sigma-Aldrich). This dye
contains the amine-reactive group n-hydroxysuccinimide (NHS), which would form amide groups
(R-CO-NH-R") on the silica surface by undergoing chemical conjugation with the amines. In
another flask, 8 mg of APr.-NH, particles were dispersed in 1 mL of water + 6 mL of PBS (pH =
8.9, Ambion Life Technologies). Then, the solution was left to react under magnetic stirring at
room temperature and dark conditions for 3 h. The resultant samples are named as APr.-BODIPY.

Figure 5.12 presents a schematic representation of the dye linked to the particles surface.
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Figure 5.12. Schematic representation of the synthesis of the fluorescent AP, nanoparticles.

5.5.2. Internalization of iron oxide-silica nanoparticles in Hela

cells

The cellular uptake and distribution of the composite nanoparticles as well as the possible
changes in cell structure in presence of particles was monitored by confocal microcopy by Dr.
Maria Milla. Prior to their observation, Hela cells were seeded as previously explained and the
particles were incubated for 1 h at 0.1 mg/mL and washed twice with PBS. Then, the cells were
stained with 10 ug/mL Hoechst (cell nucleus) at room temperature for 5 min. and washed twice
with PBS. Three dimensional reconstructions were processed with Imaris sorftware. For

comparison, the same protocol for cell incubation was followed with the particles up to 13 h.

Figure 5.13 shows upper views of confocal microscopy for the cells after 1 h of APg.-BODIPY
nanoparticles incubation. The cell nucleus appeared in blue while the particles showed red color
after exciting the culture sample at 405 and 640 nm, respectively. As seen in the images, the
nanospheres were distributed in the cytoplasm, mainly accumulated in the perinuclear region,
but without penetrating the nucleus (Figure 5.13a). Moreover, small amounts of particles were
identified outside the cells as bright red spots that may be big aggregates unable to be uptaken
by the cells. Regarding cell damage, several authors have found that apoptosis (a mechanism of
cell death) occurs accompanied by ultrastructural changes, like volume reduction of nucleus and
cytoplasm and abnormal cell membranes.3>36 After the particles incubation, cells did not exhibit
signs of apoptosis having their previous characteristic shape with the nuclear and cell
membranes remaining continuous and the cytoplasm with a similar volume (Figure 5.13b). Those
findings indicated that the cells were not affected by the presence of the nanoparticles up to 1 h.
The lack of cell alteration is clear when comparing the images with the upper views of confocal
microscopy for the control cells (Figure 5.14a and Figure 5.14b), which had cell membranes and

nucleus with comparable shapes to those found for the APg.-BODIPY incubation.
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Figure 5.13. Confocal microscopy upper views for Hela cells after 1 h incubation (37 °C, 5 % CO,) of APg-BODIPY
nanoparticles at: (a) low, and (b) high magnification. Nucleus stained with Hoechst and APg.-BODIPY showed blue

and red color respectively.

Figure 5.14. Confocal microscopy upper views for control Hela cells after 1 h incubation (37 °C, 5 % CO) at: (a) low,

and (b) high magnification. Nucleus stained with Hoechst showed blue color.

When cells were treated with APr-BODIPY nanoparticles for 13 h, cellular uptake increased
considerably with respect to the incubation for 1 h (Figure 5.15a). However, the cells suffered
apoptosis showing nucleus of shrinkage volume and half-moon appearance, which is also a
characteristic feature of this process®® (Figure 5.15b). These results were in agreement with the

low cell viability that was previously described above (see Section 5.3).
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Figure 5.15. Confocal microscopy upper views for Hela cells after 13 h incubation (37 °C, 5 % CO,) of AP
nanoparticles at: (a) low, and (b) high magnification. Nucleus stained with Hoechst and APg.-BODIPY showed blue

and red color respectively.

5.6. DECORATION OF IRON OXIDE-SILICA NANOPARTICLES WITH GOLD
NANOPARTICLES AND CELL INTERNALIZATION

Knowing that the surface of the nanoparticles plays an important role on the cellular uptake
efficiency, APg-NH, nanoparticles were decorated with two types of functionalized gold
nanoparticles and the resulting materials were internalized in cells and studied by different
techniques. The gold particles were in turn functionalized as Janus particles (JPs). Those JPs
present two distinguished surfaces/chemistries on the two sides, usually made of non-miscible
materials, such as hydrophobic versus hydrophilic or positive versus negative charge. Figure 5.16

shows a schematic representation of several examples of Janus particles.

.
O S

Figure 5.16. Schematic representation of some possible Janus particles. Red and yellow colors represent the different

domains.38

Actually, many fundamental biological structures show simple Janus motives. For instance, cell
membranes are bilayers assembled from phospholipids, which are amphiphilic molecules with
Janus geometry.3” Due to their asymmetric structures, JPs possess vastly different physical and
biochemical properties, which is especially interesting for applying this kind of materials to
biomedicine.?® In this work, two kinds of Janus gold nanoparticles (all hydrophilic and striped-like
hydrophilic and hydrophobic) were attached to the surface of the previously functionalized APg,-
NH, and incubated with cells to study the influence of the surface polarity in the cellular uptake
and distribution. The results were compared with those found for pristine AP particles. This was
a project done in collaboration with Elif Ertem in Prof. Francesco Stellacci group from the EPFL,
who synthesized and partially characterized the iron oxide-silica nanoparticles decorated with the

gold ones.

5.6.1. Method of gold-decoration of iron oxide-silica nanoparticles

Two types of ligand-coated gold nanoparticles of 3-4 nm in diameter were first synthesized.
Particles were coated with 11-mercapto-1-undecanesulphonate (MUS) and a 2:1 molar mixture of
MUS and 1-octanethiol (OT). They are labeled as MUS_Au and MUS-OT_Au, respectively. Table
5.4 shows a schematic representation of the capped particles and the chemical structures of the

organic ligands together with the concentration of ligand obtained by TGA. Note that the MUS-
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OT_Au nanoparticles were functionalized in a striped-like arrangement with the hydrophilic
(cationic) MUS and hydrophobic OT ligands. MUS_Au and MUS-OT_Au nanoparticles were further
functionalized with NHS groups and finally linked to the APg-NH, particles. The followed
experimental procedures are next explained, and the resultant materials characterization is
displayed.

Table 5.4. For ligand-coated gold nanoparticles, scheme of the particles, chemical structure and amount of the

organic ligands.

Particle Lo Organic ligands
Sample Organic ligand
scheme amount (wt%)
MUS_Au 214
MUS
MUS
MUS-OT_Au 216
aT

N-hydroxysuccinimide functionalization of ligand-coated gold nanoparticles

Basically, 3 mg of ligand-coated gold nanoparticles were dissolved in 2.5 mL of water. In another
flask, 2 mg of n-hydroxysuccinimidyl 11-mercaptoundecanoate (SH-(CH,);9-COO-NHS, Prochimia
Surfaces) were dissolved with 2-3 drops of DMF and added to the previous solution. After 15
min. of magnetic stirring, the particles were cleaned with a Sephadex column and washed with
water. The particles obtained are labeled as MUS Au-NHS and MUS-OT_Au-NHS for the MUS
and MUS-OT functionalized gold nanoparticles, respectively. This process consisted in a ligand
exchange reaction. Since the time of this reaction was very short, only the most reactive parts of
the nanoparticles underwent ligand exchange with molecule SH-(CH;);o-COO-NHS. Those parts,
that in our case were the MUS ligands, are commonly expressed as poles and the ligand

exchange involving them is known as pole functionalization.
Synthesis of gold-decorated iron-oxide silica nanoparticles

Briefly, 50 mg of APg.-NH, particles were dispersed in 20 mL of water with 5-6 drops of 1 M HCI
(Sigma-Aldrich). Then, 70 mL of PBS (pH = 8.9) were added to the dispersion. The mixture was
sonicated for 10 min. Then, 84 mg of MUS_Au-NHS or MUS-OT_Au-NHS dispersed in 6.5 mL of
water were added and the mixture was magnetically stirred overnight at room temperature and
dark conditions. The collected particles are called MUS_APr, and MUS-OT_AP¢, for the MUS and
MUS-OT functionalized NHS-gold nanoparticles, respectively. The produced particles are

schematically represented in Figure 5.17.
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Figure 5.17. Schematic representation of the synthesis of the gold-decorated APg nanoparticles. stands for both
types of ligand-capped gold nanoparticles: MUS_Au ( . or MUS-OT_Au ( .

The hybrid structure of the synthesized gold-decorated AP, particles was studied by TEM and

energy dispersive X-ray (EDX) emission spectroscopy.

Figure 5.18 shows the TEM images of the core-shell particles capped with the two types of gold
nanoparticles (GNPs), in which it was clearly appreciated that the silica surface was
homogenously covered with gold nanospheres.

(a)

Figure 5.18. TEM images of gold-decorated APg. nanoparticles with: (@) MUS_Au, and (b) MUS-OT_Au.

An elemental mapping analysis from the EDX spectra evidenced the presence and the spatial
location of the three different materials composing both the MUS_APr, and MUS-OT_AP,
nanoparticles (Figure 5.19). While the Si was forming the whole spheres (green dots), the Au
appeared covering them (blue dots) and the Fe was confined inside the silica forming the

particles core (red dots).
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Figure 5.19. Elemental mapping of EDX spectra for: (a) MUS_Au, and (b) MUS-OT_Au.

The shape and size of the clusters formed by the Au-coated APg particles in culture medium
were analyzed by Cryo-TEM and DLS, respectively. In order to prepare the samples for Cryo-
TEM, a drop of particles dispersed in supplemented MEMa medium at 0.1 mg/mL was deposited
onto a Quantifoil® grid, and rapidily quenched into liquid ethane. During the imaging, the
temperature was kept at -140 °C. The vitrified aggregates were considered to be in “native state”.

The same dispersions were used for the DLS measurements.

The three types of particles All MUS_AP. (Figure 5.20a, d), MUS-OT_AP¢. (Figure 5.20b, e) and
AP¢. (Figure 5.20c, f) formed elongated and spherical-like aggregates with a broad size
distribution: groups of particles from two or three up to 30-40 particles were observed. This
polydispersity in size was confirmed by the broad peaks obtained by DLS (Figure 5.21). The

hydrodynamic diameter of the aggregates was between ca. 550 and 600 nm for all samples.
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Figure 5.20. Cryo-TEM images for MEMa supplemented medium with 10 % FBS and 2 mM Glutamax of: (a, d)
MUS_APe, (b, €) MUS-OT_APg, and (c, f) AP, particles.
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Figure 5.21. DLS intensity-weighted size distributions of the gold-coated AP, and the pristine AP particles in
MEMa supplemented medium with 10 % FBS and 2 mM Glutamax.

5.6.2. Internalization of gold-decorated iron oxide-silica

nanoparticles in HelLa cells

Endocytosis is the most common route by which cells uptake macromolecules, particulate
substances, and, in specialized cases, even other cells. In this process, the material to be ingested
is progressively enclosed by a portion of the cell membrane, which first invaginates and then
internalizes to form an endocytic vesicle (endosome) containing the ingested material.?® It is an
energy consuming process and we referred to it as "active” in contrast to “passive” non endocytic

mechanisms.
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Although the MUS-OT_Au particles were found to be internalized by cells following an
endocytosis-independent pathway, nanoscale objects typically penetrate the cell membrane by
endocytic mechanisms.*® Herein, the presence of the ligand-capped gold nanoparticles onto the
surface of the AP, particles is not expected to influence the cellular uptake mechanism due the
size-limiting parameter: the composite particles are too large to be internalized by cells trough
passive pathways. However, since the efficiency of endocytosis in terms of particles loading is
mediated, among other, by surface parameters such as surface charge or functional groups,*4?
the two types of gold-decorated APg. particles likely show different results between them in

terms of cell uptake and when compared with the pristine material.

The gold-coated and the uncoated particles were incubated in presence of Hela cells for 1 h at
0.1 mg/mL in the complete culture medium and washed three times with PBS. Following the
protocol already explained for detaching the cells from the flask, a pellet was obtained after
centrifuging at 1400 rpm for 5 min.

The amount of particles uptaken by the cells was obtained by SQUID magnetometry and TEM
images were acquired to visualize the particles inside the cells. High resolution-TEM (HRTEM) was
also used to investigate the formation of endosomal membranes around the cell internalized

particles.
Determination of the cellular uptake by SQUID magnetometry

Prior to measurements, the cell population in the obtained pellets was counted with optical
microscopy, after trypan-blue (Sigma-Aldrich) staining, by selecting three different frames. To
acquire a measurable magnetic signal, the cell population had to be around 2*106 cells. Then, the
cell pellets were re-suspended in 50 pL of supplemented MEMa culture medium and transferred
to a polycarbonate capsule. Next, the capsules were dried overnight in a vacuum hood at ca. 0.5
bar and 60 °C in order to ensure the absence of diamagnetism coming from water. A control
sample (cells treated in the same conditions) and particles All MUS_APg, and APy, were also

measured. The as-prepared samples were inserted in the SQUID magnetometer sample holder.

Figure 5.22 and Figure 5.23 exhibit the magnetization curves for the gold-decorated APg. and
pristine AP, particles both in powder and in the cell pellets. Raw cells had insignificant
magnetization (not shown). The particles loading in the cells was determined by measuring the
remanent magnetization (Mg) applying the Equation 5.1. In the formula, the My obtained for the
two types of gold-decorated particles in cells were divided by the Mg of the All MUS_APg,
powder, thus considering the same signal for the solids gold-coated samples. The magnetization

of the raw composite particles in cells was compared with the as-recovered powder.

MRparticles+cells (emu/cell) 12 Mparticles
* 107 = ———— (pg/cell)

Equation 5.1
9 MRparticles (EMU/8particles) cell

The obtained results are summarized in Table 5.5. In contrast with the results found for the

functionalized gold nanoparticles,*® the most internalized particles were the hydrophilic All

151



Chapter 5 PRELIMINARY BIOLOGICAL EVALUATION OF THE SILICA-BASED MATERIALS

MUS_APg. ones. The cell uptake for the raw particles was in between. Furthermore, it was
concluded that, for the prepared materials, the influence of the surface polarity and charge in the
cellular uptake was not determinant and the particles diameter was the main factor affecting this
process. Thereby, the particles forming the largest aggregates showed the lowest capability of
being engulfed by the cells.

Table 5.5. Amount of particles internalized in Hela cells for the gold-decorated AP, and AP, particles.

Particles Mpariicie (PY/cell)
All MUS_AP;, 18.0
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Figure 5.22. Curves of magnetization for: (a) All MUS_APs., and the cell pellets containing, (b) All MUS_APg. and (c)
MUS-OT_APee.
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Analysis of the cell internalized particles by TEM/HRTEM

Electronic microscopy was used not just for localizing particles into cells, but also for checking
the cells structure after the treatment. Before performing the observation, chemical fixation was
needed to preserve and stabilize the soft structure of the cells. This process followed a pre-
designed protocol and it was done by the technicians at the Microscopy Service of the
Universitat Autonoma de Barcelona (UAB): after discarding the supernatant, the pellets were
redispersed in 1.5 mL of the fixation medium (glutaraldehyde 2 % in cacodylate buffer at 0.1 M)
and incubated at 4 °C for at least 2 h. After this process, a post-fixation step carried out at the
same time staining with OsO, 1 % at 4 °C for 2 h. Then, the cells were dehydrated in alcohol
series and embedded in Epon resin. Ultrathin sections (70 nm in thickness) were cut with a
diamond knife, placed on non-coated 200 mesh copper grids and contrasted with conventional

uranyl acetate solution for 30 min.

The cells observed by TEM after the incubation with the particles All MUS_AP, (Figure 5.24b),
MUS-OT_AP¢. (Figure 5.24c) and APg (Figure 5.24d) presented neither size nor structural
differences when compared with the control cells in Figure 5.24a. The cell and nuclear
membranes remained continuous after the particles treatment and there was not evidence of

apoptotic bodies.

In all cases, nanoparticles appeared internalized into the cells as bright and spherical dots and
only in some cases the core-shell structure could be distinguished, as in the AP, sample in the
purple inset of Figure 5.24d. The particles were distributed in the cytoplasm and they did not

enter into the nucleus. Only few nanoparticles were found outside the cells.
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Figure 5.24. TEM images of Hela cells: (a) as control and after 1 h incubation (37 °C, 5 % CO,) of (b) All MUS_APe,
(c) MUS-OT_AP¢. and (d) APre nanoparticles. Black arrows mark the particles inside or outside the cells. Insets: larger

magnification with enhances contrast between the nanospheres and the organic matter of the cells.

The particles structure was clearly observed by HRTEM and, more importantly, the particles
seemed to be confined in an area delimited by a membrane. This finding may indicate the
presence of endosomes surrounding the particles. Figure 5.25a shows the All MUS_AP¢, particle
inside one cell where the vesicle is not clear. A group of the same particles in the cytoplasm of a
cell is exhibited in the high magnification image of Figure 5.25b, where the membrane could be
recognized. Increasing the magnification to capture the image of one particle (Figure 5.25c), the
membrane was more easily identified. Similarly, the same aspects were monitored for the MUS-
OT_AP¢, (Figure 5.25d, e and f) and AP (Figure 5.25g, h and i) particles. For these samples, it is
possible to distinguish even the two flat sheets forming the lipid bilayer of the cell membrane at

high magnification.

The fact that not all the particles were internalized and surrounded by a membrane suggested
that nanospheres could escape from the endosomes. This process has found to be related with

the surface functionalization of silica systems.*?
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Figure 5.25. HRTEM images of Hela cells after 1 h incubation (37 °C, 5 % CO,) of: (a, b, ) MUS_APs, (d, e, f) MUS-
OT_APre and (g, h, i) APg nanoparticles. Black arrows mark the possible endosomal membranes. Yellow arrows
indicate the images in each yellow square at larger magnification.

By electronic microscopy, it was also checked that, in general, both the gold-functionalized and
the pristine APg. nanoparticles were uptaken by the cells as independent entities or as small
groups of 2-4 particles. The largest aggregates were not engulfed by the cells.

5.6.3. Cytoxicity evaluation of gold-decorated iron oxide-silica

nanoparticles

Cell viability was evaluated for both the gold-coated and pristine composite particles. MTT tests
were performed by Maria Milla, as previously explained, after incubation at 0.1 mg/mL during 1 h
(37 °C, 5 % CO,) in Hela cell cultures.

The results obtained are represented in Figure 5.26. All the particles were non toxic to the cells
showing cell viabilities around or over 100 %.
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Note that raw APy nanoparticles at a concentration of 0.1 mg/mL were cytotoxic when

incubation was done for 13 h (see Figure 5.5) but they were non toxic after 1 h of treatment.
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Figure 5.26. Hela cells viability in the presence of particles gold-coated and APg nanparticles. Error bars were

calculated from the deviation standard of the results obtained in three wells. The dashed line at 90 % of cell viability

is a guide for the eye.

5.7. CONCLUSIONS

Preliminary biological assessment of the three types of silica-based materials synthesized in this

thesis was studied. Several physicochemical properties such as colloidal stability in different

media or surface functionalization of the silica-based particles were explored. In addition,

cytotoxicity tests and cells internalization of pristine and both fluorescently-labeled and gold-

decorated iron oxide-silica nanoparticles were studied. The main results and conclusions found

are summarized as follows:

As many colloidal systems, AP and AP, particles aggregated in liquid media. However, those
materials presented the highest colloidal stability when dispersed in supplemented culture
medium, while the largest aggregates were found in PBS. This trend was especially visible for
the APg, nanospheres forming clusters smaller than 500 nm in serum supplemented biological
medium, but aggregates larger than 2 um in the saline solution. Stabilization due to both
electrostatic repulsions and steric impediments due to a specific protein adsorption on the
silica surface was attributed to this finding. When dispersed in pure water, composite particles
exhibited the highest stabilization at physiological conditions (neutral pH) and the largest
clusters in acid pH.

Silica submicron particles (AP) and composite nanoparticles (APg) presented negligible
degradation at stomach pH-simulated medium (pH = 2) but partial silica dissolution at blood
stream pH-conditions (pH = 7.4) occurred in two days. The highly porous aerogel monolith
(AM) is the most degraded, with amounts of remaining SiO; of ~ 90 wt% for acid pH and ~
50 wt% for basic medium up to 30 days.
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e APr nanoparticles were non toxic to the cells at a concentration of 0.1 mg/mL for 1 h of
incubation. In contrast, they were cytotoxic when the incubation time increased to 13 h even
at low concentrations (0.025 and 0.05 mg/mL).

e The chemical versatility of the silica and its importance in biomedical applications was
checked by functionalizing particle surfaces. Besides the particles coating with PEG, the silica
surface of the composite nanoparticles was modified with amino groups to which fluorescent
molecules or two types of ligand-coated gold nanoparticles were attached. For 1 h of
incubation at a concentration of 0.1 mg/mL, the cell uptake was around 15 and 18 pg/cell for
the pristine AP nanospheres and one type of gold-decorated AP, respectively. The
composite material distributed in the cytoplasm as individual particles or small groups of
them without damaging the cells structure. The endocytic cell uptake mechanism could be
tentatively assessed by identifying endosomal vesicles with HRTEM. For these particles, that
were 177 nm in size, endocytosis was likely surface charge-independent being the particles

size the dominant factor for internalizing the external material into cells.

However, in regards of their bioapplications, more research is needed to better understand the
mechanism through the nanospheres colloidally stabilized in presence of serum or in order to

find the optimal conditions of concentration and incubation time without inducing cytoxicity.

In conclusion, the composite iron oxide-silica nanoparticles are a promising system to be used in
biomedical applications, especially in drug delivery. Oral and direct cellular internalization were
suitable routes of administration, while the aggregation in liquid media limited the potential
intravenous injection. In those cases, disaggregation strategies need to be explored. Moreover,
the particles surface was easily modified to produce multifunctional materials targeting specific
requirements. The magnetic counterpart gives the particles theranostic properties (MRI) and

presumably allows guidance by applying an external magnetic gradient.
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CONCLUSIONS AND FUTURE WORK

Oeg

In this chapter the general conclusions and some suggestions for future studies to

continue the work developed in the present thesis are summarized.
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6.1. GENERAL CONCLUSIONS

The main goals achieved during this PhD thesis are described in the following four sections:

1-

162

An approach for the synthesis of porous silica-based nanoparticles combining sol-gel
chemistry with the supercritical fluids technology, without using porogenic agents, was
validated by the fabrication of two different types of materials: core(iron oxide)-shell(silica)
nanoparticles and sub-micron silica particles. Those products were aimed to fulfill the
required properties to be further charged with a therapeutic agent and functionalized for

controlled drug delivery applications.

The systems showed spherical morphology, tunable sizes and narrow size distributions. The
particles were obtained as dried powder and they were easily dispersible in water and other
polar solvents until a maximum concentration of 1 mg/mL. Their textural properties were
characterized by the presence of micropores interconnected in an open framework. Iron
oxide-silica nanoparticles exhibited superparamagnetic properties with high saturation

magnetization.

The obtained results indicated that iron oxide-silica nanoparticles had suitable structural
and magnetic properties for their use as theranostic devices, both as drug carriers and
contrast agents for magnetic resonance imaging (MRI). Silica particles would be

restricted to oral administration of therapeutics because of a size-limitation.

A therapeutic agent for thrombosis treatment (Triflusal) was homogenously encapsulated and
stabilized in molecular form within the silica-based materials by dissolution in supercritical
carbon dioxide, thus avoiding the use of toxic organic solvents. Drug stability to moisture
when entrapped in the silica-based materials and the /n vitro drug release profiles in aqueous
media at different pHs were studied. The obtained results were compared with those

acquired for an organic polymeric system (PMMA beads).

Triflusal loadings were found to be around 16 wt% for aerogels and PMMA beads and 3-4
wt% in the particulate materials. Importantly, higher drug stabilization against moisture was
found when impregnated in the hydrophilic silica matrices when compared to data obtained
for the hydrophobic polymer. Triflusal release showed different profiles depending on the
porous structure and the chemical nature of the matrices: a fast delivery with more than 80
wt% of the drug dissolved within the first minute was found for silicas, while a sustained

release lasting for several days was observed for PMMA.

Summarizing, the combined use of porous inorganic matrices as host materials,
functional organic molecules as guests and the supercritical fluids technology renders
hybrid materials with improved properties towards different purposes. Silica-based
materials behaved as drug carriers for the potential enhancement of the bioavailability of

poorly-water soluble therapeutics.
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The silica-based particles were functionalized with biopolymers by modifying the silica surface
in presence of compressed fluids, which acted as antisolvent or reaction media for the
polymers Eudragit® RL 100 and polyethyleneimine, respectively. Three different coating
methods were assayed depending on the particle size and the type of coating agent used.
Eudragit covering of the triflusal-loaded nanoparticles was proved as an efficient mechanism
to sustain the drug release in aqueous media at different pHs, while protecting the cargo
from hydrolysis. PEL grafted on the particles surface potentially enhances the cellular uptake

without varying the drug release behavior.

