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palavras-chave

resumo

tecido Osseo, materiais hibridos, método sol-gel, sistema PDMS-SiO2,
resveratrol, sistema de entrega de farmacos.

Apesar da sua capacidade intrinseca de regeneracgéo ap6s uma leséo, o tecido
0sseo pode ser desafiado por uma enorme variedade de condi¢des patologicas
gue levam a grandes perdas e impedem a sua regeneracdo, sendo necessaria
a aplicacdo de um substituto (implante) 6sseo. Os recentes avancos no
desenvolvimento de biomateriais, especificamente na area dos materiais
hibridos, tém providenciado melhores alternativas aos implantes utilizados
normalmente, oferendo amplas aplicacdes médicas na restauracdo do 0sSso
danificado. Neste trabalho focamo-nos especificamente num material hibrido
composto por polidimetilsiloxano e tetraetilortosilicato. Este sistema, obtido
através do método de sol-gel, permite a incorporacdo da componente organica
numa rede inorganica, com interacdes que levam a obtencdo de materiais
hibridos com morfologia e propriedades multifuncionais adequadas para
aplicagéo Ossea.

O resveratrol (RES) € uma molécula bioativa com multiplas propriedades
benéficas para a salde humana, em especifico, no metabolismo envolvido na
regeneracdo 6ssea, tornando-o um excelente candidato para aplicacdo em
terapias associadas a doencas 0sseas. No entanto, as suas carateristicas fisico-
quimicas, especificamente a baixa solubilidade e biodisponibilidade, criam
limitagbes & sua aplicagdo. Para combater estes problemas tém sido
desenvolvidos sistemas de entrega de farmacos capazes de aumentar a
absorc¢éo e ultrapassar as suas limitacoes.

Neste trabalho foi desenvolvido e caraterizado um novo material hibrido
combinado com RES, com o objetivo de avaliar a capacidade do sistema para
incorporar e libertar este composto. O RES foi carregado com elevada eficacia
(eficacia de carregamento > 75%) nos materiais hibridos através da técnica do
evaporador rotativo. A incorpora¢do promoveu a sua amorfizacdo e aumentou a
solubilidade e libertagdo in vitro quando comparado com o RES livre (ndo
encapsulado). Todos os perfis de libertacdo obtidos apresentaram uma
dependéncia do pH e mostraram ser claramente mais rapidos em pH 5,