Results presented a sustain triflusal release for both silica and iron oxide-silica particles when
functionalized with Eudragit: less than 25 wt% of the drug was dissolved in the first ten
minutes and the remaining amount showed a prolonged release during several hours. When
fitting the obtained data to some mathematical models, the drug delivery mechanism was
found to be governed by diffusion in all cases.

Polymerization of aziridine to form PEI on the surface of silica-based particles was assessed
using a rapid approach in compressed CO,. Interestingly, the formed PEI was characterized by
its low molecular weight, which leads on a toxicity decrease of the PEI-coated particles. Since
PEI-functionalization is known to facilitate cellular uptake, an effective and direct release of

the therapeutic cargo into cells would be favored for the PEI-coated silica-based particles.

In conclusion, chemically stable complex materials have been fabricated by coating the
silica-based particles with biopolymers. Eudragit-encapsulated particles were established
as adequate products for controlled drug delivery and PEI-coated particles showed

appropriate features for their use in biomedicine.

In order to better understand some perspectives and limitations of the use of silica-based
materials in biomedicine, several physicochemical characteristics of these materials were
explored. Cytotoxicity and cell internalization were also preliminarily tested. Finally, further
modification of the silica surface was performed to provide the particles with extra

functionalities. The main results and conclusions are:

- Although particles aggregated in water forming clusters larger than 2 um in size, they tend
to stabilize in serum supplemented biological medium resulting in aggregates below 500 nm

in size.

- Particles degraded in basic aqueous medium (pH = 7.4) around 30-40 wt % in two days, but

they remained stable in acid conditions (pH = 2).

- Iron oxide-silica nanoparticles were biocompatible at a concentration of 0.1 mg/mL for 1 h

of incubation in Hela cells, but they were cytotoxic after 13 h of incubation.

- The chemical versatility of the silica was utilized to fluorescently-label the iron oxide-silica

nanoparticles. Moreover, ligand-capped gold nanoparticles were chemically bonded to the
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silica surface and Hela cells uptake was evaluated at a concentration of 0.1 mg/mL for 1 h of
incubation. Pristine and gold-decorated particles were internalized up to 15 pg/cell and 18

pg/mL, respectively.

When considering biomedical uses of our silica-based materials, the obtained results so
far evidence that more research would be needed to refine the optimal conditions of
application. Still, iron oxide-silica nanoparticles are promising theranostic materials
especially for drug delivery and MRI imaging, which could be intravenously administered
if disaggregation studies are better explored. We have further demonstrated that silica is
a versatile material that can be chemically exploitable to fabricate complex materials.
This has been done by decorating silica particles with gold nanoparticles or by attaching

functional molecules (polyethylene glycol, BODIPY® dye, ...).

6.2. FUTURE WORK

In view of future research, the results obtained in this thesis allow for further experimentation in

several directions, enumerated following.

Regarding drug delivery, other active pharmaceutical ingredients with higher therapeutic value
than Triflusal could be impregnated in the silica-based particles. Drugs for chemotherapy could
be good candidates for this purpose. Nevertheless, it has to be taken into account that the
therapeutic agents of choice should have a sufficient solubility in supercritical CO,! or in

compressed mixtures co-solvent/CO,.

To increase drug payload and diversification of the type of therapeutics, the fabrication of
mesoporous nanoparticles that could host more quantity and larger molecules could be tackled
by using porogenic agents in combination with the use of supercritical fluids. Preservation of the
colloidal stability of the initial sol in presence of a surfactant would be a key point to be solved

for applying such approach.

Achieving a target drug release commonly requires functionalization of the materials surface. In
this sense, it would be interesting to functionalize the particles with specific ligands (folate
receptors, antigens, ...) that could target the tissue for which the drug has been designed. This
conjugation would likely help particles disaggregation in aqueous media, thus facilitating their

potential intravenous administration.

Degradation kinetics of the silica-based particles in water, basal and serum supplemented
biological media could be evaluated and compared. This study would clarify the role of the

adsorbed proteins on the silica dissolution at physiological pH.

Interestingly, results are expected by exploring the internalization of PEI-coated iron oxide-silica
nanoparticles in Hela cells and comparing with the results observed for the pristine and the
gold-decorated nanoparticles. An increase in the cellular uptake is expected for the materials

encapsulated in positively charged PEL? These experiments could be accompanied with
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cytotoxicity evaluations by MTT tests, which are expected to reflect an enhanced biocompatibility

of the functionalized nanoparticles with respect to the uncoated ones.

Biocompatibility of porous silica nanoparticles to red blood cells has found to be shape-
dependent increasing with the aspect ratio of the particles.? Since our methodology permits to
obtain worm-shaped nanostructures (results not shown), analysis of the hemolytic activity of

nanoworms and nanospheres would be relevant for potential intravenous administration.

Gupta, R.B., Shim, J.-J. Solubility in supercritical carbon dioxide. CRC Press, New York, 2006.
Calatayud, M.P, Sanz, B, Raffa, V. Riggio, C, Ibarra, M.R, Goya, G.F. The effect of surface charge of
functionalized Fe3O4 nanoparticles on protein adsorption and cell uptake. Biomaterials, 2014, 35, 6389-6399.

3. Yu, T, Malugin, A, Ghandehari, H. Impact of silica nanoparticle design on cellular toxicity and hemolytic activity.
ACS Nano, 2011, 5, 5717-5728.
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ANNEXES

This section briefly introduces basic concepts on the techniques used and gives

technical information on the employed facilities.
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7.1. CENTRIFUGES

Iron oxide nanoparticles and PEI and PEG-coated particles were purified by redipsersion in the
appropriate solvents and precipitation in an Eppendorf Centrifuge 5804.

Cell pellets were obtained by using an Eppendorf Centrifuge 5702 at the Institut de Biologia i
Biomedicina (IBB).

7.2. CONFOCAL MICROSCOPY

With confocal microscopy the emitting light of fluorescent materials can be visualized as an

image.

For chromophore-impregnated materials, a Fluorescence data was obtained using a Leica TCS
SP5 AOBS confocal laser microscope was used while, for fluorescently-labeled composite APg.
nanoparticles, images were taken with a Zeiss SLM 700 confocal microscope at the Universitat

Autdnoma de Barcelona (Medicine Faculty).

7.3. DIFFERENTIAL SCANNING CALORIMETRY (DSC)

DSC allows the detection of thermal-induced transitions of materials such as melts, glass
transitions, phase changes, and curing. A sample of known mass is heated or cooled and the

changes in its heat capacity are tracked as changes in the heat flow in a nitrogen atmosphere.

DSC data were acquired using a Perkin Elmer DSC8500 LAB SYS (N5340501) differential scanning
calorimeter equipped with a Liquid N, controller CRYOFILL (N534004).

7.4. DIFFUSE-REFLECTANCE SPECTROSCOPY

Reflectance spectroscopy is very closely related to UV-Vis spectroscopy, in that both of these
techniques use visible light to excite valence electrons to empty orbitals. The difference in these
techniques is that diffuse-reflectance measures the relative change in the amount of reflected

light off of a surface.

The diffuse-reflectance measurements of chromphore-impregnated materials were performed at
the Universitat de Barcelona (Departament de Quimica Analitica) with a Perkin-Elmer Lambda 19
UV/Vis/NIR spectrophotometer.

7.5. DINAMIC LIGHT SCATTERING (DLS)

The hydrodynamic diameter of micro and nanoparticles in a liquid medium can be determined
by DLS. Particles dispersed in a liquid constantly collide with solvent molecules and move
randomly in different directions with different speeds (Brownian motion). A laser irradiates the
sample and the beam is scattered by particles in Brownian motion. The detector measures the

rate at which the intensity of the scattered light changes in time due to particle movement
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(smaller particles induce more rapid fluctuations of light than larger particles). The intensity
fluctuation of the scattered light is related to the size distribution of particles by instrument
calculations (correlation function) obtaining an intensity of scattered light vs. size curve. The
fundamental size distribution generated by DLS in intensity distribution can be converted to a

volume distribution that can also be further converted to a number distribution.

DLS experiments were performed using a Zetasizer Nano ZS instrument (Malvern Instruments)
with a He/Ne 633 nm laser.

7.6. FLUORESCENCE SPECTROSCOPY

Fluorescence spectroscopy provides information for both qualitative and quantitative analysis. By
being irradiated with a light source (commonly of ultraviolet wavelengths), the electrons of a
material are excited and promote to higher energetic levels emitting radiation at different
wavelengths when returning to the ground state. The emitted light is measured as a function of
the wavelength.

Fluorescence data of chromophore-impregnated samples were obtained using a Leica TCS SP5
AOBS confocal laser microscope at 420 nm.

7.7. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

FTIR is used to gather qualitative and quantitative information about the chemical structure of
organic and inorganic compounds. Most molecules vibrate in the mid-infrared range (4000-400
cm1) showing specific vibration frequencies for each chemical bond. The sample is irradiated
with wavelengths in the mid-infrared range and absorption is measured at each wavelength.
Afterwards, the equipment converts the adsorption value at each corresponding wavelength into

a spectrum by using a mathematical process Fourier transform.

FTIR spectra were recorded on a Perkin-Elmer Spectrum One spectrometer.

7.8. HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

The components of a mixture can be separated, identified and quantitatively analyzed by a HPLC
equipment. It consists on the interaction between two different phases: the mobile phase
(commonly the solvent for the analyte) and the stationary phase (a chromatographic column that
contains the packing material needed to effect the separation). A high-pressure pump is used to
generate a specified flow rate of the mobile phase. An injector introduces the sample into the
continuously flowing mobile phase stream that carries the sample into the HPLC column. The
different components elute from the column to reach the detector at different times depending
on the physical or chemical interactions that they establish with both mobile and stationary

phases. This time is characteristic of every compound and it is called retention time (tg).
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The chromatographic system consisted of an Agilent 1100 Series instrument equipped with a
G1311A quaternary pump, a G1379A degasser, a G1315B diode array-detector furnished with a
13-pl-flow-cell and an Agilent Chemstation for data acquisition and analysis (Rev. A 10.02).

Samples were injected with a six-port valve Rheodyne 7725 with a 20 pl sample loop.

7.9. HIGH-PRESSURE EQUIPMENT

Synthesis of silica-based materials

The silica-based materials were prepared in the Pilot Plant (Figure 7.1) of the Laboratory of
Supercritical Fluids sited at MATGAS 2000 AIE. The equipment can operate up to 500 bar and
400 °C. The system was equipped with two reactors: the 2 L reactor was used as the synthesis
chamber while the 1 L reactor was used as the collector for the extracted solvents. The
pressurization was performed injecting compressed carbon dioxide with a Lewa pump. The
depressurization was automatically controlled by a flow rate control valve. The plant was
controlled by a Programmable Logic Controller (PLC) through a software control. No mechanical
stirring or refrigeration systems were used during the synthesis. The plant was operated by Raul
Solanas, the engineer in charge of the Laboratory of Supercritical Fluids where the system is
placed.

Figure 7.1. Pilot plant at MATGAS 2000 AIE used for the synthesis of silica-based materials.
Cations impregnation equipment

A high pressure equipment running in the batch mode was employed to impregnate materials
with photosensitive cations (Figure 7.2). The system utilized a cooling unit (EX1, Lauda Ecoline)
containing polyethyleneglycol and water to liquefy CO, and a TharDesign SP240 syringe pump to
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pressurize CO,. The tubular vessel had a volume of 100 mL (Autoclave Engineers) and it was

equipped with a vertical magnetic stirrer from MagnetDrive IIL

Figure 7.2. High-pressure equipment used for cations impregnation.
Drug impregnation equipment

A high pressure equipment (Figure 7.3). running in the batch mode provided with a cooling unit
(EX1, Lauda Ecoline) containing polyethyleneglycol and water, a 70 mL autoclave (TharDesign)

and a syringe pump (TharDesign SP240) was used for drug impregnation experiments.

Figure 7.3. High-pressure equipment used for drug impregnation.
Semicontinuous precipitation compressed antisolvent (PCA) equipment

The PCA apparatus worked in a semicontinuous co-current mode, in which the CO, anti-solvent
and the liquid solution were separately fed to the top of the precipitator and were continuously
discharged from the bottom. The spray chamber consisted of a high-pressure vessel (Autoclave
Engineers), 5 cm i.d. x 25 cm long with sapphire windows at three different levels allowing a

visual observation of both the spray and the precipitation. At the bottom of the vessel, the
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precipitated powder collected onto a membrane filter of 0.22 ym placed on top of a stainless
steel filter of 2 um porosity. The CO, was cooled by flowing through a cold water + ethanol bath
and pumped at constant flow with a reciprocating LEWA (EK3) pump. Prior to entering the
precipitation chamber, it flowed through a second water bath for heating at the vessel
temperature. The pressure inside the vessel was controlled downstream by a metering valve, and
the temperature was controlled with heating jackets (Watlow). Acetone solutions of solutes were
sprayed into the precipitation chamber by means of a reciprocating dual-piston minipump
(Milton Roy LDC).

Batch gas antisolvent (GAS) equipment

A GAS high pressure apparatus working in the batch mode was used. The precipitation unit was
a 0490 L vessel equipped with a stirrer ended by a Rushton-type turbine that plunges into the
solution. The CO,, introduced by a Lewa pump, was dispersed into the solution through the eight
turbine holes. The vessel temperature was controlled by heating jackets. A stainless steel filter
(porosity 5 pm) overtopped by a membrane disk of 0.22 um in porosity collects the produced

particles at the vessel bottom.

7.10. INDUCTIVELY COUPLED PLASMA-MASS SPECTROMETRY (ICP-MS)

ICP-MS is used for quantitative determination of elements in solids, liquids or gases. In an ICP-
MS apparatus, a high-temperature ICP source is combined with a mass spectrometer detector.
The material is introduced into a high-energy argon plasma (at 7000 K) where the material is
split into individual atoms that then lose electrons to become into singly charged positive ions.
Most elements ionize very efficiently (> 90%) in the hot plasma. To allow their identification, the
elemental ions produced are extracted into a mass spectrometer, with which the elemental

composition of the material is determined.

The elemental analysis was done at the Universitat Autdonoma de Barcelona (Servei d'Analisi
Quimica) in an Agilent 7500ce ICP-MS equipment. When measuring solid samples, they were first
digested with a mixture of nitric acid (HNOs) and hydrofluoric acid (HF) in a microwaves oven.

For liquid solutions, samples were directly diluted in HNO; (1% v/v).

7.11. LASER DOPPLER MICRO-ELECTROPHORESIS

This technique is used to calculate the zeta potential of colloidal particles in aqueous
suspensions. The electrophoretic mobility is the movement of a charged particle under the
influence of an applied electric field and relative to the liquid in it is suspended. Since this
parameter depends on the zeta potential of the colloid, by performing an electrophoresis
experiment on the sample and measuring the particles velocity, the obtained data can be related

with the zeta potential.
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Electrophoresis experiments were done using a cell with electrodes and the particles velocity was
measured by a Laser Doppler Velocimetry (LDV) apparatus. The equipment used was a Zetasizer

Nano ZS instrument (Malvern Instruments) with a He/Ne 633 nm laser.

7.12. MATRIX-ASSISTED LASER DESORPTION/ IONIZATION SOURCE
(MALDI)-TIME OF FLYING (TOF)

MALDI attached to a mass spectrometry (TOF) detector is a sensitive technique for determining
the mass of polymers or biomolecules. The sample is mixed with an appropriate matrix on top of
a slide plate and irradiated with a short laser pulse. The matrix absorbs the ultraviolet light and
converts it to heat energy. A small part of the matrix heats rapidly and vaporized, together with
the sample leading to release of matrix, sample molecules, and ions of various sizes from the
slide. A potential difference between the sample slide and ground attracts the ions in a particular
direction with a velocity that is related to the mass to charge ratio (m/z) of the ions: ions with
smaller m/z value move faster through the drift space until they reach the detector.

Consequently, the time of ion flight differs according to the m/z value of each ion.

An Applied Biosystems Voyager 6214 time-of-flight mass spectrometer equipped with a MALDI-
TOF was also used to estimate the molecular weight of the polyethyleneimine polymer obtained
after the process in compressed CO,.

7.13. MTT ASSAY

A colorimeter assay based on MTT (3-[4,5-dimethylthiazol-2-yI]-2,5 diphenyl tetrazolium bromide)
reduction is used to determine the /n vitro cell viability. The yellow MTT complex is reduced by
metabolically active cells to generate reducing equivalents. The resulting intracellular purple

formazan can be solubilized and quantified by UV-Vis spectrophotometry.

The cells incubated with the composite particles were analyzed in a Perkin Elmer Victor3 micro

plate reader.

7.14. NITROGEN ADSORPTION/DESORPTION ISOTHERMS (BET EQUIPMENT)

Nitrogen adsorption/desorption isotherms are used to analyze the textural properties of different
materials, mainly powders. By applying the BET method to the obtained isotherms, parameters
such as surface area, pore volume or pore size of mesoporous materials are acquired. T-plot

method is widely used to have information about microporous systems.

Nitrogen adsorption/desorption data were taken at 77 K using an ASAP 2000 surface area

analyzer from Micromeritics Instrument Corporation.
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7.15. SCANNING ELECTRON MICROSCOPY (SEM)

Electron microscopies serve to obtain information about the morphology (texture) and chemical
composition of materials, some of them at the nanometric scale. In a SEM microscope, a beam of
accelerated electrons is produced at the top of the microscope by an electron gun. The electron
beam follows a vertical path through the microscope, which is held within a vacuum, travelling
through electromagnetic fields and lenses, which focus the beam to the sample. Once the beam
interacts with the sample, electrons and X-rays are ejected, collected and converted into a signal

that produces the final image.
In this thesis, a QUANTA FEI 200 FEG-ESEM microscope was used to observe different materials.

Samples were previously coated with gold at the Universitat Autdnoma de Barcelona (Servei de
Microscopia) with a K550 Sputter Coater (Coating Attatchment Emitech. Ashford, UK).

7.16. STATIC LIGHT SCATTERING (SLS)

SLS is used to characterize molecules in solution. In a similar way to DLS, the molecules in a
sample are illuminated by a laser, with the molecules scattering the light in all directions. But,
instead of measuring the time dependent fluctuations in the scattering intensity, SLS uses the
time-averaged intensity of scattered light. The intensity of light scattered over a period of time,
ie. 10 to 30 seconds, is accumulated for a number of concentrations of the sample. This time
averaging removes the inherent fluctuations in the signal, hence the term “Static Light

Scattering”.

A Zetasizer Nano ZS instrument (Malvern Instruments) with a He/Ne 633 nm laser was utilized to
measure the molecular weight of the polyethyleneimine polymer obtained after the process in

compressed CO,.

7.17. SUPERCONDUCTIVE QUANTUM INTERFERENCE DEVICE (SQUID)

SQUID is a highly sensitive magnetometer used to measure extremely subtle magnetic fields.

The magnetization of the iron oxide and composite iron oxide-silica nanoparticles were
measured at 5 and 300 K using a magnetometer Quantum Design MPMS5XL that applied
magnetic fields up to 6 Tesla. Zero-field cooling, field cooling magnetization measurements as a

function of temperature were performed applying a magnetic field of 50 Oe.

7.18. THERMOGRAVIMETRIC ANALYSIS (TGA)

This technique gives quantitative data on the chemical changes of a solid with temperature. The
sample is placed on a support attached to a precision balance and subjected to a controlled
temperature program (normally heating) in a controlled atmosphere. The equipment monitors
the sample weight as a function of temperature. This gaseous atmosphere might be inert or a

reactive gas.
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TGA measurements were done in a NETZSCH-STA 449 F1 Jupiter equipment in a flow of

nitrogen.

7.19. TRANSMISSION ELECTRON MICROSCOPY (TEM)

TEM allows performing morphological and crystalline analysis of materials in the nano level with
high resolution. An electron source at the top of the microscope emits the electrons that travel
through vacuum in the column of the microscope. As in SEM, TEM uses electromagnetic lenses
to focus the electrons into a very thin beam. The electron beam then is transmitted through the
specimen. Depending on the electronic density of the material, some of the electrons are
scattered and disappear from the beam. At the bottom of the microscope the unscattered
electrons hit a fluorescent screen, resulting in a “"shadow image" of the specimen with its

different parts displayed in varied darkness according to their density.

Different microscopes were used depending on the purpose. For low-resolution images, a 120 KV
JEOL 1210 operating at 120 KV was used. At the Universitat Autdbnoma de Barcelona (Sevei de
Microscopia) a low-resolution 120 KV JEM 1400 opreating a 100 KV and a high-resolution 200
KV JEM 2011 operating at 200 KV were used. Cryo-TEM analysis was performed by depositing a
drop of the sample dispersion onto a Quantifoil® grid, and rapidly quenching it into liquid
ethane. The grid was then transferred into the JEM 2011 microscope operating where the

temperature was kept under -140 °C during the cell imaging.

7.20. UV-VIS SPECTROSCOPY

UV-Vis spectroscopy is used in the quantitative determination of many compounds. It is
commonly carried out in solutions. When a material is irradiated by an ultraviolet or visible light
beam (400-700 nm), the valence electrons of some molecules can absorb the light and excite to
higher energetic states of empty orbitals. This technique measures the relative change of
transmittance of light as it passes though the medium that is equivalent to the absorbed light by

a sample.

A Cary 5 Varian UV/Vis/NIR spectrophotometer was used.

7.21. X-RAY DIFFRACTION (XRD)

It is possible to identify the atomic and molecular structure of crystalline materials with XRD
obtaining information about the crystalline phase and unit cell dimensions of solids. X-ray
wavelengths are in the range of interatomic distances (0.1-10 nm). When X-ray radiation is
directed on a sample, the X-rays are diffracted by atoms present in the material. If the atoms in
the material are arranged in a regular structure, /e. if the material is crystalline, these constructive
interferences are produced into specific directions. During a powder XRD (PXRD) measurement

the angles of incidence and detection are scanned while the sample is rotated around the beam
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axis. When the intensity of detected X-rays is plotted as a function of the diffraction angle (8) an

X-ray diffraction pattern is obtained, which is characteristic for the sample material.
In this thesis the XRD patterns where obtained by using different equipments:

To analyze iron oxide nanoparticles in both composite AP, and dried IONPs particles, a Rigaku
Rotaflex RU-200B using a Cu anode with A1 + Akqz = 1.5418 A in the 26 range of 10-90° (AP:.)
and 20-70° (IONPs) was used.

To detect both the amorphous structure of silica and the drug in raw silica AP and drug-
impregnated AP and AP particles a Siemens D-5000 with a Cu anode provided by A1 + Akez =
1.5418 A in the 28 range of 5-60° was employed.

To analyze the amorphous nature of silica and the drug in raw or drug-loaded aerogels without
grinding the monolithic structure a Bruker-AXS D8 Advance using a Cu anode with A1 + Agee =

15418 A and a 0.5 mm collimator operating from 5 to 70°.
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The present work is concerned with host—guest processes in the micro- and mesoporous restricted
spaces provided by silica aerogels and aluminosilicates. A supercritical carbon dioxide
ship-in-a-bottle approach was used for the synthesis of photoactive molecules (triphenylpyrylium
and dimethoxyltrityl cations) inside these nanoporous matrices. The resulting hybrid
nanocomposites can act as stable and recoverable heterogeneous photocatalysts, having obvious
advantages with respect to the more easily degraded organic cations frequently used in
homogeneous catalysis. Two aspects of green chemistry are combined in this study to produce
nanoporous materials loaded with cationic photosensitizers: (i) the use of supercritical carbon
dioxide as a reaction medium in one-pot and as a zero waste technology, and (ii) the use of
transparent high surface area nanoporous supports that are expected to be more effective for the
target photoactive applications than traditional opaque microporous matrices.

Introduction

Nanoporous inorganic oxide materials possess unique surface,
structural and bulk properties that underpin their importance
in various fields of application, such as ion exchange, separa-
tion, catalysis, sensors and molecular isolation or purification
processes.”* Nanoporous materials are also of scientific and
technological importance owing to their ability to adsorb and
interact with atoms, ions and molecules in restricted spaces.
As a result, new synthetic pathways to fabricate functional
materials can be implemented in research areas such as inclusion
chemistry, host—guest synthesis, molecular manipulation and
reactions at the nanoscale.® This work deals with the prepa-
ration of nanoporous and nanocomposite hybrid materials. In
particular, we report here an environmentally improved ship-in-
a-bottle approach for the synthesis of photoactive molecules
inside the micro- and mesoporous spaces provided by silica
aerogel matrices, which are compared with an aluminosilicate
support. In fact, both aerogels** and zeolites®” are among the
most porous host materials known, with accessible surface areas
as large as 1000 m?g™".

A particular case of a host—guest synthesis procedure is the
encapsulation of chromophores and cationic organic dyes within
nanoporous matrices to be used in optical applications such
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as solid-state dye lasers,*® aerogel-platform gas sensors' or in
photocatalysis.'™® In comparison to homogeneous transpar-
ent solutions, an inherent disadvantage to all photochemical
reactions carried out heterogeneously using opaque solids as
supports are optical phenomena associated with the interaction
of light with the solids (scattering, diffraction and reflection).
The use of highly transparent mesoporous silica aerogel struc-
tures could bring added value to materials for photocatalysis
(Table S1, ESIT). The photosensitizers selected in this work were
the 2,4,6-triphenylpyrylium (Ph;Py*) and the dimethoxyltrityl
((CH;0),Ph;C*) cations. Both salts have a relatively high
oxidation power and have been reported to be good electron
transfer photosensitizers for photochemical reactions involving
aromatics, dienes or alkenes and epoxides, and for treating
air and water pollutants using solar light.'"”?® Unfortunately,
they also have a poor stability in aqueous media.’**® The
compartmentalized intravoid spaces of nanoporous matrices are
specially suited to incorporating and stabilizing these guests.
Hence, the resulting host-guest assemblies can act as easily
recoverable heterogeneous photocatalysts.

The use of supercritical carbon dioxide (scCO,) as a solvent
to perform adsorption and impregnation processes,**’ mate-
rials functionalization®3? and chemical reactions has received
considerable attention as a viable and sustainable alternative to
conventional liquid solvents.**>*” In our previous work,'>'¢ the
use of scCO, to impregnate organic molecules and cations into
microporous solids have been reported as viable and sustainable
alternatives to conventional organic solvents. The results of these
previous studies, together with the work extended here to prepar-
ing photocatalytic transparent nanocomposite materials based
on silica aerogels, are further discussed in light of the principles
and tools of green chemistry.® Firstly, our one-step ship-in-
a-bottle process incorporates environmental considerations by
avoiding the use of persistent organic solvents and minimizing
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the necessity of the final washing and drying steps. The final
washing step is performed with a continuous flow of scCO,. The
generated CO, is contaminated with residual organics; however,
these organics can be easily eliminated from the exit flow by solid
adsorption (f.i., using zeolites) or by decreasing the pressure,
thus reducing the scCO, solvent power. Conversely, conventional
processes usually require an exhaustive and time consuming
Soxhlet extraction post-treatment for purification®**! consisting
of cleaning through extraction with dichloromethane at 40—
45 °C over 2-3 days followed by filtration and solvent drying
under vacuum for a minimum of 24 h. Secondly, the use of
scCO, as a solvent facilitates the recovery of the non-reacted raw
materials by simply lowering the pressure of the system. Finally,
the very low viscosity and null surface tension of scCO, greatly
accelerates diffusion through the nanochannels in comparison
with organic solvents.

In this work, results of the encapsulation ability and photo-
chemical stability of the previously mentioned cations in trans-
parent mesoporous silica aerogels were compared with those
obtained for opaque zeolites. For all the studied matrices, the
impregnated cations showed a higher hydrolysis stability when
encapsulated than in their crystalline form. The characterization
of the resulting materials was based on infrared, ultraviolet-
visible and fluorescence spectroscopies, thermogravimetric anal-
ysis, surface area nitrogen adsorption and optical microscopy.

Experimental
Materials

Host  nanoporous matrix  preparation. Laboratory-
synthesized monolithic and particulate silica aerogels (AM and
AP, respectively) and a commercial microporous zeolite of the
faujasite-type (ZY) were used as matrices for impregnation.

Aerogel matrices were prepared by the hydrolysis and poly-
condensation of tetramethylorthosilicate (TMOS, Aldrich) and
high temperature supercritical drying by following reported
procedures.*** Typically, silica aerogel monoliths were obtained
from a mixture of methanol: TMOS : water (12.25:1:4 molar
ratio) in the presence of a small amount of ammonium hydroxide
used as a catalyst, while a mixture of acetone: TMOS:H,0
(88.34:1:2 molar ratio) was used to precipitate the particulate
system. In the first case, the gels were subjected to supercritical
drying using a 2 L automated high pressure reactor (Autoclave
Engineers). In the second, the sol obtained from the acetone
solution was transferred to a 1 L Pyrex lab beaker and
immediately introduced into the high pressure autoclave. In
both cases, the pressure inside the reactor was increased to ca.
50 bar by adding CO,. Next, to exceed the critical point of
the mixtures (CO,/methanol or CO,/acetone), the temperature
was increased stepwise to 220 or 250 °C, with a corresponding
pressure rise to 250 or 280 bar, respectively. After 2 h at these
conditions, fresh CO, was circulated over 2 h with the purpose
of extracting any unreacted alkoxide precursor. The system was
then depressurized and the solid material was further washed
for 30 min with a flow of fresh CO, at 3 bar. Finally, the
autoclave was allowed to cool down to room temperature.
The material collected from the methanol solution was in the
shape of transparent cylinders (AM samples) of about 0.8

X 2.4 cm and a density of 0.1 Kg m™, while the material
obtained from the acetone solution was a very light, white,
spongy and homogeneous powder (AP samples) composed
of monodispersed spherical nanoparticles of ~ 300 nm mean
diameter and 9% polydispersity.

The ZY microporous matrix was the ammonium counte-
rion tridirectional Y zeolite (Si/Al = 1.6) supplied by Strem
Chemicals. Before impregnation, the zeolite was activated by
calcination in a tubular oven (Carbolite 3216) at 520 °C over 48
h under a flow of nitrogen with oxygen traces.

Guests and precursor materials. The guest compounds
chosen for encapsulation were the organic cations: 2,4,6-
triphenylpyrylium  (Ph;,Py*, Py*) and dimethoxytrityl
((CH;0),Ph;C*, C*). The precursor used for Ph;Py*
impregnation was the diketone 1,3,5-triphenyl-2-pentene-
1,5-dione, synthesized in our laboratory by following a reported
procedure.* The two organic precursors used as the building
blocks for (CH;0),Ph;C* encapsulation were benzaldehyde and
anisole (Fluka) in a 1:2 molar ratio. Commercially available
2,4,6-triphenylpyryl tetrafluoroborate (Ph;PyBF,, c-Py*,
Aldrich) and trityl tetrafluoroborate (Ph;CBF,, c-C*, Aldrich)
were used as references for comparisons with encapsulated
products.

Methods: scCO, encapsulation procedure

Supercritical impregnation experiments were performed in batch
mode in high pressure equipment described elsewhere.'>!¢ In a
typical experiment, liquified CO, was compressed by a syringe
pump and delivered to a 0.1 L reactor equipped with a vertical
magnetic stirrer. The reactor was first charged with ca. 0.5 g of
the matrix in the form of small pieces (AM) or powder (AP and
ZY), and the precursors of the guest material in a proportion
of 20 wt%. The matrices were enclosed in cylindrical cartridges
made of 0.45 um pore size paper, thus avoiding direct contact
with the solutes. The approach followed assumes that the cation
formation proceeds in two steps: (i) diffusion followed by (ii)
condensation, performed separately in time.'>* The first step
consisted of diffusing the starting reagents inside the matrix
nanochannels at a pressure of 150 bar and a relatively low
temperature (60 °C), thus minimizing the formation of the bulky
cation, which otherwise could block the channels in the early
stages of the process. This stage was followed by a condensation
step at high temperature (130-150 °C), performed to activate
the reaction of the precursors inside the solid acidic matrix.
During the reaction, the autoclave was stirred at 400 rpm.
Finally, the system was depressurized and left to cool to room
temperature. Pressurization and depressurization cycles were
carried out avoiding the formation of liquid CO, in the autoclave,
which could damage the fragile porous structure of the aerogels.

Zeolite samples recovered at this stage were gently rinsed on
the surface with dichloromethane (DCM), while monolithic
samples were cleaned with a flow of high velocity N,. The
resulting materials were labeled as [cation@matrix]. Some
materials were further cleaned with a flow of continuous scCO,
at 200 bar and 80 °C for 3 h. The resulting samples were labeled
as [cation@matrix]sc.
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Characterization

Loading efficiencies were evaluated by thermogravimetric anal-
ysis (TGA, Perkin-Elmer 7) under an N, atmosphere with a
10 °C min™' heating rate. The BET specific surface area (S,)
was determined by N, adsorption—desorption measurements
at 77 K using an ASAP 2000 Micromeritics Inc. instrument.
Prior to measurements, samples were dried under a reduced
pressure. The conditions used were 300 °C over 24 h for aerogel
particles, 100 °C over 24 h for aerogel monoliths and 150 °C
over 48 h for zeolites. Fourier transformed infrared (FTIR)
spectra of the solid samples mixed with KBr were recorded on a
Perkin-Elmer Spectrum One instrument. The diffuse reflectance
spectra of the impregnated matrices were acquired on a UV-vis
spectrophotometer (Perkin-Elmer Lambda 19 UV/VIS/NIR).
Fluorescence data was obtained using a Leica TCS SP5 AOBS
confocal laser microscope at 420 nm. The impregnated matrices
were immersed in distilled water (pH = 6.5) for 12 d to
evaluate their leaching behavior. Approximately 3-5 mg of each
impregnated matrix was placed into a glass with 4 mL of water
and kept in a lab exposed to natural light. After the first 24 h,
1.5 mL of the liquid was analyzed by UV-vis spectroscopy using
a Cary 5 Varian UV/vis/NIR spectrophotometer. On the 5th
day, a second 1.5 mL aliquot was extracted and the absorption
measurement repeated. Then, the impregnated matrices were
covered with a further 5 mL of fresh water and one more UV-vis
monitoring was performed on day 12.

Results and discussion

The scCO, ship-in-a-bottle method used for the preparation
of aerogel- or zeolite-encapsulated cations consisted of the
adsorption into the nanopores of different building blocks
dissolved in scCO, and their subsequent condensation to form
the guest cations. In all cases, the sizes of the molecular
precursors were smaller than the aerogel or the zeolite channels.
Some of the characteristics of the resulting materials are shown
in Table 1.

The chemical reaction necessary to form the cations was
triggered by the weak acid sites (such as those of silanols, pK, =
8) of the inner pores of either the silica aerogel (Fig. 1a) or the
aluminosilicate (Fig. 1b). In the case of the zeolite, the resulting
cations could only be accommodated in the 1.3 nm cavities.
The formation of the pyrylium cation was accomplished by
the dehydratation and cyclisation of the diketone. The reaction
used for the preparation of the dimethoxytrityl cation occurred
between benzaldehyde and anisole.

Table 1 Characteristics of the obtained materials (AM: aerogel mono-
lith; AP: aerogel particles; ZY: zeolite Y)

Sample Impregnated cation  Sample color  Loading (wt%)
[Py* @AM] Pyrylium Orange 8.6
[C*@AM] Trityl Yellow 1.5
[Py*@AP] Pyrylium Yellow 5.7

[Py*@AP]sc  Pyrylium Pale yellow 53
[C*@AP] Trityl Pale yellow 34
[Py*@ZY]sc  Pyrylium Yellow 5.9
[C*@ZY]sc Trityl Ochre 7.0

The coloration of the resulting host materials may be used
as a first visual indication of the degree of success of the
reaction (Table 1). The precursors of the guest molecules were
colorless, and only after cation formation did a color appear
that was associated with absorption in the visible range. While
the matrix was initially either transparent (AM in Fig. 2a) or
white (AP and ZY in Fig. 2d and g, respectively), the adsorption
of the cation was noticeably visible from the resulting yellow-
orange color (Fig. 2b, c, e, f for impregnated aerogels and
Fig. 2h, i for impregnated zeolites).** A uniform color of
the pyrylium impregnated AM material was noted (sample
[Py*@AM]in Fig. 2b), indicating that diffusion of the precursor
was homogeneous throughout the sample.

Thermal studies (TGA)

Thermogravimetric profiles of the pristine matrices and commer-
cial cations are shown in Fig. 3a and 3b, respectively. Aerogel
and zeolite particles presented an initial weight loss of ~ 5-10
wt% at temperatures lower than 150 °C, corresponding to the
evaporation of adsorbed water (Fig. 3a). In the temperature
range 150-400 °C, the weight loss of untreated monolithic
aerogel was insignificant, while for particulate aerogel and
zeolite matrices, although minor, it was measurable (ca. 0.5—
1 wt%). Aerogel matrices also lost weight at temperatures
higher than 450-500 °C due to material densification, and
the reaction between silanol groups and the concomitant loss
of water. Commercial Ph;PyBF, decomposed at temperatures
between 240 and 325 °C and the maximum slope was found at
300 °C, while the Ph;CBF, salt showed a decomposition profile
characterized by a pronounced weight loss (~75 wt%) between
~ 190 and 320 °C (Fig. 3b). For the impregnated samples in the
form of particulate powders (Fig. 3c, d), the first mass decay was
observed at temperatures lower than 180 °C and was associated
with the loss of water, while the decay at temperatures higher
than 200 °C was attributed to the loss of the encapsulated
organic cation. The decomposition of the pyrylium cation when
entrapped in the aerogel (AM or AP) and zeolite systems
occurred in the temperature ranges of 250-400 °C (maximum
slope at 350 °C) and 325-500 °C (maximum slope at 425 °C),
respectively (Fig. 3c). This result indicates that the Ph;Py* cation
inside the nanopores presents a higher thermal stability than in
the Ph;PyBF, salt. On the other hand, the trityl cation, once
impregnated in the different matrices, thermally decomposed
(Fig. 3d) in a temperature range only slightly superior (~ 250—
400 °C) to that of the commercial product.

Weight losses measured in the appropriate temperature range
for each [cation@matrix] pair were used to estimate the load
of formed organic cation (Table 1). As a general trend, higher
loadings were obtained for the pyrylium than for the trityl cation.
Note that the formation of the pyrylium cation proceeds through
the dehydration and cyclisation of one precursor (diketone),
while the preparation of the trityl cation involves two building
blocks and the formation of a C—C bond (Fig. 1).

Surface area

The specific surface areas were measured before and after
processing the matrices with the pyrylium cation. The aerogel
monolith and particles had surface area values of 475 and
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Fig. 1 A schematic representation of the encapsulation reactions studied for the different matrices: (a) monolith or particulate aerogel and

(b) zeolite Y.

205 m?> g', respectively. The silica aerogel monoliths are
amorphous mesoporous materials (20-100 nm pore size) with
high tortuosity coefficients and applications as diverse as drug
delivery or thermal insulators.*’** On the other hand, aerogel-
like particles could be considered as an intermediate material
between zeolites and aerogel monoliths.®® They consist of a
fine powder with a mean pore size of 1.5-2 nm, similar to
that of zeolites. However, some other characteristics, such as
the non-ordered pore structure, are close to monolithic silica
aerogels. For the calcined zeolite (ZY), the measured surface
area was 700 m> g'. The zeolite architecture was defined
as almost spherical cavities of 1.3 nm in diameter that were
accessible through tetrahedral windows of 0.74 nm arranged in
a tridirectional ordered structure.*

After impregnation of the aerogel monolith and zeolite
supports with pyrylium cations, their specific surface area was
only slightly diminished to values of 410 and 500 m®> g,

respectively. Contrarily, a drastic drop (about 80%) was obtained
for the impregnated aerogel-like particles. For the three studied
supports, the reduction in the measured value of the surface area
is evidence of a successful solute adsorption by the matrices’
cavities. The low values found for the aerogel particles point
towards the blocking of the channels, probably due to reduced
pore interconnectivity in this matrix with respect to the aerogel
monolith and zeolite particles.

IR spectroscopy

In the IR spectra (Fig. 4a) of the pristine matrices, both aerogel
and zeolite, where the characteristic bands of the principal
organic functional groups of pyrylium and trityl cations appear.

Intense absorption bands appear for these matrices in the 900—
1200 cm™ region, which correspond to the stretching vibrations
of the O-Si—O bond in the SiO, tetrahedrons of zeolite or in
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Fig. 2 Optical photographs of: (a) pristine monolithic aerogel (AM),
and impregnated samples (b) [Py*@AM] and (c) [C*@AM]; (d) pristine
aerogel particles (AP), and impregnated samples (e) [Py* @AP]sc and
(f) [C*@AP]; and (g) pristine zeolite Y, and impregnated samples (h)
[Py*@ZY]sc and (i) [C*@ZY]sc.

the skeleton of the aerogel. The low intensity band sometimes
appearing at 1620-1650 cm™ is due to the bending frequency
of adsorbed molecular water into the matrices. The typical
bands of Ph;Py* appear between 1550 and 1650 cm™ for the
commercial compound® (sample c¢-Py* in Fig. 4a) and at the
same energies for the encapsulated products (Fig. 4b). The lack
of C=0 vibration bands at 1680-1650 cm™', characteristic of
the diketone precursor, indicates a high degree of purity for
samples impregnated with pyrylium cations. The FTIR spectra
of commercial Ph;CBF, (sample c-C* in Fig. 4a) present peaks at
1489 and 1445 cm™ corresponding to C—C stretches in the phenyl
ring and a signal at 1384 cm™' assigned to C—Ph stretching.* This
latter signal did not appear in any of the building blocks used and
therefore was specially useful to monitor the presence of the trityl
cation. For the trityl-impregnated products, the most intense
peaks of the C-C ring stretching mode in the (CH;0),Ph;C*
cation are found between 1495-1500 and 1440-1450 cm™, while
the most representative band corresponding to the C-Ph bond
appears at 1384-1381 cm™'. Consequently, it can be assumed that
the preparation of the (CH;0),Ph;C* cation was successfully
achieved.

Diffuse reflectance UV-vis and fluorescence spectroscopies

All the matrices used were quite transparent to UV-vis radiation
above ca. 250-300 nm. Fig. 5a shows the diffuse reflectance
spectra in the UV-vis range of the commercial Ph;PyBF, salt and
the matrices loaded with Py*. The solid spectrum of commercial
Ph;PyBF, displayed a broad band between 320 and 530 nm.
For all the prepared pyrylium samples, a similar absorption
band between 330 and 500 nm was found, which suggests cation
formation. Analogously, Fig. 5b shows the diffuse reflectance

1oa
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Fig. 3 TGA curves of (a) pristine matrices, (b) commercial salts, and
samples obtained after impregnation with (c) pyrylium and (d) trityl
cations. Curves labeled as d([cation@matrix]) are the derivatives of the
respective TGA curves.

spectrum of the commercial Ph;CBF, salt as well as the matrices
loaded with C*. The spectrum of the commercial product is
characterized by a broad absorption band from 320 to 530 nm.
For the trityl-impregnated aerogel samples, the absorption in the
range 352-525 nm is weak, which was related to the relatively
low amount of impregnation (Table 1). On the other hand, the
diffuse reflectance UV-vis spectrum of sample [C*-ZY]sc shows
two separated maxima at 417 and 506 nm, characteristic of
substituted trityl cations with optical asymmetry.

Room temperature emission fluorescence microscopy was
used to investigate the fluorescence of the AM and ZY
impregnated samples upon excitation at 420 nm. Control
experiments with the pristine matrices did not show any
significant fluorescence. The emission spectra of the matrices
with entrapped pyrylium cations (samples [Py*@AM] and
[Py*@ZY]sc) are presented in Fig. 6a. In particular, pyrylium
salts in solution have a fluorescence band with a maximum
at 470-480 nm.>>* This value is similar to that found for the
prepared solid pyrylium samples, which clearly showed a strong
fluorescence band centered close to 500 nm. In contrast to
pyrylium, trityl cations exhibited a much weaker fluorescences”*
and low intensity emission spectra were registered for the
matrices with entrapped trityl cations (not shown). For samples
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Fig. 6 Fluorescence data upon 420 nm excitation: (a) emission spectra
of encapsulated pyrylium and (b) microscope images of encapsulated
trityl.

20K 1700 |400
Warenumber fom ']

Leaching behaviour in water

Py WP

The present study was designed to elucidate the possible leaching
of the impregnated compounds from the nanoporous matrices
into water and, at the same time, the stability in water of the
encapsulated cation. For this purpose, prepared samples were
submerged in distilled water for a total of 12 d. Importantly, after
this relatively long period of time, the materials still maintained
their characteristic yellow/orange color of the impregnated
! products, indicating that both leaching and degradation of the
31 cation were minor.

To study the leaching behaviour of the different materials,
aliquots of the liquid phase were withdrawn at given times
and analyzed by UV-vis spectrophotometry. The UV-vis spectra
Fig. 4 FTIR spectra of: (a) pristine matrices and commercial cations, of the triphenylpyrylium and trityl salts in organic solution
and impregnated matrices with (b) pyrylium and (c) trityl cations. present a broad band between 370-480 nm, generated by
two independent chromophores,® while their precursors have
appreciable absorption at wavelengths between 200 and 350 nm.

Trraamitanc k|
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[C*@ZY]sc and [C*@AM], fluorescence microscopy indicated Preliminary tests showed that both cations were unstable in wa-

that samples were also fluorescent in the blue region (Fig. 6b). ter at neutral pH, being transformed in colorless low molecular

It is of importance that fluorescent optical images showed a weight degradation products. Following the designed leaching

homogeneous distribution of dyes in the matrices, even in the protocol, after 5 d in water, the spectra of the as-prepared

large pieces of the aerogel monolith. aerogel samples (encapsulating either pyrylium or trityl cations
{a) Py @AM (b)

Absorbance faul
Absorbance faul

ki 425 515 124 425 5§34
Wasehength [rem] Wavlength jnm]

Fig. 5 Diffuse reflectance UV-vis spectra of: (a) commercial pyrylium product and the different studied matrices impregnated with Py* and (b)
commercial trityl product and the different studied matrices impregnated with C*.
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Fig.7 The leaching behaviour in water of the different prepared samples measured using UV-vis spectroscopy: (a), (b) and (c) matrices impregnated
with pyrylium cation; and (d), (e) and (f) matrices impregnated with trityl cation. The numeric notation indicates the timing of aliquot absorption
measurements: @ after 1 d, @ after 5 d and # after 12 d with refreshed mother liquid.

in Fig. 7a, b and 7d, e, respectively) showed an appreciable
absorption between 225 and 325 nm. However, they did not show
the presence of any significant amount of organic compounds
in the refreshed water added afterwards and measured on
day 12. On the other hand, the supercritically-washed samples
[Py*@AP]sc, [Py"@ZY]sc and [C*@ZY]sc (Fig. 7b, ¢ and f)
did not suffer any significant leaching during the studied time
period, indicating that the washing procedure was effective at
eliminating the residual reagents and unbonded chromophore
molecules and that the remaining impregnated material was
stable and strongly interacting with the matrix.

In Fig. 8a, b the leaching behaviour in water of the three
studied matrices charged with either pyrylium or trityl cation is
compared. Some leaching was only observed for samples that
were not previously washed with scCO,. Even in these cases, the
desorption of material only occurred in the first stage, suggesting
that the leaching originated from impregnated organics located
on the most external part of the matrices where the cation
was less stabilized than in the most internal nanopores. It has
been previously reported that simple deposition of these cations
on the external surface of silica does not prevent hydrolysis.®!
In our case, cation leaching behaviour was probably diffusion

controlled through the nanopores, since the UV-vis absorption
at day 1 was much lower than at day 5. For all the studied
matrices, the impregnated cations showed a higher hydrolysis
stability when encapsulated than in their crystalline form.

Conclusions

The combination of a nanoporous host and a photoactive guest
renders solid photocatalysts in which the high surface area and
adsorbent capacity provided by the nanopores are expected
to increase the efficiency of light activated processes. Positive
effects derived from the encapsulation of the guest molecules
inside the nanoporous matrices are the photostability of the
sensitizer and a favorable polar environment for photoinduced
electron transfer. Cations supported in the mesoporous aerogel
underwent some initial hydrolysis, while those encapsulated
into the microporous zeolite were totally stable. However, the
cations supported in the transparent mesopore aerogel exhibited
a high intrinsic photocatalytic activity due to the absence of
both solvent and light diffusion restrictions. On the other hand,
the accessibility of organics to be oxidized to the encapsulated
photocatalyst may be difficult in microporous zeolite matrices.
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Fig. 8 Leaching behaviour of samples involving: (a) pyrylium and (b) trityl cations. Axis Y indicates the average pore diameter of the raw matrices
estimated by BET (4 x pore volume/surface area), corresponding to ~1.2 for zeolites, ~1.8 for aerogel particles and ~7 for aerogel monoliths.

scCO, fluid technology can be used for upscaling the production
of complex high purity nanoproducts at a reasonable cost and
with positive green chemistry implications. In particular, the
synthesis and impregnation of organic cations in nanoporous
solids in scCO, as the reaction medium was designed as a time
and load efficient route to a variety of nanoporous matrices,
yielding nanocomposite hybrid materials with excellent stability.
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Facile and robust fabrication methodologies of complex materials with high added value for controlled
drug delivery systems are highly sought-after in the pharmaceutical industry. Here, we have relied on
the use of supercritical fluids for the matrix synthesis as well as for the drug impregnation process. As a
model system of a hydrophobic and moisture sensitive active agent, triflusal was impregnated in different
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of SiO, aerogels as mesoporous monoliths and as microporous nanospheres loaded with triflusal are
reported and compared to a more conventional polymeric system (PMMA). Silica-based matrices are
found to prevent the hydrolization of the active ingredient more efficiently than the polymeric matrix
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1. Introduction

In traditional pharmaceutical formulations, large doses are gen-
erally administered to the patients to reach therapeutic levels of
the drug. In contrast, new formulation approaches based on drug
delivery systems with an engineered biodistribution profile may
be exploited to overcome problems related to side effects, insuf-
ficient drug concentration at targeted sites, rapid metabolization
or drug degradation. The paradigm of using nanoparticulate car-
riers to enhance the in vivo efficiency of active agents has been
well established over the past decade [1-3]. Their use aims to facil-
itate prolonged circulation after being administered, to increase
bioavailability and, at the same time, to enhance the percentage
of unaltered active agent reaching the pathological area. Some of
those carriers have already made their way into the clinical arena
(i.e., polymeric particles), while others are still under preclinical
development (i.e., liposomes) or at initial clinical research stages
(dendrimers and quantum dots).

Current technology for controlled drug delivery is mainly
based on the use of micron or submicron matrices of poly-
mers, in which the drug is either encapsulated or dispersed,
either adsorbed or chemically bonded on the internal surface
[4]. Nanoporous inorganic materials, such as silica (SiO;) with

* Corresponding authors. Tel.: +34 935801853.
E-mail addresses: roig@icmab.es (A. Roig), conchi@icmab.es (C. Domingo).

0896-8446/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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several levels of sophistication in their architecture and/or com-
position have also been proposed as drug delivery devices [5-8].
Moreover, mesoporous silica magnetic nanocomposites are being
studied for simultaneous application in diagnosis (magnetic reso-
nance imaging) and therapy (hyperthermia and externally guided
drug-delivery vehicles) [9,10]. Unlike polymer-based systems,
silica-based particles are highly stable under various thermal and
chemical conditions. In addition, problems related to aggregation
of lipophilic polymeric nanoparticles upon its intravenous admin-
istration causing embolism or local toxicity could be overcome by
using hydrophilic inorganic systems [11]. Many of the marketed
polymeric drug delivery carriers are adequate for the sustained
release of water-soluble drugs. On the other hand, inorganic porous
silica particles are mostly applied to obtain an immediate optimal
drug dosage of poorly water-soluble compounds at the desired tar-
getsite [5,6]. Another technological challenge for SiO, drug delivery
systems is to warrant the full preservation of the drug activity dur-
ing its storage and administration period.

Here, we use triflusal (Trf), a drug practically insoluble in
water as defined by the European Pharmacopoeia 5.0 and with
an estimated log P (log octanol/water partition coefficient) of 2.09
[12], as the model active agent to be encapsulated. Triflusal is an
antiplatelet agent that irreversibly acetylates cyclooxygenase iso-
form 1 and, therefore, inhibits thromboxane biosynthesis [13]. The
main metabolite of Trf, the 2-hydroxy-4-trifluoromethyl benzoic
acid (HTB), also possesses some anti-aggregation activity. Trf has
a structural analogy to aspirin, with a trifluoromethyl group in the
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C,4 position of the aromatic ring. Although both drugs are widely
used, Trf has less risk of producing hemorrhagic complications due
to their acidic nature. At the same time, care must be taken to
ensure that the drug does not extensively hydrolyze before it can
be absorbed. Therefore, the pharmaceutical industry is promoting
the development of alternative forms of Trf administration but the
main problems associated to that are its low solubility and its high
instability at alkaline pH. The use of micelles in the pharmaceutical
formulae has been the most investigated approach to enhance Trf
water dissolution and to protect the active agent from degradation
by alkaline hydrolysis [14]. Moreover, the use of a polymeric deliv-
ery system based on a copolymer of an acrylic derivative of triflusal
has been commercialized [15].

In a previous work, we reported on the preparation of a
homopolymeric delivery system in which Trf was impregnated
[16]. Although the system exhibited a good response, it released
the drug very slowly due to its high hydrophobicity. In this work,
three aerogel silica-based materials are introduced as potential
drug delivery carriers for triflusal and their behavior is compared
with the previously reported polymer system. The purpose of
using inorganic matrices is to improve both the drug dissolu-
tion profile and to increase the preservation of the therapeutic
agent. The use of silica aerogels as potential carrier materials in
medicine has been reported previously [17-20]. In this work, sev-
eral grades of porous silica aerogels with different properties, such
as composition, particle size, pore diameter and structure and
degree of hydrophilicity are studied [21-23]: (i) mesoporous sil-
ica aerogel monoliths, (ii) microporous silica nanospheres, and (iii)
magnetite/silica (Fe304@Si0,) nanospheres. These biocompatible
materials were prepared in our laboratories following a previ-
ously reported synthetic route that combines sol-gel chemistry and
supercritical fluids [21,22,24].

In the last years, the unique properties of scCO,, which are inter-
mediate between those of the liquid (high density) and those of the
gas (low viscosity and null surface tension), have been advanta-
geously exploited in innovative processes designing drug delivery
systems of poorly water-soluble drug substances, since a high solu-
bility of hydrophobic compounds in scCO, is usually found [25,26].
Specifically, the benefit of using scCO, as the impregnation medium
to fabricate host-guest systems has been previously demonstrated
on polymeric [27-29] and inorganic matrices [30-34]. For the
matrices described in this work, two processing characteristics of
the supercritical fluid technology are significantly more efficient
than when applying other more conventional solvents. First, the
null surface tension of a supercritical fluid allows the drying of
silica gels while preserving their porosity to form silica aerogels
and aerogel-like nanoparticles. Second, due to the low viscosity
and high diffusivity, scCO, solutions have the ability to penetrate
and efficiently impregnate porous matrices without damaging the
porous structure. Notice that simple solvent impregnation proce-
dure is not feasible for aerogel materials. The avoidance or little use
of organic solvents, the intrinsic sterility of scCO, and the fact that
the final product is in a dry form and is produced in confined auto-
claves are also of particular interest for pharmaceutical products
manufacturing [35,36].

The objective of this study is to use a generic scCO, method for
the impregnation of both polymeric and inorganic matrices with
Trf and to compare the release profiles. First, polymethylmethacry-
late (PMMA) was studied. These polymeric substrates interact with
scCO,, since the adsorption of scCO, into the PMMA leads to poly-
mer swelling and the creation of the necessary voids for drug
impregnation. Second, inorganic SiO, aerogels and aerogel inspired
particles were analyzed. These inorganic substrates do not interact
with scCO,, but already possess intrinsic porosity. The quantifica-
tion of the amount of drug entrapped and the characterization of
the release profiles were carried out by high performance liquid

chromatography (HPLC). Solid state characterization was used to
demonstrate that the release behavior of the drug is largely depend-
ent on the composition and structure of the matrix. The amount
of Trf and HTB inside the different matrices was correlated to the
effectiveness of the matrices to act as a hydrolysis preventing bar-
rier. Other factors, such as the physical state of the drug inside of
the matrix, the homogeneity of the drug dispersion and the chem-
ical interactions of the drug with the matrix are also discussed in
the light of the release profile.

2. Materials and methods
2.1. Materials

2-Acetyloxy-4-(trifluoromethyl) benzoic acid (triflusal, Trf) was
used as a model drug to be impregnated. The metabolite of Trf (4-
(trifluoromethyl) salicylic acid, HTB) was also analyzed to follow
the evolution of the drug degradation with time. Both, Trf and HTB,
were kindly donated by Uriach S.A., Spain. CO, (99.995 wt%, Car-
buros Metalicos, Spain) was used as the impregnation solvent. The
used PMMA polymer (350.000 g mol~!, Bonar Polymers, UK) was
in the form of beads. Silica-based porous matrices were synthe-
sized in our laboratory by the hydrolysis and polycondensation
of tetramethylorthosilicate (TMOS, 98%, Sigma-Aldrich) and high
temperature supercritical drying, according to the following pro-
cedures:

Silica aerogel monoliths (samples AM) were obtained from a
mixture of methanol (absolute grade, Panreac):TMOS:water
(12.25:1:4 molarratio) in the presence of a small amount of ammo-
nium hydroxide (32%, Aldrich) used as a catalyst. The solution was
poured in separate pyrex tubes and let to gellify for three minutes.
The gels were subjected to supercritical drying using a 2 L auto-
mated high pressure reactor (Autoclave Engineers). To exceed the
critical point of the mixtures CO,/methanol, the temperature was
increased stepwise to 220 °C, reaching a final pressure of 250 bar.
After 2 h at these conditions, the reactor was depressurized and
before getting to ambient pressure was washed up for 30 min with
a flow of fresh CO; (having a flow rate of 3 kg/h). The autoclave was
then depressurized completely and let it to cool down overnight.
The material collected was in the shape of transparent cylinders
of about 0.8 cm x 2.4 cm and a density of 0.1 gcm™3.

Silica aerogel nanoparticles (samples AP) were precipitated from a
mixture of acetone (Panreac):TMOS:H,0 (88.34:1:2 molar ratio)
and without the use of a catalyst. A sol with the reactants was
placed in a 1L Pyrex beaker and introduced into the high pres-
sure autoclave. The pressure inside the reactor was increased to ca.
50 bar by adding CO,. Next, the temperature was increased step-
wise to 250°C, with the corresponding pressure rise to 280 bar.
After 2h at these conditions, fresh CO, was forced to circulate
through the reactor for 2 h at different flow rates ensuring the
displacement of the whole volume of CO, with the purpose to
extract any alkoxide precursor residue. System was then depres-
surized and the solid material was washed up for 30 min with a
flow of fresh CO, at 3 bar (with a flow rate of 3 kg/h). Finally, it was
let to cool down overnight. The dry solid collected was powdered,
light and white and it was homogenously dispersed at the reactor
walls.

Fe30, composite silica aerogel nanoparticles (samples APge).
Typically, reagents with a mass composition TMOS:H,O:
acetone:Fe304 (previously synthesized in our laboratory):hexane
(0.92:0.22:95.6:0.04:3.19% weight ratio) were mixed in a 1L
Pyrex vessel at ambient conditions and the same procedure as
described before for silica aerogel nanoparticles was followed.
The resulting material consisted of a dry, light and brown powder
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homogeneously distributed around the reactor walls with super-
paramagnetic properties at room temperature.

2.2. scCO, impregnation procedure

Impregnation process in scCO, was performed in a high pressure
equipment described elsewhere [ 16]. Experiments were carried out
in batch mode. The autoclave (100 mL) was charged with drug and
matrix in a weight ratio of ca. 1:2. Aerogel particulate and mono-
lithic matrices were first dehydrated by heating in a tubular oven
(Carbolite 3216) at 300 °C for 2 h under a flow of nitrogen. The aero-
gel monolith was also micronized in pieces between 2 and 5 mm.
Each matrix separately was then wrapped in a cylinder made of
0.45 pm pore filter paper, and added to the reactor maintaining a
physical separation from the drug of 2-3 cm. The reactor was then
filled with pressurized CO, up to 200 bar and heated to 45°C. In
all the experiments performed, the amount of commercial Trf was
added in excess ensuring saturation of the scCO, phase. In a typi-
cal run, the charged autoclave was magnetically stirred at 300 rpm
during 6 h for the aerogel matrices and 24 h for PMMA. Experiments
performed at longer running times did not lead to higher uptakes,
indicating that likely maximum loading was reached under cho-
sen working conditions. PMMA polymer needed longer reaction
time to induce the swelling previous to impregnation. For aero-
gel samples, pressurization and depressurization were carried out
slowly and stepwise to avoid the formation of liquid CO, in the
autoclave, which could damage the fragile porous structure of the
aerogels. This impregnation methodology is reproducible and it has
been demonstrated by repeating the experiments at least three
times and obtaining similar results. The resulting materials from
the impregnation of the AP, APge, AM and PMMA matrices are
labeled as Trf@AP, Trf@APg., Trf@AM and Trf@PMMA, respectively.

2.3. Characterization

Morphological characterization was based on transmission
(JEOL JEM-1210, TEM) and scanning (Hitachi S570, SEM) electron
microscopies for SiO, and PMMA matrices, respectively. Textural
characteristics of bare and impregnated matrices were studied by
low-temperature N, adsorption-desorption analysis (ASAP 2000
Micromeritics Inc. instrument). Prior to measurements, samples
were dried under reduced pressure (<1 mPa) at 150°C (AM) or
300°C (AP and APg. ) for 24 h. Specific surface area (Sg) was deter-
mined by the BET method. Regarding the pore volume (P,), the
mesopore volume was determined from the adsorption isotherm
using the BJH method, while the micropore volume was estimated
by the t-method. The average pore diameter (Dp) was calculated
from the S, and P, by considering cylindrical pores. Thermal tran-
sitions were studied by differential scanning calorimeter (822e/400
Mettler Toledo, DSC) under N, atmosphere with a 10°Cmin~!
heating rate. The possible drug-matrix interactions were evalu-
ated by Fourier transform infrared (FTIR) spectroscopy using a
Perkin-Elmer Spectrum One equipment Materials. Crystallinity was
analyzed by X-ray powder diffraction (Rigaku Rotaflex RU-200 B,
XRD).

HPLC was used to determine the overall amount of drug con-
tained in the samples, as well as to follow the kinetics of the release.
The percentages of drug impregnated in the polymeric and silica-
based matrices were determined as follows. Accurately weighed
sample amounts of 3-5 mg were treated with 50 mL of either ace-
tone (for PMMA) or water (for aerogels) to completely extract and
dissolve the drug contained in the matrices. The solvent was evap-
orated under a nitrogen flow and the dry residue was redissolved
in 20mL of mobile phase. 20 pL of the resulting solution were
injected into the chromatograph to quantify total loading. Since
both Trf and HTB resulted in separated peaks, the HPLC method

was also used to evaluate the progress of Trf degradation. The drug
delivery profiles were evaluated via leaching in 10 mM HCI (pH 2)
and 10 mM Na;HPO4/NaH;P04-2H,0 (pH 7.4) aqueous solutions
to simulate gastric and plasmatic conditions, respectively. In these
experiments, a given amount of sample (~5mg) was placed in a
vessel containing solvent volumes of 12.5ml (AP sample), 25 ml
(APge sample) and 100 ml (AM and PMMA samples). Stirring rate
and temperature were fixed at 60 rpm and 37 °C, respectively. The
kinetic curves were monitored chromatographically to obtain the
corresponding delivery profiles.

3. Results and discussion

Table 1 shows electron microscopy images and textural
characteristics of the studied matrices. For non-porous PMMA,
impregnation must be preceded by polymer swelling. On the other
hand, inorganic SiO, matrices have an inherent pore volume ready
to be loaded. The aerogel monolith has a surface area, Sg, of ca.
476m? g1 and an internal porosity of ca. 0.75cm3g~1 that it is
constituted by a network of interconnected pores of a diameter typ-
ically in the range of 5-50 nm. Moreover, microporous nanospheres
(AP and APg.) were also analyzed. Those materials have a mean
pore size of ca. 2 nm comparable to that of the size of the studied
drug, with a total pore volume of 0.10-0.15cm3 g~! and S, values
of 150-200m2 g~1.

Trfhas a chemical structure similar to that of acetyl salicylic acid,
the active agent of aspirin (Scheme 1). As acetyl salicylic acid, Trf
undergoes a progressive hydrolization in the water being HTB the
resulting metabolite. Trf molecules most likely stabilize forming
dimmers in both the crystalline and solution states, as determined
by comparison with other structurally similar carboxylic acid com-
pounds [37-41]. On the other hand, the metabolite HTB prefers
to form intramolecular H-bonds (Scheme 1). Differently to acetyl
salicylic acid, the presence of an additional hydrophobic trifluo-
romethyl group in the Trf molecule renders a pronounced effect in
the interaction of Trf with scCO, and thus on its solubility. The Trf
solubility in scCO, at the working temperature and pressure was
found to be in the order of 3 x 10~2 mole fraction, which is a value
relatively high for a scCO,/solute system [16].

3.1. Estimation of drug loading and formulation stability

The percentage of drug loaded in each sample was determined
by HPLC [41].In all cases, three independent replicates were carried
out and the following mean values were obtained: 16 +1, 17+ 2,
3.3+0.2and 4.1 £ 0.2 wt¥% for samples Trf@PMMA, Trf@AM, Trf@AP
and Trf@APg, respectively. To calculate the amount of impregnated
drug both the Trf and the HTB contributions were considered. For
the silica matrices, drug load could be correlated with the mesopore
volume available (see Table 1). AM matrix had the highest value of
mesopore volume, and, thus, the highest impregnation capacity. AP
and APg. matrices had similar values of total pore volume, but the
APr. matrix had a greater value of mesopore void (ca. 0.10cm3 g—1)
than AP matrix (ca. 0.05 cm3 g~1) and, thus, drug impregnation was
slightly higher for APg. than for AP nanoparticles. Since in this study
we were interested in drug stability, the amount of Trf and HTB
was evaluated separately by chromatographically monitoring the
decomposition of Trf in water, hydrochloric acid solution (pH = 2.0)
and hydrogen phosphate basic solution (pH=7.4) in initial blank
assays. As shown in Fig. 1a, the Trf hydrolysis was faster in water
and basic media than in acid medium. In water and at pH=74,
the degradation of Trf to HTB was completed in 10 days, while for
acid solutions the process lasted for 1 month. The transformation
into HTB of impregnated Trf for the different matrices was stud-
ied after 6 months of samples preparation. Samples were stored
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Table 1
Characteristics of the matrices and drug load impregnation values.
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Fig. 1. Hydrolization of triflusal: (a) time evolution of Trf crystals dissolved in aqueous solutions (pH=7), 10 mM HCL (pH=2) and 10 mM Na;HPO4/NaH,PO4-2H,0 (pH 7.4),
and (b) percentage of the two species inside the studied matrices after 6 months of storage (21 °C and 60-65% relative humidity).

under ambient conditions (i.e.,21 °Cand 60-65% relative humidity).
The percentages of Trf and HTB were calculated from the corre-
sponding chromatographic peaks at the initial stages of the release.
Those values were considered to mirror the degree of hydrolysis of
the encapsulated drug, and were related to the percentage of drug
degradation during preparation and storage. As shown in Fig. 1b,
the hydrolysis degree ranged from ca. 18 wt% in Trf@AM to more
than 50 wt% in Trf@PMMA. Intermediate values of ca. 30 wt% were
found for Trf@AP and Trf@APg.. It is noteworthy that the highest
value of HTB among the prepared drug delivery system was found
for the most hydrophobic matrix, the PMMA, being the Trf better
preserved inside the hydrophilic aerogel matrices. This behavior
was attributed to the acidity provided to the adsorbed water by
the SiO; matrix, which in turn stabilized the Trf molecules against
hydrolysis. Hence, for those drugs susceptible of hydrolysis, the use
of aerogel matrices as drug delivery carriers have the additional
advantage of contributing more efficiently to drug preservation
than when using hydrophobic polymeric microparticles. Compar-
ing Trf stability in the three silica matrices, it was found that the
mesoporous aerogel monolith was more effective than the micro-
porous nanoparticles. We argue that this finding could be related
to two different geometrical conformations adopted by the Trf
molecule inside of the pores as explained below in the structural
analysis.

3.2. Structural analysis

XRD was used to assess the occurrence or the absence of
crystalline arrangement for the impregnated drug. Spectra were
recorded in the 26 range of 10-40° (Fig. 2). Trf could be readily
identified in this range by its two most intense peaks at 26 =19.38
and 25.92°, while HTB displayed two intense peaks at 26 =16.64

and 24.48° (Fig. 2a). PMMA presented a broad amorphous band
at 260=10-30°, while for the aerogel matrices appeared the typi-
cal broad band of amorphous silica centered at 20 =22° (Fig. 2b).
Concerning APge matrix, the same silica band appeared together
with the characteristics (220) and (311) peaks of magnetite at
20=30 and 36°. Diffraction peaks of the Trf (or HTB) crystalline
form did not appear in the XRD patterns of the prepared com-
posite products, in which only the amorphous hill of the matrix
was clearly observed (Fig. 2¢), thus indicating that the drug did
not crystallize during supercritical impregnation. Complementar-
ily, DSC analysis was used to further confirm the desirable absence
of drug crystals or amorphous forms (Fig. 3). Unsupported triflusal
has a melting point of 118°C. The glass transition of the PMMA
appears at around 125 °C. Within the studied temperature interval
(up to 450°C), thermal transitions are inexistent for silica matrices.
The melting peak of Trf was not observed in any of the four sam-
ples. Asan example, Fig. 3a and b show the DSC curves of Trf@PMMA
and Trf@AM samples loaded with the highest drug percentages (ca.
16-17 wt%). Thus, XRD and DSC results indicated that Trf was most
likely dispersed inside the matrices at a molecular level. In fact, to
generate crystalline particles inside of the pores a sudden change
in solubility, created, for instance, by fast pressure release, would
be necessary [42].

FTIR spectroscopy was used to monitor the presence of the drug
and the chemical interactions with the host matrices (Fig. 4). Fig. 4a
depicts the spectra of the raw materials. The spectrum of PMMA
showed the C=0 vibration at 1718 cm™! as the most character-
istic band. For all the studied silica matrices, intense absorption
bands appeared in the 900-1200 cm~! region, which corresponded
to the stretching vibrations of the O—Si—O bond in the SiO4 tetra-
hedrons of the aerogel skeleton. The band at 1620-1650 cm~! was
due to the bending frequency of molecular water adsorbed into
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Fig. 2. X-ray diffractograms of (a) the therapeutic agent and its metabolite, (b) the pristine matrices and (c) the impregnated matrices.



N. Murillo-Cremaes et al. / J. of Supercritical Fluids 73 (2013) 34-42 39

g _ pama &)

1 e

a | TiEPMma

-

A

4

=)

s

m

T ™
|

50 100 150 200 250
Temperature (*C)

s b)

W TrigmAM

2
z

=

(=]
=

E Tl
= |

50 100 150 200 250

Temperature ("C)

Fig. 3. Differential scanning calorimetry thermographs of Trf crystals and impregnated matrices: (a) PMMA and (b) AM.

3

L

Qb

(4]

=

[1+]

=] "

S LN

2 _— . ANTUR T l.llIJu
</ = ML

e AWM

3600 3000 2400 1800 1200 600

Wave number [{:m"}

Absorbance (a.u.)

1800 1700 1600

Wavenumber (cm™)

Fig.4. Fourier transformed infrared spectroscopic analysis of: (a) the starting materials and (b) the impregnated matrices, in which the wave number range of 1800-1500 cm~!
has been selected for a more detailed analysis. In (b), the different C=0 bands are identified as 1 (C=0 of the ester in the Trf molecule), 2 (C=0 of the carboxylic group in the
Trf molecule), 3 (C=O0 of the ester group in the PMMA matrix) and 4 (C=0 of the carboxylic group of the acetic acid).

the matrices. Moreover, the spectra of the aerogel matrices exhib-
ited the characteristic bands of the asymmetric and symmetric
modes of alkyl at 2955 and 2860 cm~!, respectively, correspond-
ing to residual reagents used to fabricate the aerogel. The useful
FTIR region of solid Trf (1800-1500cm~!) contained a band at
ca. 1510cm~! corresponding to the benzene ring, and two bands
at 1770 (band 1) and 1685cm~! (band 2) corresponding to the
carbonyls (C=0) (Scheme 1). In the triflusal crystals, the band at
1685cm™! is shifted to a lower wavenumber than regular car-
bonyl range, 1730-1740cm™!, due to both conjugation with C=C
in the attached benzene ring and Trf—Trf dimmer formation with
the consequent weakening of the C=0 bond. The main characteris-
tic peak of HTB is associated to the carbonyl group and appears
at 1671 cm~! (Fig. 4a). The presence of Trf in the impregnated
matrices was monitored by the C=0 band of the ester appearing
at 1770 cm~! (band 1 in Fig. 4b). This band was more evident in the
Trf@PMMA and the Trf@AM samples than in the nanoparticulate
systems, thus indicating the higher loads achieved in the first cases.
In the impregnated Trf@AM sample, the 1770 cm~! band appeared
together with an additional carbonyl mode at 1752 cm~! (band 4)
that was attributed to carboxylic acid species formed via cleavage
of the ester and decomposition of Trf into HTB (Scheme 1). In the
Trf@PMMA sample, the band 4 was imbibed by the C=0 band of the
ester in the polymer. In both samples, the C=0 band 1 at 1770 cm™!
was not shifted between the crystalline and impregnated forms
of Trf, indicating an equivalent structure. However, the C=0 band
2 at 1685cm! in the crystalline Trf was shifted to the high-
wavenumber region of 1700-1720 cm~! (band 3) in PMMA and AM
impregnated matrices. This behavior indicated breakage of the self-
association in the Trf molecules and the formation of H-bonding

with the ester or OH groups existing in PMMA or SiO, matrices,
respectively. Amorphous silica particles present a large number of
silanol groups on their surfaces, which may be able to form hydro-
gen bonds with carboxylic groups of drug molecules. The extent
of hydroxyl-coverage in aerogels is ~5 OHnm?, a value consistent
with other forms of silica. It has been suggested the formation of
a six-membered hydrogen bonding intermediate formed by the
reaction of OH in the SiO, with carboxylic acid containing com-
pounds via adsorbed H,0 [37]. The intermediate can transform to
a carboxylate (COO~) ion by transference of the acidic H. However,
carboxylate peaks at ca. 1580-1590cm~! did not appear in any
of the impregnated materials, thus suggesting that the acid-base
reaction between OH in SiO, and the carbonyl acid of the drug did
not take place. However, neither the formation of H-bonds with
the surface nor the carboxylate salt was observed by FTIR for the
nanoparticulate aerogel-like systems. The FTIR bands in the Trf@AP
matrix were not defined enough to be well analyzed due to low
loading, but for sample Trf@APg., the shift on the C=0 band 2 was
not detectable, indicating that Trf molecules were likely placed in
the pores in a similar conformation that in the solid crystal, i.e.,
forming dimmers.

The differences in the molecular conformation of impregnated
molecules for both types of aerogel matrices could be related to
their different pore size (Table 1). For the AM matrix, the formation
of hydrogen bonding between the matrix and the drug did not have
any esteric impediment, since most of the pores were between 5
and 50 nm and the length of the Trf molecule in this configuration
is of ~1.13 nm. On the other hand, esteric impediments and polar
repulsions, caused by close contact between the hydrophobic CF3
group in the Trf and the hydrophilic adsorbed water on the other
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Scheme 2. Proposed conformations of the triflusal molecules inside the aerogel pores (AM) forming H-bonds with the water adsorbed at the pore surface and triflusal
molecules forming dimmers inside the smaller pores of the particles (AP, AP ). Calculations were performed with the HyperChem 8.03 software.

extreme of the SiO, pore wall, are expected in the small pores of
the AP and APg. matrices. Consequently, impregnation in the form
of dimmers was likely favored (Scheme 2). Moreover, it appears
that hydrogen bonding of Trf molecules with the surface of the AM
stabilizes the Trf against hydrolysis more efficiently than the dim-
mers occurring in the aerogel nanoparticles, since a higher degree of
hydrolization (and faster release) was obtained in the impregnated
AP and AP, (Fig. 1b).

The Van der Waals-surface-bounded molecular volume of
the triflusal molecule was calculated using QSAR (quantitative
structure-activity relationship) module together with Hyperchem
8.03 program [43]. The calculated volume of the Trf molecule was
619 A3 while the volume of the dimmer was 1138 A3. Thus, the
occupied pore volume by Trf molecules was of 40-50% of the total
available mesopore volume in the aerogel (Table 1). However, the
molecular Van der Waals volume only counts the volume occu-
pied by the molecules, and it is insensitive to molecular packing or
conformational structures. For the monolith sample, the BJH pore
volume reduction was from 0.75 t0 0.42 cm3g !, in agreement with
the occupied volume estimated using the Van der Waals approxi-
mation. Similarly, using a value of 60 A2 for the area occupied by a
Trf molecule when adsorbed, the covered surface was estimated to
be around 300m2 g~!. This value corresponded to more than 50%
of the BET surface area in the pristine matrix, hence, indicating the
formation of an adsorbed monolayer of Trf. During adsorption, the
average separation in the adsorbate molecules approaches that of
a liquid, and a monolayer with a liquid-like density is formed. As
in liquids, molecules on the surface have mobility. As a result of
this mobility and conformational changes, the real volume occu-
pied by each Trf molecule is higher than the estimated Van der

Waals value. Hence, the empty mesopore volume after impregna-
tion could be even smaller than the calculated value of 50-60%.
Total coverage was not achieved since also the pore size distribu-
tion plays an important role in the adsorption process. It has been
demonstrated that the adsorption in large mesopores is more effec-
tive than in the smaller ones due to better diffusion and less steric
impediments [44]. It should be taken into account that smaller
pores contribute more largely to surface area. Hence, and since
crystallization was avoided, it is likely that the maximum possible
loading was achieved. Indeed, by modifying processing conditions,
such as pressure or reaction time, the maximum loading was not
varied.

3.3. Release profiles and impregnated drug stability

Release kinetics were followed under gastric (pH=2.0) and
plasmatic (pH=7.4) pH-conditions (Fig. 5a and b, respectively).
Drug dissolution profiles (i.e., Trf and HTB) at pH=2 for samples
Trf@PMMA, Trf@AM, Trf@AP and Trf@APg. are shown in Fig. 5a.
For silica aerogel nanospheres (Trf@AP), the drug release in acid
pH occurred almost instantaneously and the 97% of the drug
was dissolved completely in 1 min. The behavior of the sample
Trf@APg. was very similar to that of the Trf@AP, being the 90% of
Trf+HTB released in the first minute. The drug delivery profile of
the monolithic aerogel Trf@AM was different, ca. 70% of the drug
was dissolved during the first 5min and a progressive release of
the remaining 30% occurred during the next 2 h. Reasons of pro-
longed released could be related to both the different conformation
of the drug inside the pores (Scheme 2) and to the longer diffus-
ional channels that the molecules have to follow to reach the bulk
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Fig. 5. Overall drug release profiles (Trf+HTB) obtained with the continuous-flow spectrophotometric and chromatographic procedures for the investigated materials at
the two studied conditions: (a) acid pH, and (b) basic pH: ll, Trf@AM; @  Trf@AP; & , Trf@APr.; 4 , TF@PMMA. Separated release profiles for Trf and for HTB for the same
matrices at (c¢) acid pH, and (d) basic pH are depicted. Full triangles correspond to Trf and empty circles to HTB, while blue correspond to Trf@AM, green to Trf@AP, brown
to Trf@APr. and black to Trf@PMMA. In all panels, solid lines are included as guide to the eye. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)

solution in the monolithic aerogels. No consideration was given to
the mechanism of drug delivery related to silica pore network col-
lapse due to the fast release of the drug. The slowest release kinetics
was obtained with the impregnated PMMA. In this case, the deliv-
ery of Trf from the sample to gastric medium lasted several days
having only the 18% released in the first 60 min. Slightly slower
dissolution rates were measured in experiments performed at pH
7.4 (Fig. 5b), but the same general tendency as in acid solutions is
observed. Particulate materials have the 56% and 77% of the drug
delivered in the first minute and the 79% and 86% in 30 min (for
Trf@AP and Trf@APg., respectively). The monolith Trf@AM showed
asimilar release profile with the 32% of the drug delivered in 1 min.
The fast drug release observed when the materials were submerged
in the acid solution is explained by a favored hydrolysis of the ester
group when a high concentration of H* is present in the medium.
Once more, for the sample Trf@PMMA a sustained release lasting
more than 1 month was observed (only the 4.5% of the drug is dis-
charged after 60 min) and almost instantaneous release for the rest
of the samples. Separated release profiles for Trf and HTB for all
matrices in acidic and basic conditions are depicted in Fig. 5¢ and
5d respectively.

4. Conclusions

The possibilities of controlling the dissolution rate of hydropho-
bic poorly water-soluble drugs were demonstrated by the
adsorption of triflusal on both PMMA polymer beads and SiO,-
based materials (aerogel monoliths and nanospheres). Triflusal,
an antithrombotic agent, was here chosen as an excellent model
compound for the study of the impregnation processes based on
supercritical CO,. The scCO, loading procedure allowed us the

homogeneous impregnation of the drug inside of the matrices in
percentages of the order of 16 wt% for PMMA and aerogel monolith
and 3-4wt% for aerogel nanoparticles. The drug was distributed
at a molecular level and no crystals or amorphous forms of the
drug were detected. Carboxylic H-bonding was determined to be
the most feasible conformation for triflusal adsorbed in the PMMA
and aerogel monolith matrices. In contrast, due to steric reasons
dimmer was the most likely conformation of the Trf molecules
inside the aerogel nanoparticles. An in vitro release study demon-
strated a sustained release lasting for several days in the polymeric
Trf@PMMA system, in which the induction of polymer swelling
was required previous to drug dissolution. In these systems, drug
release is usually controlled by the rate of polymer swelling by
body fluids. On the contrary, the dissolution experiments of aerogel
matrices showed that more than 80% of triflusal was dissolved in
the media within the first minutes. Although these systems could
not be used for prolonged release, they could be highly attractive
for enhancing the bioavailability of poorly water-soluble drugs in
intravenous or gastric conditions. The molecular dispersion of Trf
in the SiO, aerogel matrices was relatively stable against hydroly-
sis for at least six months when stored under ambient conditions,
while under the same storage conditions, Trf in the PMMA gradu-
ally changed to the HTB metabolite. From the point of view of the
pharmaceutical processing technologies, the stabilization of drugs
as molecular dispersions is highly desirable.
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Preparation and study of naproxen in silica and
lipid/polymer hybrid composites
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Three different powdered hybrid inorganic—organic composites for pharmaceutical use have been
successfully obtained using CO, as an antisolvent in a batch mode process. Naproxen was chosen as the
hydrophobic Class Il model drug, for which its dissolution rate in water must be enhanced. As excipients,
two kind of commercial lipids (G44/14 and G50/13) and a mixture of Eudragit RS100 and Eudragit RL100
polymers were used. Silica microparticles have also been incorporated into the formulation to restrict
the naproxen crystals growth and to obtain a powdered material with appropriate micromeritic
properties. The morpho-chemical characteristics of these microcomposites and their different release
profiles are reported. Importantly, the components have not suffered structural or chemical
modifications during the processing and no specific chemical bonds were detected between them. High
drug loading has been achieved in the three cases. Water dissolution of the drug formulations is
controlled mainly by the wetting properties and nature of the excipients and by the size of the crystals.
Among the materials prepared, samples made with Gelucires (hydrophilic species) result in the fastest
release of naproxen. We thus conclude that lipid-based ternary formulations display a synergetically

www.rsc.org/advances

1. Introduction

The oral route is the preferred one for drug administration
especially in the case of chronic therapies. Over eighty percent
of marketed drugs are sold as tablets. Drug absorption in the
gastrointestinal tract is controlled by membrane permeability
and drug dissolution rate." Around 30% of the orally admin-
istered drugs belong to Class II (low solubility and high
permeability) in the Biopharmaceutics Classification System
(BCS).>* More importantly, around 70% of the drugs in the
R&D pipeline fit into that class presenting low solubility and
thus low oral bioavailability.** Thus, studies on novel drug
formulations able to modulate the solubility of common drugs
are highly relevant.

Silica, especially mesoporous silica particles, is one of the
most well studied materials to be used as solid carrier for drug
delivery applications. Biocompatibility, non-toxicity and excel-
lent textural and structural properties easy to be modulated,
make of mesoporous silica particles an excellent candidate for
hosting different types of pharmaceutical ingredients.®®
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accelerated release compared to binary mixtures.

Regarding the oral administration of drugs, the incorporation
of silica into the pharmaceutical formulations enhances their
flowability.' Among other excipients employed to better control
drug release, hydrophilic lipid-based compounds accelerate the
dissolution rate by increasing the wettability of the solid
dispersions. In particular, the family of lipids named
Gelucires® allows a relatively precise modulation of the drug
solubility due to the different hydrophilic-lipophilic balances
for each type of lipid."*** The release rate of the therapeutic
agent can be decreased by adding a water insoluble polymer to
the solid formulation. Some of the polymers used in the phar-
maceutical industry are the Eudragits®, that possess relevant
properties for biomedical applications, such as water perme-
ability, permitting the diffusion of the drug to the concomitant
media.**** Naproxen ((S)-2-(6-methoxynaphthalen-2-yl)prop-
anoic acid, C;4H1403) is a non-steroidal anti-inflammatory drug
of the Class II family whose bioavailability is rate-limited by its
dissolution. It is commonly used to treat mild to moderate pain,
fever, inflammation and stiffness. However, in some patients it
can induce gastrointestinal problems. Formulations and drug
delivery carriers for naproxen as Class II model drug to modu-
late its solubility and, thus, its dissolution rate or to decrease its
side effects have been described. For instance, the formulation
of naproxen as a commercially available sodium salt is more
rapidly absorbed than the neutral molecular form causing a
faster peak plasma level. More recently, drug release profiles of
naproxen using periodic SBA-15 and MCM-41 mesoporous silica

This journal is © The Royal Society of Chemistry 2014
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matrices have been published.*>*¢ Still other studies reported
on the comparative release profiles of naproxen loaded in
layered double hydroxides (LDH), mesoporous silica (MCM-41)
and porous alumina.” Authors showed a similar drug payload
in the mesoporous matrices though this being smaller than the
amount incorporated in the layered compound. They also
reported on a much slower kinetics for the naproxen loaded in
the three matrices when compared with free naproxen release.
Nevertheless, the release profile from the LDH matrix was much
faster than for the mesoporous matrices. Other works were
dedicated to investigate the formulation of naproxen with a
water insoluble copolymer such as Eudragit® RS100."** In this
case naproxen was successfully encapsulated in Eudragit
microparticles by a quasi-emulsion diffusion method. The
resultant particles had appropriate micromeritic properties and
were suitable to be incorporated into capsules, while in vitro
release profiles confirmed its gastroresistance (moderate
dissolution in the stomach), thus allowing pH-dependent
release of naproxen in the gastrointestinal track. Finally,
another study investigated the use of the lipid Gelucire® 44/14
as a self-emulsifying drug delivery system containing nap-
roxen.”® Gelucire® improved the solubility of naproxen, this
improvement was more noticeably under conditions where the
solubility was the limiting parameter (at pH = 1.2).

Recently feasibility studies have been reported on the prepa-
ration of complex formulations of hydrophobic drugs in the
presence of a polymer and silica particles or other ternary
formulations.**~** For instance, in ref. 12, they demonstrated that
compressed CO, as the antisolvent medium can induce both the
drug (tolbutamide) and polymer co-precipitation on the silica
microparticles. They also showed that the presence of silica
particles influences in several ways the processing route and the
product characteristics. Silica particles acted as a passive spacer
to deagglomerate both the drug and the polymer and as a wetting
agent. In addition, we have also recently reported several studies
describing the engraftment of molecules of interest in porous
silica materials by its solubilization in supercritical CO,.****

The present study focuses on the morpho-chemical proper-
ties and release kinetics of ternary hybrid composites (organic—
inorganic) microparticles obtained in one-step batch mode by
antisolvent precipitation in compressed CO,. The solid disper-
sions contained naproxen as a model hydrophobic ther-
apeutical agent whose dissolution in water needs to be
enhanced, silica microparticles (5 pum) and two types of poly-
mers capable of modifying the dissolution behavior of the drug.
Two organic commercially available components were selected;
the crystalline lipid Gelucire® and the amorphous polymer
Eudragit®. Aspects as drug loading efficiency, thermal stability
and textural parameters of the composites are discussed
together with a comparative study of the release profiles for the
various formulations at neutral pH.

2. Experimental
2.1. Materials

Naproxen (NPX, 98 wt% purity) was purchased from Sigma-
Aldrich. Its chemical structure is shown in Fig. 1a. Gelucire®

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Chemical structure of (a) naproxen, (b) the excipient Eudragit,
and (c) SEM image of a SiO, microparticle.

lipids (44/14 and 50/13) were kindly supplied by Gattefossé
(France). Gelucire® lipid-based compounds are commonly used
as excipients®® and they can be labeled as GX/Y, where X is the
melting temperature and Y is the hydrophilic-lipophilic
balance (HLB). G44/14 and G50/13 types are composed by a
mixture of mono-, di- and triglycerides, mono- and di-fatty acid
esters of PEG 1500, and free PEG. Their difference relies in the
fatty acid distribution, with most acids being palmitic and
stearic for Gelucire 50/13 contrary to the unique balance of
short, medium and long chain fatty acids for Gelucire 44/14.
Eudragit® polymers (RL100 and RS100) from Evonik Rohm
Pharma Polymer (Degussa) were kindly supplied by IMCD
(France). Eudragit® compounds are copolymers of acrylic and
methacrylic acid esters branched with various functional
groups that provide flexible solutions for drug release (http://
eudragit.evonik.com/product/eudragit).”” The Eudragit® RL-
and RS types have a quaternary ammonium as the functional
group and, contrary to Gelucire®, are water insoluble but
swellable. In this study a mixture of the RL100 and RS100 types
was used. The chemical structure of this polymer appears in
Fig. 1b. Sodium dodecyl sulfate (SDS) was received from Merck.
Acetone (99.8 wt% purity) and CO, (99.5 wt% industrial grade)
were purchased from VWR and Air Liquide (France) respec-
tively. Silica Ultiprep120 (SiO,-UP120, Interchim., France) is
composed of porous spheres of 5 um in size and approximately
12 nm of pore diameter (Fig. 1c). Silica is a pharmaceutically
acceptable inorganic excipient used in industry to reduce the
cohesive behavior of drug nanoparticles and improve the free
flowing of the formulation.>®

All materials were used as-received.

Gas CO, antisolvent batch process. Experiments were per-
formed in a Gas Antisolvent (GAS) home-made apparatus
working in the discontinuous mode (Fig. 2). The set-up is
described elsewhere in detail.*® Briefly, the reaction vessel is a
stainless steel autoclave of 0.5 L that includes a stirrer ended
by a Rushton-type turbine plunging vertically into the solution.
It is provided with an inner glass cylinder to facilitate the
powder collection and four baffles to exclude the formation of
a central vortex. The CO,, delivered by a high-pressure pump,
is introduced into the solution through the turbine. The
temperature of the vessel is controlled by heating jackets. The
bottom of the vessel has a stainless steel filter (5 pm mesh)
surmounted by two membranes of 0.22 um to collect the
obtained solid material.

In the lipid experiments, silica particles, the selected
Gelucire® and the drug were weighed (ca. 1 g of NPX) in a mass
ratio of 1/1/1 and mixed with 40 mL of acetone. For experiments

RSC Adv., 2014, 4, 7084-7093 | 7085
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Fig. 2 Schematic representation of the experimental set-up. (1) CO,
cylinder, (2) cooling exchanger, (3) flow meter, (4) CO, pump, (5)
pressure sensor, (6) valve, (7) micrometering valve, (8) stirrer, (9) high
pressure vessel, (10) temperature sensor, (11) pressure sensor, (12)
valve, (13) micrometering valve and (14) solution recovery.

carried out with Eudragit®, RL100 and RS100 were added as a
mixture in a mass ratio of 1/2, so that the global mass ratio of
silica, polymers and NPX was 1/0.7/1 with ca. 1 g of NPX. After
sonicating the suspension for 15 min, it was introduced into the
vessel and the CO, was gradually added resulting in an increase
of the pressure in the chamber. The temperature was fixed at
23 °C and the stirrer at 500 rpm. The gas flow could be adjusted
by a needle valve and the pressure was risen up to 100 bar
approximately. Progressively enriched in CO,, the expanded
liquid phase reaches a composition in which the NPX and the
coater are not soluble, thus causing the beginning of precipi-
tation. To clean the precipitated material, fresh CO, was flushed
from top to the bottom of the autoclave in two steps: 60 min at
26 °C and 100 bar and 30 min at 30 °C and 100 bar. The pressure
was kept constant by opening or closing the exit valve, while the
particles were retained by the filtering devices. The as-obtained
material was a white powder which was weighed and used for
further characterization and were labeled as, G44F, G50F and
EudF in reference to the type of organic material used. For
comparison purposes, six more samples were also analyzed:
commercial NPX, a physical mixture of NPX, silica and Gelucire
44/14 (PMG44F), CO, processed NPX (processed NPX), NPX and
G50/13 (NPX : G50/13), NPX and silica particles (NPX : silica)
and NPX, silica particles and Eudragit in a different ratio: 1/3 of
the initial amount (EudF/3). The physical mixture was prepared
by mixing and grinding the three components in the same mass
ratio as the equivalent formulation synthesized trough the gas
antisolvent process. The last three samples were produced
following the same batch process than the one followed to
prepare the inorganic-organic solid formulations described
before.

7086 | RSC Adv., 2014, 4, 7084-7093
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2.2. Characterization techniques

Morphological characterization. Morphological character-
ization was based on scanning electron microscopy (SEM)
(Quanta FEI 200F operating at 20 kV). Materials were sputtered
with gold for 4 minutes with an intensity of 25 mA. The particle
size distribution and the shape of the materials were evaluated
by using a static image analysis equipment (Morphologi G3,
Malvern) that allows size measurements between 0.5 and 3000
um, as well as detailed shape analysis of the particles.

Fourier transform infrared spectroscopy (FTIR). FTIR
spectra of the solid samples mixed with KBr were recorded on a
Perkin Elmer Spectrum One instrument and were used to
monitor the success of the processing technique by signaling
the presence of the different components (naproxen, SiO, and
the corresponding lipid or polymer).

Thermal analysis. Naproxen loading, percentages of
Gelucire® and Eudragit® in the formulations and mass ratios
between all the components were evaluated by thermogravi-
metric analysis (TGA) (system NETZSCH-STA 449 F1) under N,
atmosphere with a 10 °C min~" heating rate.

Powder X-ray diffraction (PXRD). Materials crystallinity was
analyzed by X-ray powder diffraction (Rigaku Rotaflex RU-200 B,
XRD) using a Cu anode with Ag,; = 1.5406 A and Ay, = 1.5444 A
in the 26 range of 5-60°.

Drug loading and drug release profiles. The percentages of
drug impregnated in the hybrid composites and the release
kinetics at neutral pH were done using UV spectrometry. To
determine the total amount of NPX in each sample, a calibration
curve was first done by measuring the absorbance of NPX solu-
tions in acetone at 332 nm in an UV spectrophotometer (UVIKON
XS, Secomam). The range of concentrations used was between
0.0094 and 0.1 mg mL™'. A certain amount of each sample
(typically between 20 and 30 mg) was weighed and the required
volume of acetone was added. After vigorous manual stirring, the
polymer (or the lipid) and the NPX were dissolved, while the silica
particles remained suspended. Once the silica was deposited at
the bottom and the solution was clearly transparent, an aliquot
was taken and measured in the spectrophotometer.

The NPX release profile was obtained by applying a disso-
lution test already used by various authors and called Blade. The
dissolution medium consisted in 900 mL of 0.3% SDS stirred by
a paddle at 50 rpm and thermostated at 37.0 °C. The medium
was suitable to discriminate naproxen formulations compared
to a phosphate buffer in which pure naproxen dissolved in less
than 40 min.”* The amount of powder to be analyzed was
previously weighed to have the final drug content close to
30 mg. A peristaltic pump was connected to the dissolution tank
allowing recirculation through the UV flow cell of the spectro-
photometer Uvikon (A = 272 nm) for the in situ monitoring of
the concentration of NPX in the dissolution medium. Dissolu-
tion kinetics was monitored during 240 min or more if needed
to reach a constant value of the absorbance. Three replicates for
each formulation were made (slightly varying the soaking
conditions of the three components prior to the antisolvent
precipitation) which yielded in each case the same amount of
NPX and very similar release kinetics.

This journal is © The Royal Society of Chemistry 2014
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3. Results and discussion

Three formulations of NPX-lipids/polymers-silica (labeled as,
G44F, G50F and EudF in reference to the type of organic
material used) were prepared by the gas antisolvent method.
The mass ratio between the drug, the silica particles and the
lipids was kept equal. In the case of the polymer, a slightly
smaller amount of it was employed. This amount was chosen to
reach a compromise between obtaining a non-sticky material
(larger polymer concentration resulted in sticky material
loosing the pluviometric properties seeked here) and a sus-
tained release of the drug that is characteristic for this excip-
ient. Acetone was the solvent of choice because it dissolves both
the drug and the lipidic/polymeric excipients, it is easily elimi-
nated from the autoclave and is much less toxic than other
organic solvents. With the initial solution containing a
suspension of silica particles, likely those acted as nucleation
sites promoting precipitation in their vicinity. The experimental
conditions were chosen according to previous work using NPX
and these excipients in presence of CO,-acetone.'*°

3.1. Composition and morphology of NPX-lipids/polymers-
silica formulations

Previous experiments on NPX precipitation from an acetone
solution in CO, lead on a product recovery of 50 wt%, showing
that the NPX has certain solubility in the mixture of solvents, as
expected from its thermodynamic data.*’*> Thus, an initial
amount of starting NPX product as high as 1 g was used. Silica
UP120 5 pm sized particles present in addition inner porosity
with a mean pore size of 12 nm permitting the therapeutic agent

View Article Online

RSC Advances

to precipitate not only around the spheres, but also inside
theses cavities eventually as amorphous entities. A mass yield
between 56 and 67 wt% was achieved in all cases and around 2 g
of material was collected in each batch. To demonstrate the
possibility of increasing the amount of NPX in the formulation,
a batch experiment was done with double amount of NPX with
respect to silica and Gelucire. The as-obtained formulation
yielded more NPX and a slower release rate that could come to
an insufficient coating of all NPX particles (results not shown).

Fig. 3 contains SEM images of single components and of the
binary and the ternary organic-inorganic composite materials.
As it can be seen in Fig. 3a, the commercial naproxen consists of
small platelet-like crystals of 5-10 pm in diameter and around
one micron in thickness. When those are dissolved and recrys-
tallized in compressed CO,, the crystals show a needle-like
morphology and they are much larger in size (Fig. 3b) (approxi-
mately 300 x 8 x 55 um). When the process is carried out in the
presence of silica microparticles, the crystals are of smaller sizes
and of different shapes (approximately 20-30 um in diameter).
The NPX crystals are partially covered by the silica particles even
though a portion of these particles are detached (see Fig. 3c and
d). For the ternary formulations, the resulting materials are
homogeneous as can be observed by the SEM images (Fig. 3f-h).
In the higher magnification images (Fig. 3j-1), it can be clearly
seen that the formulations are composed by drug crystals coated
by silica microparticles. G44F and G50F exhibit long and elon-
gated NPX needles, while in EudF the drug precipitates in crys-
tals of various shapes. Although the presence of lipids/polymers
is not so obvious in these images, we believe they act as
agglomerating agents between the silica microspheres and the
NPX crystals. Some differences in the homogeneity of the silica

Fig.3 SEMimages of (a) commercial NPX, (b) as-obtained CO, processed NPX and (c and d) NPX + SiO,, (e and i) the physical mixture PMG44F,
and solid formulations at low and high magnification of (f and j) G44F, (g and k) G50F and (h and |) EudF.

This journal is © The Royal Society of Chemistry 2014
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layer around the NPX can be observed depending on the lipid/
polymer used. G44F and G50F present a compact and homoge-
neous silica particles coating around the drug crystal. The EudF
formulation presents a less homogeneous silica coating,
uncoated areas can be observed in every crystal. In all cases, a
small number of non-attached silica particles could be detected.
The additional material prepared with one third of Eudragit
(named EudF/3) was also observed by SEM. The resulting mate-
rial consisted in a larger number of individual silica particles
non-attached to NPX crystals (results not shown). This could
indicate that the amount of Eudragit in the formulation (7%) is
not enough to coat NPX and silica particles. Moreover, the
physical mixture, labeled as PMG44F, is composed by very broad
crystal sizes distribution of NPX, partially coated by silica parti-
cles as well as silica aggregates, probably glued by the lipid
(Fig. 3e and i). Considering the heterogeneity of the mixture, no
further characterization was performed.

A more accurate and detailed statistics analysis of the
materials morphological parameters was done with the optical
microscope and software Morphologi G3. Obtained mean sizes
are summarized in Table 1. The two most differentiated
samples G44F (Fig. 4a) and EudF (Fig. 4b) were more deeply
studied. In contrast with the electronic microscope, this optical
equipment statistically analyses a large area and thus a repre-
sentative portion of the sample can be investigated. Further-
more, many parameters related to the shape of the scanned
materials can be calculated by the equipment software. In our
samples, it is especially interesting to know the length and
width of the coated NPX needles. The obtained mean values are
65 um in length and 31 pm in width for G44F and 64 um and
32 pm for EudF resulting in aspect ratios of 0.48 and 0.50
respectively. In Fig. 4, it can be observed that the silica coating is
more homogenous and conformal in the G44F formulation
compared to the EudF one.
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FTIR spectroscopy was used to confirm the presence of all
components and to investigate if chemical modifications had
taken place during the batch process in compressed CO,. Fig. 5a
and b depict the IR spectra of the ternary lipidic formulations
and includes the spectra of the constituent components (silica
particles, commercial NPX and lipids) at different wave number
ranges. Silica presents intense absorption bands in the region
900-1200 cm ™' due to the stretching vibrations of the O-Si-O
bonds of the SiO, tetrahedrons. NPX exhibits a peak at 1726
cm ', which corresponds to the stretching vibration of its
carboxylic group (C=0), and a peak at 1603 cm ™~ corresponding
to the breathing vibrations of C=C bonds in the aromatic ring.
Ether's C-O-C asymmetric stretching mode appear at 1092 and
1072 cm™ ".** The C-H vibrations are located at 896 cm™". The two
lipids Gelucire® 44/14 and Gelucire® 50/13 have similar chem-
ical structures presenting the following bands: the stretching
vibration from the O-H bond at 2921 and 2915 cm ™', respec-
tively,** two bands at 2857 and 2850 cm ™ 'corresponding to the
stretching mode of the C-H,* the stretching vibration of the
carbonyl group at 1732 and 1736 cm™ " and the characteristics
ones from PEG around 1470, 1106 and 960 cm ™~ *.3%%” The spectra
of the composite organic-inorganic materials show the broad
band of the O-Si-O stretching, evidencing the presence of silica
particles in the composite samples. NPX existence can only be
clearly detected from the peak at 1603 cm ™" of the aromatic ring,
since the C=O0 vibrations are also present in the lipidic excipi-
ents and the C-H vibration band overlapped with the broad one
of Si0,. Even so, incipient peaks at 1090 cm " for the case of the
solid formulation G44F and at 1071 cm ™ * for both lipidic systems
are observed. They come from the ether's groups vibrations of the
NPX and they are in the range that the broad band of O-Si-O
appears. Similar signals are found for the two lipids in the solid
formulations spectra, where only the band due to the O-H
vibration around 2915 cm™" and the one from PEG at 1455 and

Table1 Composition, NPX content obtained by spectroscopic and TG measurements, morphological properties and approximated volumes of

the studied materials

Naproxen content by

Naproxen, polymer/lipid

Microparticle mean size

Polymer/lipid UV spectroscopy and SiO, content by length x width (nm) Approx. crystal
Materials + Si0, (5 pm) (Wt%) TG measurements (Wt%)  aspect ratio from Morphologi  volumes (um?)
Commercial NPX 100
Processed-NPX 100
NPX-Silica 54
NPX-G50F 46°
G44F Gelucire 44/14 38 23 Naproxen
+ SiO, 20 G44/14 65 x 31 9800
57 SiO, 0.48
G50F Gelucire 50/13 27 16 Naproxen
+5i0, 19 G50/13
65 SiO,
EudF Eudragit RS/RL100 40° 25 Naproxen 64 X 32
+ Si0, 20 Eud. RS/RL100 0.50 8200
55 Si0,
EudF/3 Eudragit RS/RL100 37 31 Naproxen
+ Si0, 7 Eud. RS/RL100 51 x 31 11000
62 SiO, 0.6

“ Data were taken from the plateaux of the release curves.
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Fig. 4 Optical microscope pictures of (a) G44F and (b) EudF.
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Fig. 5 FTIR spectra of samples (a and b) G44F and G50F, and (c and d) EudF, both including the starting materials.

1457 cm™ ' for the G44F and G50F, respectively, are clearlyvisible.
The PEG peak at 1106 cm ™" is overlapped with the silica band,
but the one at 960 cm ™" can be observed in both materials. In all
the species a broad band between 3550 and 3100 cm ™ * appears
assigned to free O-H stretching vibrations. Thus, from the FTIR
data, it can be concluded that the starting products have not
suffered any change in their chemical structure; neither any new
chemical bond seems to be formed during the preparation
process in presence of CO,. In Fig. 5¢ and d, the spectra of the
polymeric composite and of the raw starting materials can be
observed at broad and narrow range of wave number respec-
tively. Only Eudragit® RL100 spectra is shown, since Eudragit®
RS100 presents an identical IR spectrum. The two polymers only

This journal is © The Royal Society of Chemistry 2014

differ in their quaternary ammonium groups composition; being
higher for Eudragit® RL100 (this feature gives the polymer its
permeability characteristics). The IR spectrum of Eudragit®
RL100 presents peaks at 2990 and 2950 cm ™ * that come from the
absorbance of the alkyl groups (-CH3; and -CH,) stretching
vibrations.*® The corresponding absorbance of bending vibra-
tions appears as a shoulder at 1480 cm ™" and as two peaks at
1447 and 1384 cm ™ '. The sharp peak of the stretching vibration
of the carbonyl group occurs at 1726 cm ™. A band between 1300
and 935 cm ™ also appears, and it is attributed to the polymer
C-0 double bond stretching mode. Moreover, the broad band
from the free O-H stretching vibrations is located in the range of
3600 and 3100 cm ™. The spectrum of the composite material

RSC Adv., 2014, 4, 7084-7093 | 7089
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EudF has the characteristic signals of silica, NPX and the mixture
of polymers. To distinguish between the drug and the coaters the
bands at 1603 and 1449 cm™ " were used. The peak at 1603 cm ™',
assigned to the C=C vibration of the aromatic ring, identify the
NPX; while the peak at 1449 cm ™" indicates the presence of C-H,
bending vibrations typical of the polymer.

The compositions of resulting materials are summarized in
Table 1. Similar loading percentage in weight of NPX can be
observed in all samples (ranging from 27 wt% to 40 wt%) when
measured by UV spectrophotometry. Somehow, smaller
contents were found when evaluating the drug load by ther-
mogravimetry (ranging from 16 wt% to 25 wt%). The spectro-
photometric method has been considered as the most precise;
therefore, UV results should be taken into consideration to
assess the NPX load. However, the amount of lipid/polymer
could only be assessed thermogravimetrically. The silica
content was estimated from the weight remaining in the TGA
curves at ca. 450 °C. In Fig. 6a and b the temperature ranges in
which the commercial materials decompose are shown, while
Fig. 6¢c shows the thermal degradation of the solid formulations
under study. Thus, the mass ratios of lipid or polymer-NPX was
0.9/1 in G44F, 1.2/1 in G50F, 0.8/1 in EudF and 0.2/1 in EudF/3,
mirroring the nominal initial concentration between organic
binders and NPX and confirming what was already observed by
SEM, that ‘naked’ NPX crystals or polymeric particles were not
present. The obtained ratios also confirm the fact that the
lipids/polymer served as a binder between the NPX needles and
the silica particles, since the samples with low polymer
percentage, as Eudragit composite materials, have a higher
number of silica spheres unattached to the drug particles.
Moreover, the presence of silica in the formulations enables the
recovery of a fine and free-flowing powder with reproducible
NPX content and dissolution kinetics pointing to a good
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homogeneity of the material. In Fig. 6d the TGA of commercial
raw materials and the Gelucire 50F sample is depicted together
with the derivative curves. The curves showed that the temper-
ature at the maximum in the derivative curve obtained for raw
and composite materials was very similar, indicating that the
addition of silica or polymer do not have any effect on the
thermal stability of the drug.

In Fig. 7a, XRD patterns of commercial Gelucire 44/14 and
Gelucire 50/13 are depicted. They show peaks at 19 and 23.2°
that are typical from PEG.* On the contrary, Eudragit® RL100
exhibits a broad band in the range of 10 and 20° due to its
amorphous nature (Fig. 7b). The diffractogram of the
commercial NPX presents the typical peaks of its crystalline
form at 6.5, 12.4, 16.6, 19, 20, 22.2, 23.8 and 28.2°. The presence
of the drug in a crystalline form after the antisolvent process is
evidenced by the appearance of the characteristic NPX diffrac-
tion peaks in the diffraction patterns of the G50F, G44F and
EudF samples.’

3.2 Drug release

Fig. 8 shows the drug release profiles of the various formula-
tions and of pure naproxen (commercial or processed). The
binary CO,-processed formulations of NPX:silica and
NPX : G50/13 are also included to evaluate the effect of pro-
cessing three components.

Let first consider the dissolution of CO,-processed NPX
compared to commercial NPX. The main difference resides in
the initial stages of the release, since in the first four minutes,
almost 35 wt% of the drug is dissolved for the commercial
sample while only the 15 wt% was dissolved in the CO,-pro-
cessed one. But, after 45 minutes, the 75 wt% of NPX has been
dissolved from the two materials. This is related with the size of
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Fig. 6 Thermogravimetric analysis of (a) the raw lipids and commercial NPX, (b) the raw polymers and commercial NPX, (c) the synthesized materials
G44F, G50F and EudF, and (d) G50F compared with raw Gelucire® 50/13 and with commercial NPX as well and the derivatives of the curves.
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Fig. 7 X-ray spectra of raw materials and (a) Gelucires 44/14 and 50/13,

the NPX particles; the smaller the particles the faster the
dissolution. When the drug is precipitated in CO, in the pres-
ence of silica particles, the NPX crystals were significantly
smaller than without them (Fig. 3). This implies a faster release
profile of the drug, further enhanced by a de-agglomeration
effect provided by silica particles (Fig. 8). A very similar release
profile was observed for the NPX: G50/13 binary mixture as
compared to the NPX:silica one. The possibilities for
improving drug dissolution under constant hydrodynamic
conditions pass by increasing the surface area available for
dissolution, modifying the crystal habit, or optimizing the
wetting characteristics of the compound surface. This can be
done by micronization, preparing nanosuspensions, precipi-
tating different polymorphs or the amorphous form of the drug,
complexation, drug dispersion in carriers and formation of salts
or co-crystals.** Within produced formulations, naproxen
particles themselves were not small and they were produced as
crystals and not in amorphous form, two characteristics that do
not help the dissolution. Silica was used with the primary goal
to act as a spacer during the precipitation process to reduce the
agglomeration of drug particles. This beneficial effect was evi-
denced macroscopically by recovering a powder that flew more
freely than the commercial or CO, processed NPX. In addition,
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Fig. 8 Drug dissolution profiles at neutral pH (in water + SDS 0.3% w/
v) of commercial NPX, and processed NPX, binary formulations: NPX—
silica particles and NPX-G50F and ternary formulations: G44F, G50F
and EudF. Depicted points are the mean values calculated from two
replicates and the error bars are calculated from those replicas.
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the de-agglomerated NPX crystals exhibit an increased surface
area that improves its dissolution rate. Gelucire carriers
enhance dissolution by a different mechanism. As surface-
active agents also possessing self-emulsifying properties, they
can adsorb drugs thereby altering the surface or the interfacial
free energy to reduce the surface or the interfacial tension,
through which the dissolution can be increased by preventing
the formation of any water-insoluble surface layer.** Thus,
effects of silica and Gelucire were combined in the lipid-based
ternary formulations since those systems exhibited the fastest
dissolution rates compared to materials containing only lipid
(NPX : G50/13) or only SiO, particles (NPX : silica): within the
first 10 min, almost 90% of the drug was released. The release
order of the G44F or G50F > NPX : silica > NPX fits with litera-
ture that attributed the prime effect of Gelucire to a better
wetting, micellar solubilization, reduced hydrophobic interac-
tion, or both mechanism (Chauhan 2005). When Eudragit® was
used instead of lipids, the release of NPX was slower; lipidic
formulations dissolve between 59 and 75 wt% of the total
amount of the encapsulated drug in the first two minutes and
EudF only 20 wt%. The swellability and permeability of those
carriers induce drugs embedded in their matrices to be released
by diffusion. It is interesting to note that within the first 10 min,
the dissolution rate of the EudF sample was comparable to that
of pure naproxen as if uncoated and agglomerated crystals were
present. As expected, the PEG based lipids lead in the fastest
release. To evaluate the possible contribution of particle size to
their different release profiles, the volumes of the solid formu-
lations were approximately calculated (see Table 1) and similar
values were obtained for EudF and G44F. This was done by
assuming the crystals to be orthohedrons, considering the
width and length values from Morphologi data and the height
from a mean value of several SEM images. This finding seems to
indicate that the kinetics of naproxen release is mainly influ-
enced by the nature of the carrier rather by the size of the
crystals.

4. Conclusions

Supercritical carbon dioxide is an ideal processing medium
because of its relatively mild critical conditions and holds a
GRAS (generally recognized as safe) status. New processes, such
as the one presented here, that partially rely on the replacement
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of organic solvents with scCO, are of great interest and may
result in environmentally friendly options for drug loading and
coating processes. Interestingly, we have presented a feasibility
study on the use of scCO, to fabricate three-component
(organic-inorganic) homogeneous pharmaceutical formula-
tions which present superior characteristics when compared
with a physical mixture of the components. The design of a one-
pot process in which the silica free-flow agent is directly intro-
duced in the solution and co-processed promotes the recovery
of particulate material, which is difficult to obtain with amor-
phous or semi-crystalline carriers processed by CO,. In addi-
tion, the ternary formulations with lipid carriers are powders of
good flowability and not sticky, which is advantageous for the
product manufacturing. Naproxen was chosen as a model drug,
the dissolution rate of which was aimed to be enhanced. As
excipients, two kind of commercial lipids and a polymer were
used. Moreover, silica microparticles were also incorporated
into the formulation to restrict the NPX crystal growth and to
obtain appropriate micromeritic properties. The morpho-
chemical characteristics of these microcomposites and, partic-
ularly, their different release profiles are reported. High drug
recovery has been achieved in the three cases. The resulting
materials are composed of NPX crystals coated with silica
microspheres glued by the lipids or the polymer. None of the
components suffered structural or chemical modifications
during the processing and naproxen was produced as a crys-
talline material. Water dissolution of a drug formulation is
mainly controlled by the wetting properties of the excipients, by
the size of the crystals and by the nature of the excipients. Since
NPX crystals become larger when precipitated by CO,, its
dissolution profile is slower than for commercial NPX. Con-
fronting ternary formulation, note that the release is syn-
ergetically accelerated, as a consequence of the wettability and
dissolution enhancement, in the case of the lipids Gelucire,
while for the polymer Eudragit, the formulation follows the
same trend as for the naproxen silica binary mixture.
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Abstract The overall objective of the present work was to
modulate the release behavior of drug-impregnated silica par-
ticles from almost instantaneous release to a more sustained
delivery, prolonged during several hours. Triflusal was chosen
as a model drug of the low biodisponibility type. The process
is based in the coating with Eudragit® RL 100 polymer of
aerogel-like silica particles. Materials were processed in com-
pressed CO, by using the batch and semicontinuous
antisolvent coating methods. Triflusal release from Eudragit-
coated aerogel particles was compared with the dissolution
profiles recorded for pristine triflusal and for triflusal impreg-
nated into polymer or non-coated aerogel particles. The re-
lease profiles were determined by high-performance liquid
chromatography. Eudragit-coated materials presented an in-
termediate drug-release rate between this obtained for the
infused polymer and that of the impregnated aerogel particles.
Diffusion-governed mechanisms were found for the studied
aerogel-like systems after fitting the release data to both
Korsmeyer-Peppas and Baker-Lonsdale equations. The major
advantage of the compressed CO, antisolvent approach was
the ability to physically coat very fine particles (<100 nm).
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Moreover, the stability of the studied drug in water increased
after coating.
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Introduction

Polymer coating of micro- and nanoparticles is presently a
widely used technique for powder processing in various im-
portant industries, including pharmaceuticals, food, fertilizers,
cosmetics, electronics, etc. [1-3]. Most of the coating mate-
rials are natural or synthetic polymers [4—6], but fats, lipids,
and waxes can also be used for encapsulation [7-9]. Polymer
coating usually modify several physical characteristics of the
original material, such as hydrophility, appearance, or me-
chanical strength. Encapsulation can also result in more uni-
form particle size distribution, smoother surfaces, and en-
hanced flowability. Regarding the chemical characteristics,
coating aids to protect unstable ingredients from external
degradation factors, such as moisture, air, or light, and can
enhance compatibility and wettability. In the particular case of
controlled drug delivery, encapsulation is used to modulate the
release rate of an active pharmaceutical ingredient to the
organism. Other advantages attained by coating are better
dispersion and deagglomeration, as well as enhanced function-
ality when coated with specific polymers such as polyethylene
glycol that gives amphiphilic character and prevent recognition
by the immune system [10, 11]. Many of the marketed poly-
meric drug delivery carriers are adequate for the sustained
release of water-soluble drugs. For low water-solubility drugs,
polymeric systems could also exhibit a good response but often
release the drug very slowly due to its high hydrophobicity. As
an alternative, the relevance in controlled drug delivery of
inorganic materials such as silica, titania, or magnetic iron oxide
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particles, either alone or combined with polymers in hybrid
matrices, is increasing [12—14]. Inorganic porous particles are
mostly applied to obtain an immediate drug dosage of poorly
water-soluble compounds at the desired target site.

The technologies currently used in the industry for coating
solid particles, based on either mechanical movement
(agitation) or solid fluidization (Wurster process), mainly
involve organic solution chemistry and the use of high tem-
peratures to evaporate the solvent [15—17]. In these processes,
the replacement of organic solvents with supercritical and
compressed carbon dioxide (CO,) results in an environmen-
tally friendly option with a near-zero waste production. CO, is
an ideal processing medium at high pressure, because of its
relatively mild critical conditions (31.1 °C and 73.8 bar) and
generally recognized as safe (GRAS) status. The applicability
of'the already known supercritical micronization techniques to
coating depends primarily on the solubility of the coating
material in compressed CO, [18, 19]. In general, compressed
CO; has a limited solvent strength for many polymers of
interest. Hence, most of the work performed in coating using
compressed CO, has been carried out by antisolvent methods
[20, 21] and only a few by polymer precipitation from the
solvent, as in the rapid expansion of supercritical solutions
(RESS) process [22-25]. In a further evolution, the RESS and
the fluidized bed technologies have been combined, using
supercritical CO, as the fluidizing gas and as a solvent
[26-31]. The precipitation from gas saturated solutions
(PGSS) process and the co-injection route, in which the su-
percritical CO, is dissolved in a polymer to reduce its melting
temperature, are used to coat thermally sensitive compounds
[32, 33]. However, individual coating is difficult to achieve
using these processes, especially for small-sized particles. In a
different approach, particles have been coated by in situ disper-
sion polymerization in supercritical CO, [34, 35]. This coating
method has shown excellent results for the encapsulation of fine
particles; however, it would be severely limited for drug-
coating applications due to residual monomers. Spouted bed
technology has recently been applied to coat large micrometric
silica aerogel particles [36] and surface-initiated polymerization
for the coating of aerogel disks with a hydrogel [37].

In previous works, we reported on the supercritical prepara-
tion of impregnated drug delivery systems involving triflusal
(Trf) drug, based in either homopolymers [38] or aerogel-like
silica matrices [39]. Trf is a drug practically insoluble in water
and highly unstable at a neutral and alkaline pH. The in vitro
release study demonstrated a sustained release prolonged for
several days in the polymeric system [38], while more than 80 %
of triflusal was dissolved in the media within the first minutes for
the aerogel matrices [39]. In this study, we have extended our
background in supercritical and compressed CO, impregnation
and antisolvent precipitation to the deposition of polymeric thin
films of Eudragit® RL 100 on the surface of silica acrogel-like
fine particles, either as synthetized or previously impregnated
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with Trf. Two different types of particulate silica were studied:
sub-micron size silica particles (SiO, 300 nm) [40] and
magnetite-silica (Fe;04@SiO, 65 nm) nanospheres [41].

CO, antisolvent approaches have often been successfully
applied to the coating of micrometric organic and inorganic
particles [10, 42—44], although only in some particular cases
they are used for the coating of nanometric particles. For
example, the compressed antisolvent coating technique was
used for the surface modification of superparamagnetic iron
oxide nanoparticles of 10—15 nm diameter [45, 46]. The
magnetic particles have been long commercialized as contrast
agents for magnetic resonance imaging and are coated to
reduce magnetic agglomeration [47]. In our study, the used
superparamagnetic Fe;0,4 nanoparticles embedded as a core
into a Si0O, matrix (Fe;04@Si0,) present low magnetic ag-
glomeration [41]. In this work, both the batch gas antisolvent
(GAS) and the semicontinuous precipitation compressed
antisolvent (PCA) techniques were used for particle encapsu-
lation. Results showed that particle encapsulation was
achieved in both cases. In vitro characterization by high-
performance liquid chromatography (HPLC) proved that the
deposited coating acted as a drug-release barrier, thus
obtaining delivery rates that are in between those attained with
polymeric systems and uncoated aerogel particles. Moreover,
drug stability in water increased in the hybrid matrix consti-
tuted by aerogel particles and polymer with respect to the rest
of studied encapsulation systems.

Experimental
Materials

2-Acetyloxy-4-(trifluoromethyl) benzoic acid or triflusal (Trf)
was kindly donated by Uriach S.A., Spain. Eudragit® RL 100
amorphous polymer (Evonik Rohm Pharma Polymer,
Degussa) was selected as the coating element and was kindly
supplied by IMCD, France. It is a copolymer of acrylate and
methyl methacrylate with a low content of methacrylic acid
ester and quaternary ammonium groups. This polymer is
water insoluble, but sweallable, with a relatively high perme-
ability that comes from the presence of the ammonium salt.
Sub-micron silica aerogel-like particles (AP) and magnetite-
silica composite nanoparticles (APg.), with diameters of 300
and 65 nm, respectively, were synthesized in our laboratory by
hydrolysis and polycondensation of tetramethylorthosilicate
(TMOS, 98 %, Sigma-Aldrich) and high temperature super-
critical drying, according to the procedures described else-
where [40, 41]. These particles had a surface area of near
200 m? g "' and a pore volume of ca. 0.07 cm® g~'. Some APy,
nanoparticles were impregnated with Trf by a supercritical
method, as previously reported [39], thus obtaining Trfl@ APk,
nanoparticles. The Trfloading was in the order of ca. 4 wt% of
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Trf. Acetone (99.8 wt% purity, VWR) was used to suspend the
inorganic nanoparticles and CO, (industrial grade, Air Liquid)
as the antisolvent.

CO, antisolvent processes

First experiments were performed in a GAS home-made batch
apparatus, consisting of a 0.5-L autoclave that at the bottom
has a membrane filter of 0.22 wm placed on the top of a
stainless steel frit (5 wm mesh). The setup is described else-
where in detail [48, 49]. In the batch approach, compressed
CO, was introduced into the vessel that contained the acetone
suspension of sub-micron silica particles and the dissolved
polymer. The vessel was equipped with a stirrer plunged in the
solution, thus maintaining the particles in suspension. In a
typical GAS experiment, AP and drug were weighed in a mass
ratio of 1.1:1.7 (ca. 0.25 g of Trf) and mixed with 40 mL of
acetone. The obtained mixture was soaked overnight under
mild conditions of stirring, previous to Eudragit addition in a
polymer:silica mass ratio of 1:1.1. The temperature of the
vessel was controlled by heating jackets and maintained at
26 °C during the polymer precipitation step. Compressed CO,
was added resulting in a gradual increase of the pressure in the
chamber up to 100 bar. After 1 h, the exit valve was opened,
and the product was washed at 30 °C with a fresh flow of CO,.

A second set of experiments, aiming at coating the smallest
silica particles (65 nm), was performed using the PCA
semicontinuous approach. The equipment is fully described
elsewhere [48]. In the PCA technique, the liquid phase in-
volving dispersed silica nanoparticles and a dissolved polymer
was sprayed into a continuous feed of CO,. In the PCAL
experiment, the acetone suspension had concentrations of
pre-impregnated Trf@APg. and polymer of 4 and
8 mg mL™', respectively. The mixture was sonicated during
15 min before pumping. In the PCA2 experiment, a weighted
amount of Trf calculated to reach a concentration of
6.5 mgmL ' was added to acetone containing dispersed APp,
particles (5 mg mL ") and dissolved polymer (20 mg mL ™).
The high pressure autoclave was first heated at 30 °C and
filled with CO, at a pressure of 90 bar, and then, the acetone
suspension was sprayed into the vessel at a flow rate of 1.5—
2.0 mL min"'. A capillary nozzle (180 um diameter) was used
to deliver the suspension. Liquid CO, was continuously
pumped to the vessel at a rate of 15-25 g min ' during acetone
injection and, afterwards, for 1 h to wash the obtained product.
The coated material was recovered on a 5-um filter
overtopped by two membranes of 0.22 um placed at the
bottom of the autoclave.

Characterization

Fourier transform infrared spectroscopy (FTIR, Perkin Elmer
Spectrum One instrument) was used to monitor the success of

the processing technique by signaling the presence of the
different components (Trf, SiO,, and the polymer). Thermo-
gravimetric analysis (TGA, system NETZSCH-STA 449F1)
was used to estimate the percentage of organic components in
the recovered products. Morphological characterization was
based on scanning (SEM, Hitachi S570) and transmission
(TEM, JEOL JEM-1210) electron microscopies. Mean parti-
cle size and polydispersity of each system were obtained by
using the ImagelJ software package, adjusting the particle size
histogram obtained from 200 counts in the TEM images to a
Gaussian distribution. Drug-release kinetic profiles were mon-
itored using a Trf-established HPLC method described else-
where [50]. The delivery of the active component was studied
at pH 2 in a 0.01 M HCI medium, fixing the stirring rate and
temperature at 60 rpm and 37 °C, respectively. Acid pH was
chosen to simulate physiological conditions at the stomach.
The metabolite of Trf (4-(trifluoromethyl) salicylic acid, HTB)
was also quantified. To calculate the amount of impregnated
drug, both the Trf and the HTB contributions were considered.
The kinetic curves were monitored chromatographically, mea-
suring the UV absorption at 280 nm, to obtain the correspond-
ing delivery profiles. Total loading was obtained from HPLC
data at 100 % release.

Results and discussion

The antisolvent process is based on solute precipitation oc-
curring when compressed CO, and an organic liquid phase
that contains the solute come into contact [51, 52]. The inter-
diffusion of the organic solvent and CO, creates conditions of
solute supersaturation in the organic phase, since the newly
formed CO, solvent mixture exhibits lower solubilization
ability than that of the pure solvent. Besides the precipitation
of a single specie, the formation of complex mixtures can be
also carried out through the CO, antisolvent coprecipitation of
two or more solutes dissolved in the liquid phase [44, 53]. In
the process used in this work, fine acrogel-like particles were
suspended in a liquid solution containing the dissolved poly-
mer. The CO, addition provoked the precipitation of the
polymer embedding the inorganic particles and giving place
to hybrid products. The used experimental conditions are
shown in Table 1 together with some end-product character-
istics. Under working conditions, the process yield was typi-
cally below 50 wt%, likely due to the high solubility of Trf and
Eudragit in acetone. The yield was also reduced due to the
nanometric character of the inorganic nanoparticles that could
easily bypass the used filter at the bottom of the reactor.
Moreover, Trf has a relatively high solubility in compressed
and supercritical CO,. For instance, a mole fraction of 3x 10~
was measured at 200 bar and 35 °C [38]. Experiments were
performed at temperature lower than the critical temperature
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Table 1 Composition of the processed slurry and recovered powder, in regard to polymer, silica matrix, and triflusal drug, for the performed antisolvent

experiments
Sample Matrix composition before coating Slurry composition Composition of as-recovered samples
Silica aerogel Trf (wt%) Eudragit:silica: Trf ratio [mg mL ™ Silica (wt%) Trf (Wt%) Eudragit (wt%)
GAS1 AP 0 1:1.1:1.7 60 1 39
PCALl Trf@AP. 4.1 1:0.5:0.05 43 1 56
PCA2 AP, 0 1:0.25:0.3 47 2 51

of CO, to reduce drug solubility in the solvent mixture and to
prevent polymer swelling in the liquid phase. Organic com-
pounds solubility in CO,+solvent mixtures increase generally
with temperature [51, 54], thus processing at low temperature
reduced the risk of losing the Trf drug by dissolution. Regard-
ing the mixing behavior of the solvent and CO,, 3D simula-
tion showed that the mixing plume did not differ notably in the
interval from 25 to 45 °C, since convection and not diffusion
is the mechanism that dominates mass transfer [51].

When performing the PCA experiments, a part of the
coated material was found stacked to the filter as a cake due
to the continuous flow. The rest of the product was recovered
from the body of the reactor as a free-flowing powder. In
Fig. 1a, a SEM picture of the filter cake product is shown, in
which aggregates of nanoparticles entrapped in a polymeric

Fig. 1 Images of the collected
product from experiment PCA1:
SEM pictures of a the cake and b
the as-recovered powder, and
TEM images of the flowing
powder ¢ as-recovered and d after
rinsing it with methanol
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mass can be observed. SEM (Fig. 1b) and TEM (Fig. 1c)
characterization of the as-recovered flowing powder for
the PCA1 experiment showed that it consisted of small-
agglomerated entities immersed in a continuous polymer
film. The flowing powder can be further dispersed by
rinsing it with a minimum amount of a proper solvent
(acetone, ethanol, or methanol) to eliminate the excess
of polymer (Fig. 1d). A liquid solvent washing of the
excess polymer was not strictly necessary for controlled
drug delivery applications; however, it was considered
desirable to reduce particle aggregation while still hav-
ing a polymer coating, as was later confirmed by FTIR
and TGA measurements.

Batch GAS approach was applied to modify the surface of
the 300-nm AP particles. The feasibility of this precipitation-
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on-slurry technique has been demonstrated previously for
micrometric particles [49]. This approach was selected pref-
erably to the semicontinuous PCA mode to coat the largest
silica particles that are difficult to pump avoiding sedimenta-
tion. The PCA approach could be applied only for the coating
of the nanometric 65-nm APy, particles, avoiding flow insta-
bilities and nozzle plugging occurring when pumping large
particles. For Trf pre-impregnated samples, it was observed
that the drug loading was reduced after antisolvent processing,
likely due to partial dissolution of the drug in both the com-
pressed CO, and in the liquid phase. To avoid this problem,
GAS experiments were performed starting from a non-
impregnated AP sample that was soaked overnight with a
solution of Trf in acetone (GAS1 experiment). The performed
soaking step was envisioned as a way to infiltrate the drug into
the silica pores [55]. Using the PCA approach, samples were
prepared either directly from a triflusal pre-impregnated ma-
terial, Trf@APg., (PCA1 experiment) or by first soaking
pristine APg. nanoparticles in acetone with Trf overnight
(PCA2 experiment).

Sample composition

FTIR spectroscopy was used to monitor the presence of the
different components in the precipitated products involving
Trf drug, silica matrix, and Eudragit polymer as a coating
agent. The spectra of the different products obtained following
the different antisolvent routes are shown in Fig. 2. The as-
recovered samples were rinsed with methanol before analysis.
The most distinctive band in the spectrum of Eudragit was the
C=0 vibration appearing at ca. 1,725 cm™'. Moreover, the
spectra of the polymer exhibited the characteristic bands of the
asymmetric and symmetric alkyl stretching modes at 2,990
and 2,950 cm ', respectively. The corresponding absorbance
of bending vibrations was shown as a shoulder at ca.
1,480 cm ' and as two peaks at ca. 1,445 and 1,385 cm .
For all the studied silica matrices, intense absorption bands
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Fig. 2 FTIR spectroscopic analysis of the Eudragit-coated products,
indicating the C=0 carbonyl functionality for the polymer and, tentative-
ly, also for the drug

100

e, PEAT MeOH

=

s 80}

v

u

k=]

2 60

1

= I:C#?

\PCA1 |

100 200 300 400 500

Temperature (*C)

Fig.3 Thermal analysis of the as-recovered-coated powder in the GASI,
PCAL, and PCA2 experiments, and sample PCA1 also after rinsing it
with methanol (PCA1 MeOH)

appeared in the 900-1,200 cm ' region, which corresponded
to the stretching vibrations of the O—Si—O bond in the SiO4
tetrahedrons of the aerogel skeleton. The band at 1,620—
1,630 cm™' was due to the bending frequency of molecular
water adsorbed in the silica. The broad band from the free O—
H stretching vibration was observed in the range of 3,600—
3,100 cm ', The useful FTIR region of solid Trf/HTB
contained bands at 1,770 and 1,685 cm ' corresponding to
the carbonyls (C=0). The presence of Trf in the coated
matrices was difficult to assess, due to the low percentage of
drug in the samples. However, for some samples, the Trf could
be tentatively monitored by the C=0O band of the ester
appearing at a frequency near 1,770 cm ', as a shoulder of
the more intense carbonyl band associated to the polymer
occurring at a slightly higher frequency (1,725 cm ™).

The quantification of the organic and inorganic phases was
performed by sample pyrolysis using TGA analysis (Fig. 3).
The thermogravimetric curves obtained indicated that
Eudragit polymer decomposed in the temperature interval
350-430 °C. The lost of Trf occurred in the range 150-
350 °C. However, the amount of Trf in the samples was too
small to be quantified following this procedure. The residue
lasting after heating up to 450 °C was assigned to the
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Fig. 4 Percentage of Trf and HTB in the studied matrices after 6 months
of storage
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inorganic phase. In the GAS1 sample, the percentage value of
the residue at 450 °C corresponded to ca. 60 wt% of the total
composite mass, while in the PCA precipitated products, this
percentage was reduced to values of less than 50 wt%. After
rinsing PCA1 sample with methanol, the percentage of poly-
mer was reduced to values of 10-20 wt%.

The preservation of the Trf form, in terms of hydrolysis to
HTB, inside the silica matrices during preparation and storage
was studied and compared with the behavior observed for the

Fig. 5 TEM images of the
following: a pristine AP particles,
b as-recovered GASI1 sample, ¢
GASI1 sample rinsed with
methanol, d pristine APg,
nanopatrticles, e as-recovered
PCA2 sample, and f PCA2
sample rinsed with methanol

@ Springer

pure drug, the Trf@APg. sample before coating and with a
polymeric system involving Trf impregnated in
polymethylmethacrylate particles (sample Trf@PMMA).
The transformation was evaluated after 6 months of storing
the samples under ambient conditions, i.e., 21 °C and 60—
65 % relative humidity [39]. The amount of either Trf or HTB
was determined from the corresponding chromatographic
peaks at the initial stages of the release. Figure 4 shows that
the Trf transformation for the different samples was of more
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than 50 % for the PMMA-based matrix to less than 5 % for the
Eudragit-coated APg, particles. An intermediate situation was
observed for the uncoated Trf@APg. and Eudragit-
coated AP samples, which had hydrolysis degrees of
20-30 %. In principle, the preservation of the ester
form present in non-hydrolyzed Trf could be presumed
for hydrophobic polymeric matrices. However, hydro-
philic environments, such as the one existent inside of
the pores of the silica aerogel-like particles, preserved
the water-sensitive drug more efficiently than the
PMMA beads. This finding was attributed to the acidity
that silica materials provided to the adsorbed water. Trf
is a drug with a relatively high stability in acid media
[50]. After impregnation, the PMMA matrix would have
an internal porosity induced by CO, swelling [38]. This
feature allowed the incorporation of neutral water to the
matrix, which led to a high hydrolysis degree of the Trf
drug. For the inorganic particles, the coating with
Eudragit likely avoided the diffusion of water into the
material, minimizing the subsequent drug hydrolysis.

Sample morphology

The bare AP matrix consisted of spherical fine particles
of 300-nm mean diameter with a 9 % polydispersity
(Fig. 5a). The inset in Fig. 5a evidences that the spheres
were not aggregated, and necking between them were
not observed. After GAS precipitation, the as-recovered
particles were clearly embedded in a continuous mass of
polymer (Fig. 5b). The thickness of the polymer film
could be reduced by rinsing the sample with methanol
(Fig. 5c), thus producing an easily flowable-coated pow-
der. The presence of the polymer after rinsing was not
easily seen in the images, and only a thin layer of the
organic material connecting the particles was visible
(see the inset in Fig. 5c).

The APg. particulate matrix was characterized by a
mean diameter of 65 nm and 20 % size dispersion
(Fig. 5d). The nanocomposite was constituted by a core
of magnetite nanoparticles (ca. 6 nm diameter)
surrounded by a shell of porous silica. This core/shell
structure is easily distinguishable in the image inset of
Fig. 5d. After loading with Trf, the particles did not
show morphological differences (image not shown).
Similar behavior to that explained for GAS1 sample
was observed for PCA1 and 2 samples. The PCA coat-
ing process produced particles embedded in a polymer
mass (Fig. 5e), which was partially eliminated with
methanol giving place to almost individually coated
particles (Fig. 5f). The polymer can be still observed
as a thin layer that covers and attaches the nanoparticles
together (inset of Fig. 5f).
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Fig. 6 Drug delivery profiles for pure Trf (solid line), Trf pre-impreg-
nated PMMA (Trf@PMMA), and AP, (Trf@APr.) samples, and pow-
der recovered from GAS1 and PCA2 experiments

Drug-release profiles

The percentage of drug loaded in each as-recovered powder
was determined by HPLC (Table 1). Obtained values were in
the order of 1 wt% for GAS1 and PCA1 samples and of 2 wt%
for PCA2 sample. For samples GAS1 and PCA2, release
kinetics were followed under gastric pH conditions (Fig. 6).
The carboxylic acid of the Trf molecule is protonated at the
acid stomach pH, and the drug is completely absorbed before
reaching the intestine. Drug dissolution profile of pure Trf is
also shown in the figure for comparison, together with the Trf
release curves of samples Trf@APg, and Trf@PMMA. For
uncoated silica aerogel nanospheres (Trf@APE,), the drug
release in acidic pH occurred almost instantaneously, and
95 % of the drug was dissolved within the first minute. At
pH=2, pure triflusal was fully dissolved in a period of 15 min.
In contrast, the slowest release kinetics was obtained for the
sample Trf@PMMA. In this case, the delivery of Trf from the
sample to gastric medium lasted several days, having only the
18 % released in the first 60 min. The measured drug delivery
profiles of the coated samples GAS1 and PCA2 were inter-
mediate between those of Trfl@APE, (fastest kinetics) and
Trf@PMMA (slowest kinetics). For coated samples, ca.
25 % of the drug was dissolved during the first
10 min, and a progressive release of the remaining
75 % occurred during the next 5-8 h. For instance, at
60 min, the released percentages were of 55 and 70 %
for GAS1 and PCA2 samples, respectively. Reasons of
prolonged released in the coated systems were related to
the necessity of swelling the polymer before diffusion

Table 2 Release param-
eters estimated from the
fits of the experimental
data to the Korsmeyer-
Peppas model for sam-
ples GAS1 and PCA2

Sample  R? n ah™

GAS1
PCA2

0.9838 0.49 0.55
0.9965 0.42 0.92
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and the long diffusion channels that the drug molecules
have to follow to reach the bulk solution.

To better understand the mechanism of the drug delivery
from the Eudragit-coated aerogel-like silica nanoparticles, the
release data was fitted in the light of two different mathemat-
ical models. The first one, the Korsmeyer-Peppas model [56,
57], is a simple semi-empirical model which follows Eq. (1)
and includes the possibility of a burst effect:

M,
M a+b
M, AT

(1)
where M, represents the amount of the drug released at time #;
M., the total amount of drug released over a long period of
time (it is considered equivalent to the drug loading); a, the
kinetics constant that is related to structural and geometrical
characteristics of the carrier; ¢, the elapsed time; n, the release
exponent, indicative of the drug-release mechanism; and b, the
parameter that introduces the burst effect. This model is com-
monly used to describe the drug release from polymeric systems
and when the kinetics of the process is unknown. The second
model is the Baker-Lonsdale [57] that interprets the diffusion of
the drug from a spherical matrix, being adjusted to the expression
shown in Eq. (2):

S ()] o @)
where M, is the drug-released amount at time ¢ and M., is the
amount of drug released at an infinite time. For a heteroge-
neous system with structural features that influence the drug
discharge mechanism, k can be written as depicted in Eq. (3):

3DKCy
k:% (3)

roT

being D,the diffusion coefficient, K the drug specific volume,
Cy the drug solubility in the liquid surrounding the matrix, 7o

the radius of the spherical matrix, and 7 the tortuosity factor of
the system. The use of this approach requires the total drug
loading to be greater than its solubility in the matrix.

The dissolution data of drug for samples GAS1 and PCA2
were both fitted to Eq. (1) and for sample GASI also to
Eq. (2). For Eq. (1), only the first 60 % of the cumulative
release points was considered, as the Korsmeyer-Peppas mod-
el demands. Correlation coefficients (R*) were employed to
evaluate the quality of the fit. In Table 2, the “n” values, the
kinetic constants and the correlation coefficients resulting
from fitting the curves with the Korsmeyer-Peppas equation
are presented" for clarity sake of the text. On the basis of this
model, reasonable values of R* were obtained, especially for
the case of PCA2 sample (0.9965). In addition, the n expo-
nents were determined to be equal to 0.42 and 0.49 and the
kinetic constants to 0.92 and 0.55 for PCA2 and GASI
samples, respectively (see Fig. 7a, b). According to these
results, the drug was released by a Fickian diffusion mecha-
nism in PCA2 sample. The sample GAS1 did not seem to be
governed by a Fick’s law [58] but could be described by
anomalous transport, as Peppas et al. determined for spherical
polymeric matrices [59]. The release data of GAS1 sample
was also fitted to the Baker-Lonsdale equation, obtaining a
correlation coefficient value of 0.9888 (Fig. 7c).

Conclusions

Compressed CO, antisolvent route was here presented as a
versatile approach for coating fine particles and preparing
hybrid composites made of aerogel-like particles, a polymeric
coating, and an active pharmaceutical ingredient. For relative-
ly large particles (300 nm), the coating was based on mixing
an acetone slurry of aerogel nanoparticles and dissolved poly-
mer with pressurized CO, in a batch antisolvent mode (GAS
method). A semicontinuous antisolvent mode (PCA method)
could be applied to encapsulate nanometric acrogel particles

Fig. 7 Drug-release data fitted L — =y 0.5
with the Korsmeyer-Peppas ' (a) E () f=002t+0012
equation for the following: a E 0.3 E__ 0.4 Ri= () OBAS
PCA2 and b GAS1 samples, and £
with the Baker-LonsQale equation o % ) | ":-_I 0.3
for ¢ GAS1 formulation. Symbols X [ 0.4 .8 [T .
correspond to experimental data . Time (h) E“
and solid lines to fitted profiles = (b) = 02
i il
E_ﬂ-l s = 041
B T T TR T 100 0.0y 3 3 g
Time (h
(h) Time (h)
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(65 nm). The coating was performed without any
prefunctionalization of the surface of the silica nanoparticles,
although, in some cases, they were supercritically pre-
impregnated with the therapeutic agent. Our results showed
that sub-micron and nanometric porous silica particles were
successfully coated by the polymer Eudragit forming loose
agglomerates while simultaneously incorporating the drug. At
low pH, triflusal-loaded aerogel nanoparticles released almost
100 % of the drug in the first 5 min, whereas coating with
Eudragit enabled a significant reduction to less than 25 % in
the first 10 min and prolonging further the release to several
hours. In addition, the kinetics of the release was shown to
obey the Baker-Lonsdale model indicating a diffusion-
controlled delivery of the drug for the sample obtained using
the GAS method and the Korsmeyer-Peppas model for the
sample prepared by PCA, exhibiting a Fickian diffusional
mechanism. Compressed CO, antisolvent processes are envi-
ronmentally friendly techniques for fine particles
encapsulation/coating with diverse solutes, which have appli-
cations as high-added-value pharmaceutical products in rela-
tion with their surface chemistry and delivery characteristics.
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ABSTRACT: The overall objective of the present study was to
modulate the surface characteristics of aerogel-like submicron
and nanometric particles by coating them with polyethylenei-
mine (PEl) to suit specific biological applications. A new pro-
cess for the covalent grafting of low-molecular weight PEI
chains has been described, based on the use of compressed
CO, as the initiator of the ring opening polymerization of the
ethyleneimine monomer, which was performed in the presence
of silica particles. Coating was done at low pressure and tem-
perature and in the absence of any organic solvent. Obtained
materials were compared with a product prepared following

INTRODUCTION Polymer coating of micro and nanoparticles is
a widely used approach for powder processing in the pharma-
ceutical industry."? Coating can modify several physicochemical
characteristics of the original material, such as, its hydrophilic
character or its degradation rate. There are many different bio-
compatible polymers that can potentially be used in the prepa-
ration of pharmaceutical systems. They include both naturally
derived and synthetic materials. Coatings with natural polymers
encompass hydrophilic carbohydrates (dextran, starch), hydro-
philic proteins (albumin, RGD), and hydrophobic lipids and
phospholipids. Regarding synthetic polymers, the most widely
used are poly(ethyleneglycol) (PEG), polyvinyl alcohol (PVA),
polyethyleneimine (PEI), and poly-L-lactic acid (PLA). Particle
modification with these polymers provides organic linkers on
the surface and, thus, a wide range of surface properties to suit
various processes. The most common organic linkers are amine
(—NH,, —NHR, —NR;), carboxylic acid (—COOH), aldehyde
(—CHO), and thiol (—SH) groups.

PEI has been used for a long time in different industrial proc-
esses, such as paper production, water purification, and sham-
poo manufacturing.® In the pharmaceutical industry, a popular
method to prevent burst release has relied on drug surface

© 2014 Wiley Periodicals, Inc.
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the standard soaking procedure for PEl coating. Materials were
characterized regarding composition, structure, surface charge,
particle size, morphology, and drug release. The developed
process led to the covalent grafting of low-molecular weight
PEl on the silica surface, which conferred an increased thermal
stability for the coating and low cytotoxicity to the particles.
© 2014 Wiley Periodicals, Inc. J. Polym. Sci., Part A: Polym.
Chem. 2014, 52, 2760-2768

KEYWORDS: aziridine; compressed CO,; polyethyleneimine; ring
opening; silica particles

modification by coating with PEL* PEI has also been used for
the coating of stents to reduce inflammation and thromboge-
nicity.> Moreover, the PEI with amine linkers creates ionic
interactions with protein molecules forming protein-polymer
conjugates. PEI modified systems are utilized for prolonging
the in vivo circulation half-live of therapeutic proteins, for
reducing proteolysis, for avoiding chemical modification and
denaturation during storage and administration, or for deliver-
ing targeted payloads of therapeutical proteins into specific
tissues. Even though, the most generalized application of PEI
involves in vivo gene delivery.®” The transfer of DNA or siRNA
into eukaryotic cells is considered a highly promising
approach for the treatment of a wide spectrum of hereditary
disorders. Many clinical trials have been performed with viral
vectors for gene delivery, but the potential risks of undesired
immune and toxic side reactions have raised some concerns.?
As an alternative, non-viral vectors, such as cationic polymers,
can be used as effective transfection reagents. Particularly for
PEI, the large number of secondary amine groups in its cati-
onic structure facilitates interaction with the negatively
charged phosphate backbone of DNA. Indeed, PEI-coated mag-
netic nanoparticles was the first reported example of in vitro
nanoparticle-mediated non-viral gene delivery.”'° Silica fine
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powder have also been widely used for this purpose.***? PEI
coating enhances the cellular uptake of mesoporous silica par-
ticles and allows safe delivery of siRNA and DNA constructs.'?
For instance, in situ polimerization of aziridine in the presence
of silica particles suspended in a liquid has been shown to
form densely packed hyperbranched PEI grafted on the silica
surface.*

Many other different techniques can be used to coat the sur-
face of small particles, among others, dip coating, spray coat-
ing, sputtering, and layer-by-layer assembly.’® Dip coating
involves soaking the powder in a polymer or a polymer-
drug solution. Spray coating involves spraying micro-droplets
of a polymer or a polymer-drug solution directly onto the
particles surface. A very thin coating can be obtained by
using the more recently developed layer-by-layer assembly
technology, in which oppositely charged polymers and drugs
can be sequentially deposited.'® However, when using proc-
esses based on solution chemistry, individual particle coating
is difficult to achieve mainly due to particles aggregation and
agglomeration. The vapor-phase transport route has been
recently introduced to prepare polyamine-oxide hybrid mate-
rials.’” Alternatively, replacement of organic solvents with
compressed CO; results in an environmental friendly
option.’®? Most of the works involving polymer coating of
fine powder by compressed CO, based-technology have been
carried out using the antisolvent method since compressed
CO, has a limited solvent strength for many polymers of
interest.20"%

The main objective of this work is to develop an alternative
PEI coating method for small silica particles. In previous
publications, we have reported on the supercritical prepara-
tion of impregnated drug delivery systems involving triflusal
(Trf) and aerogel-like silica particles.>* In this study, we have
extended our background on compressed CO, impregnation
and particle coating to the deposition of polymeric PEI thin
coatings on the surface of aerogel-like particles, either pris-
tine or previously impregnated with Trf. The possibilities of
small particles coating by the in situ polymerization of ethyl-
eneimine in the absence of liquid solvents are here demon-
strated. By using compressed CO,, the process is carried out
at lower temperatures and shorter reaction times than the
conventional liquid-solvent process.'®?® Aspects of samples
composition and polymer molecular weight, coverage, ther-
mal stability, and morphological parameters of the synthe-
sized hybrid products are discussed, together with a
comparative study of the zeta potential. Besides, in vitro
characterization by high-performance liquid chromatography
(HPLC) proved that the hydrophilic PEI coating did not sig-
nificantly modify the drug release kinetics.

EXPERIMENTAL

Materials

Ethyleneimine monomer (aziridine) was kindly donated by
Menadiona S.A. The used solvent for PEI synthesis from azir-
idine units was compressed CO, (99.999% Carburos
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Metalicos S.A.). For comparison purposes, hyperbranched PEI
was purchased from Aldrich, with a molecular weight of
25 kDa determined by light scattering. Two different types
of aerogel particles with different properties, such as compo-
sition and particle size, were studied: sub-micron silica par-
ticles (SiO, of 300 nm diameter) and magnetite/silica
nanospheres (Fe30,@SiO, of 70-100 nm diameter) referred
to as AP and APp., respectively. Both AP and APg. samples
were synthesized in our laboratory by hydrolysis and poly-
condensation of tetramethylorthosilicate (TMOS, 98%, Sigma-
Aldrich) and high temperature supercritical drying, according
to the procedures described elsewhere.?®?” Before PEI depo-
sition, some aerogel particles were impregnated with Trf
(kindly donated by Uriach S.A.), a platelet aggregation inhibi-
tor, by a supercritical method.?* Obtained materials were
labeled as pre-impregnated Trf@AP and Trf@APrg..

Equipment and Procedure

In Situ Synthesis of PEI-Coated Particles

The in situ coating of particles with PEI was carried out in a
high-pressure reactor (Autoclave Engineers) of 100 mL run-
ning in the batch mode.’® The vessel was charged with about
0.2 g of powder enclosed in a cylindrical cartridge made of
0.45-um pore filter paper. The cartridge was placed in the
upper part of the autoclave using a stainless steel platform.
Liquid ethyleneimine (ca., 0.7 mL) was added at the bottom
of the reactor, avoiding solid-liquid contact. To promote the
polymerization of the monomer, the vessel was pressurized
to 5 MPa with CO, at room temperature and left to react for
30 min. Low-molecular weight chains of PElco, which were
not strongly bonded to the surface were eliminated by
cleaning with a flow of compressed CO,. A dry sample was
recovered after depressurization. AP, Trf@AP, and Trf@APg,
particles were coated following this procedure, and
the obtained materials were labeled as AP_PEl¢qg,, Trf@AP_-
PElcoz, and Trf@APg._PElco,, respectively. A similar blank
experiment was performed without the addition of the solid
powder. The polymer recovered from this experiment was
labeled as PEl¢g>.

Standard PEI Noncovalent Coating of Particles

AP and APg. particles were coated with commercial PEI],
following a standard soaking dip-coating procedure,® and
the obtained samples were labeled as AP_PEI and APg._PE],
respectively. This procedure consisted of first dispersing
50 mg of SiO, particles in 5 mL of ethanol containing com-
mercial PEI at a concentration of 2.5 mg mL™'. The sus-
pension was then sonicated for 15 min and magnetically
stirred for 30 more minutes. The particles were centri-
fuged to eliminate the liquid phase and washed three times
with 10 mL of ethanol, following the protocol of first soni-
cation for 5 min and then centrifugation at 5000 rpm for
20 min.

Characterization

The presence of the aminopolymer coating on the particles
surface was confirmed by Fourier transformed infrared
(FTIR) spectroscopy using a Perkin-Elmer Spectrum One
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FIGURE 1 Schematic representation of different mechanisms established for the formation of hyperbranched PEI from aziridine
under: (a) acid and (b) CO, catalysis. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

instrument. Thermogravimetric analysis (TGA) of synthesized
samples was performed with a TGA Instrument Q5000 IR
under N, flow at a heating rate of 10 °C min~'. Thermal
transitions occurring in the raw synthesized polymer were
analyzed by digital scanning calorimetry (DSC) using a Per-
kin Elmer DSC8500. Coated particles were morphologically
characterized by transmission electron microscopy (TEM,
JEOL JEM-1210 microscope). The hydrodynamic diameter
(Pnya) and the surface charge of the particles dispersed in
water were measured at 25 °C using a Nano Zetasizer
equipped with a He/Ne 633 nm laser (Malvern Instruments)
by using the dynamic light scattering (DLS) method. The
same equipment was used to estimate the molecular weight
of the synthesized PEl¢o, by using the static light scattering
(SLS) method. Four concentrations (0.25, 0.5, 0.75, and
1.00 g L) of the polymer dissolved in deionized water
were prepared. To determine the absolute molecular weight,
a Debye plot was generated from the light scattering meas-
urements performed for the solvent and polymer solutions.
An Applied Biosystems Voyager 6214 time-of-flight mass
spectrometer equipped with a matrix-assisted laser desorp-
tion/ionization source (MALDI-ToF) was also used to esti-
mate the polymer molecular weight.

Drug release kinetic profiles were monitored by liquid chro-
matography, following a developed procedure described else-
where.?® The release of the active component was studied at
pH =2 in 0.01 M HCl medium, in which the stirring rate and
temperature were fixed at 60 rpm and 37 °C, respectively.
This pH was chosen to simulate physiological conditions at
the stomach. Similar assays were performed at a pH of 7.4,
in a mixture of phosphate salts at 0.01 M, used to simulate
the blood plasma. Chromatograms were recorded by UV
spectroscopy at 280 nm.

RESULTS AND DISCUSSION

PEI Polymerization Mechanism

PEI is a water soluble cationic polymer that can take both lin-
ear and branched forms.?® The random branched structure is
commonly produced by acid-catalyzed polymerization of aziri-
dine monomers in aqueous or alcoholic solution.?®*! The
polymerization is activated by aziridine protonation, followed
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of nucleophilic attack by a second aziridine molecule [Fig.
1(a)]. The ring opening polymerization can be also initiated
by a Lewis acid, such as CO, [Fig. 1(b)].** For unsubstituted
aziridine, CO, is not chemically incorporated to the polymer
chain and the homopolymer is formed.** Unsubstituted aziri-
dine reversibly generates the corresponding carbamic acid
derivative in equilibrium with the corresponding ammonium
carbamate.>* The CO, sorbed into the synthesized PEI poly-
mer is easily eliminated at temperatures of 80-100 °C.3°

Currently, used methods to graft hyperbranched polyamines
on inorganic surfaces need the use of organic solvents, cata-
lysts, high temperatures, and/or long reaction times.**** The
present work tackles the possibility of simultaneous produce
ethyleneimine polymerization and PEI grafting on the surface
of small silica particles using compressed CO,. The process
takes place at low pressure and temperature and in the
absence of any organic solvent.

Composition of Samples

FTIR spectroscopy was used to monitor the presence of the
different components in the formed composites involving silica
matrices, pre-impregnated Trf drug, and PEI as a coating agent.

/’7 PEI \'\f
8
l;' T4 em’
1 = ~
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3000 2500 2000 1500
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FIGURE 2 FTIR spectra in the range 3000-1500 cm™ ' of the
synthesized and commercial PEl polymers, and pristine, pre-
impregnated and coated matrices. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]
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Some representative spectra are shown in Figure 2 for samples
PEI, PElcoz, AP, AP_PElcoz, and Trf@APFe_PEICOZ in the range
of 3000-1500 cm *. Below 1500 cm , intense absorption
bands appear in the 900-1200 cm ™' region, corresponding to
Si—0—Si vibrations in the aerogel skeleton, which complicated
the observation of organic functional peaks. The band at
1620-1630 cm™* was due to the bending frequency of molec-
ular water adsorbed into the matrices. The useful FTIR region
of solid Trf contained bands at about 1770 and 1685 cm '
corresponding to the carbonyl groups of Trf and the hydro-
lyzed form, respectively. However, the presence of the pre-
impregnated drug in the coated matrices was difficult to assess
using FTIR analysis, due to the low percentage of this organic
compound in the composite samples.

The spectra of the PEI and PElco; polymer exhibited the
characteristic bands of the asymmetric and symmetric alkyl
stretching modes at about 2990 and 2950 cm !, respec-
tively. The most distinctive band in the spectrum of PElcq;
was the C=0 vibration appearing at about 1714 cm ' and
assigned to carbamate formed by interaction with CO, dur-
ing in situ polymerization (Fig. 2). This band was also char-
acteristic of PElco, sample and did not appear in the
spectrum of commercial PEL. The 1714 cm ™! carbonyl band
was observed for PElcg, coated AP (AP_PElco, sample) as
well.

Polymer Molecular Weight and Structure

For PEI polymers, the average molecular weight achieved fol-
lowing the conventional liquid synthesis mode is typically
within the range of 20-50 kDa.*® The commercial PEI used
in this work has a molecular weight of 25 kDa, as deter-
mined by light scattering. The molecular weight of a PEl¢q;
sample was first determined using a SLS method, similarly
to the approach used to determine the molecular weight of
the commercial product. The estimated value was in the
order of 8 =2 kDa, which corresponds to a low PEI molecu-
lar weight. To contrast the results, the PElco, sample was
also characterized by using the MALDI-ToF equipment. Signif-
icant amounts of 0.2-1 kDa chains were detected in the
PElco by this technique [Fig. 3(a)], indicating a low molecu-
lar weight for the synthesized polymer, in agreement with
the results obtained by SLS. Slight discrepancies on the abso-
lute mass estimated using different characterization techni-
ques are typical for such a low-molecular weight polymers,
shifting the molecular weight distribution to lower masses
for MALDI-ToF analysis.>” The maximum peak intensity was
centered at 132-304 Da, corresponding to 3 (129 Da)—7
(301 Da) repeating units (CH,CH,NH) in the protonated PEI
molecule.

The process of PEI polymerization in aqueous or alcoholic
solutions occurs in a homogeneous mixture, because of the
high solubility of the monomer, the polymer, and the acid ini-
tiator in the continuous liquid phase. Solubilization of the
polymer during polymerization results in the formation of
high-molecular weight PEL In contrast, due to the limited sol-
ubility of most polymers in compressed CO,, low-molecular
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FIGURE 3 Characterization of synthesized PElco, polymer: (a)
MALDI-ToF mass spectrum, (b) X-ray diffractogram, and (c)
DSC curve.

weight polymers are frequently obtained in supercritical and
compressed CO, in the absence of surfactants.>® The ring
opening polymerization process carried out in the com-
pressed fluid occurs at high reaction rates, since aziridine
undergoes exothermic polymerization in contact with C0,.>
The quick heat release vaporized the monomer resulting in a
visually observed vapor cloud, occurring at about 5 MPa
under working conditions. Hence, the process featured an ini-
tially homogeneous vapor phase reaction, where monomer
and initiator (in this case, the Lewis acid CO;) are homogene-
ously mixed. During polymerization, the system became rap-
idly heterogeneous once the growing oligomeric chains reach
a critical molar mass that exceeds the solubility limit in the
compressed CO, vapor phase. Polymer precipitation would
reduce significantly the molecular weight of the recovered
PEl¢o. In addition, polymer chains grafted on silica surface
are expected to have a still lower molecular weight than the
value found by SLS for PElco, (ca, 8 kDa), due to factors
related to strong steric hindrance occurring between the
pendant polymer chains.*® The high density of chains grafted
onto the silica particles would interfere with the propagation
of the hyperbranched tree-like structure, resulting in the
decrease of the apparent molecular weight.*"*?

High- and low-molecular weights polymers have different
properties when considering their biomedical applica-
tions.*>™*> While high-molecular weight PEI (25-50 kDa) is
quite effective for complexing and delivering nucleic acids,
these systems repeatedly produce cytotoxicity due to the
damage of cells, lysosomes, and mitochondrial mem-
branes.*®*” Decreasing PEI molecular weight to medium val-
ues (5-10 KkDa) reduces cellular toxicity, while the
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FIGURE 4 TEM micrographs of pristine, pre-impregnated, and coated particles: (a) AP, (b) AP_PEI, (¢) AP_PElco,, (d) APk, (e)
APge_PEIl, and (f) Trf@APg._PElco,. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

effectiveness of nucleic acid delivery is maintained. Finally,
despite being ineffective at transfecting nucleotides, coating
with low-molecular weight PEI (0.6-1.8 kDa) is efficient to
several drug delivery applications. The molecular weight val-
ues estimated in this work for the in situ synthesized PEl¢q;
polymers are in the medium-low values, thus, resulting in
compounds with a reduced cytotoxicity and biological poten-
tial applicability.

XRD analysis of synthesized PElco, indicated that the poly-
mer had an amorphous structure [Fig. 3(b)], which sug-
gested a highly branched configuration. Amorphous PEl¢q;
synthesized in CO, exhibited a glass transition step between
50 °C and 90 °C [Fig. 3(c)], similar to the one described for
the 25 kDa commercial PEI centered at about 65 °C.*8

Hybrid Composites Morphology

The bare AP matrix consists of spherical particles of 300 nm
mean diameter with a 9% polydispersity [Fig. 4(a)]. After
treatment with PEI, the as-recovered sub-micron particles
had a similar morphology, but they were individually coated
by the polymer, as it can be clearly observed in Figure 4(b,c)
for coating with commercial PEI and PElcg,, respectively. In
some photographs, a thin polymer layer joining two particles
can be observed [Fig. 4(c)].

The APg, particulate matrix is characterized by a mean diam-
eter of 70-100 nm and a 20% size dispersion [Fig. 4(d)].
The APg. nanocomposite was previously described of con-
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sisting of a core of magnetite nanoparticles (ca.,, 6 nm diame-
ter) surrounded by a shell of porous silica.?” Similar coating
to that observed for AP samples was observed for APg, sam-
ples after PEI coating [Fig. 4(e,f)].
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FIGURE 5 Schematic representation of different possible con-
figurations of PEl on the surface of silica particles: (a) PEI
deposited by electrostatic interactions and (b) PElco, grafted
on the silanol groups. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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FIGURE 6 TGA profiles: (a) raw organics, (b) PEl and PElco, coated AP particles, and pre-impregnated and coated (¢) AP particles
and (d) APg. particles. d[xx] profiles correspond to the first derivative curves. [Color figure can be viewed in the online issue,
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The aerogel-like pristine particles had a surface area of near
200 m? g,f1 and a pore volume of about 0.07 cm?® gfl. They
had a pore diameter in the order of 1.5-1.7 nm, which is a rel-
atively small size, although still can easily accommodate
organic molecules like Trf. However, hyperbranched PEI chains
are expected to be predominantly accommodated on the exter-
nal surface of the particles due to molecular size impediments,
rather than embedded into the pores.*® Some important differ-
ences regarding PEI and PEl¢p, configuration on the particles
surface are related with the preparation mode (Fig. 5).

For the high molecular mass PEI, which was here added to a
particles suspension as a hyperbranched polymer, the most
probable configuration is the one resulting from its electrostatic
adsorption on the silica surface [Fig. 5(a)]. However, strong
covalent links between the branched PEl¢o, and the supports
have been described for in-situ polymerization of aziridine in
the presence of silica [Fig. 5(b)].1%°%

Polymer Loading and Thermal Stability
PEI featured three-step weight decays in the temperature
interval of 50°-500 °C, as recorded in the TGA measure-
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ments [Fig. 6(a)]. Up to 150 °C, the weight loss was assigned
to water evaporation for commercial PEI (5 wt %), and to
water and CO, elimination for in situ prepared PElco, (25
wt %). PEI began to decompose above 150 °C and up to
375 °C the weight loss is gradual, with values of 50 and 30
wt % for PEI and PEl¢,, respectively. When the temperature
was increased above 375 °C, the degradation rate increased
for both polymers, indicating that a different decomposition
process took place.

At 500 °C, both studied PEI polymers were completely
decomposed and removed as volatile species. TGA analysis
indicated that samples consisting of PEI or PEl¢o, deposited
on the surface of the aerogel-like particles decomposed in a
similar temperature range [ca, 150 °C-500 °C in Fig. 6(b)]
than pristine polymers. Trf molecules were eliminated
between 150 °C and 350 °C [Fig. 6(a)]. For samples contain-
ing aerogel particles, a plateau in the weight loss is not
reached, even at temperatures of 500 °C. Indeed, aerogel
matrices have a continuous weight loss at temperatures
higher than 450 °C-500 °C and up to 800 °C-900 °C, due to
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TABLE 1 Prepared samples and PEI weight percentage
estimated from TGA data

Sample PEIl (wt %)  Z-Potential (mV)  ®p,q (nm)
AP - =55 BY/5)
AP_PEI 3.7 45 603
AP_PElco2 6.5 58 771
Trf@AP -

Trf@AP_PElco2 10 60 739
AP, - —40 416
APg._PEI 5.5 33 239
Trf@APge -

Trf@APgs_PElco, 85 55 418

Measured values of zeta potential and cluster size, expressed as ®pyq in
volume/intensity in water, are also given.

material densification occurring by the condensation of inter-
nal silanol groups and the concomitant loss of water>?™>*
The first derivative graphs are depicted in the figures involv-
ing silica matrices to indicate the temperature intervals used
for weight lost calculations. Table 1 shows the mass of
deposited polymer for the coated samples calculated using
the TGA data. The accuracy of this method has previously
been confirmed in similar silica-PEI composite samples by
contrasting results with values obtained by elemental ana-
lyis. 719> PEI coated particles in compressed CO, showed a
larger PEI % wt.

For Trf pre-impregnated samples, the drug incorporated was
estimated from TGA weight loss measured in the 150 °C-350
°C range [Fig. 6(c,d)]. The estimated drug percentages were
2.1 and 3.3 wt % for Trf@AP and Trf@APg., respectively.
The amount calculated for the PEI phase was found to be
5-10 wt %.

Zeta Potential

Important features of PEI are its high cationic charge density
and the presence of reactive amine linkers. This characteris-
tic overcomes one of the main drawbacks of the most exten-
sively used PEG coating, which is the difficulty to further
functionalize it with active biomolecules. Hence, PEl-based
systems are widely used for gene delivery thanks to their
ability to complex with DNA, to facilitate endosomal release
via the “proton sponge effect”, and to guide intracellular traf-
ficking of their cargo into the nucleus. In the literature, it is
shown that a positive net charge and, thus, a positive zeta
potential, is necessary to allow complexes entering into the
cells.>® The silica surface of the studied aerogel-like systems
had a negative zeta potential of —55 and —40 mV for AP
and APg. samples, respectively. The coating with cationic PEI
led to a sharp increase in the zeta potential, resulting in pos-
itive values of +30 to +60 mV for both Trf free and pre-
impregnated samples (Table 1).

Data on the mean cluster hydrodynamic size, measured by
dynamic light scattering, is also shown in Table 1. Encoun-
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tered particle size values were higher than the values meas-
ured by TEM for the individual particles, due to clustering
effects in the liquid suspension. Cluster size was not affected
by coating with commercial PEI following the standard pro-
cedure. However, the hydrodynamic size of the clusters
increased after PEI coating by using the CO,-based proce-
dure, reflecting the relatively high amount of deposited
PElco, with respect to PEI [Fig. 6(b), Table 1]. As it was
observed in the TEM micrographs for the PEl¢o, coated par-
ticles, the polymer can joint several particles together to
form clusters, thus, increasing the measured particle size

[Fig. 4(c)].

Drug Release Profiles

Uncoated Trf@APg. and coated Trf@APg._PElcg, samples
were analyzed by HPLC to assess the influence of the coating
in the drug release profile (Fig. 7). The percentage of Trf
incorporated in each pre-impregnated sample was first
determined by HPLC. Values obtained were in the order of
2.1 and 1.9 wt % for Trf@APg. and Trf@APg._PEl¢o, sam-
ples, respectively. Impregnated Trf values measured using
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FIGURE 7 Trf delivery profiles obtained for uncoated and
coated Trf@APg particles in: (a) acid and (b) phosphate buffer
media. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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the HPLC approach were slightly lower than the values esti-
mated by TGA, but nevertheless comparable. Release profiles
were not significantly modified by polymer encapsulation
when measured in either stomach [pH=2 in Fig. 7(a)] or
blood plasma [pH = 7.4 in Fig. 7(b)] simulated fluid.>” For
coated and uncoated silica aerogel nanospheres, the drug
release occurred very fast and 95% of the drug was dis-
solved within the first 30 min.

CONCLUSIONS

PEl-coated aerogel silica fine powder is presented here as a
versatile delivery system, which can facilitate cellular uptake to
increase drug delivery payload, and also be utilized to improve
nucleic acids delivery for therapeutic use. PEI was grafted to
particles surface through covalent bonding by using a designed
solventless compressed CO, procedure, starting with the ring-
opening polymerization of aziridine. The achieved covalent
grafting confers a high thermal and chemical stability. More-
over, the low molecular weight of PEI prepared following the in
situ polymer synthesis (ca, 8 kDa by SLS) should result in a
toxicity decrease of the PEI coated particles. Owing to the rela-
tively low pressure used in the PEI synthesis procedure, drug
pre-impregnated systems could be coated with PEI, avoiding
drug degradation, a significant loss of the loaded drug and the
modification of pre-designed release profiles.
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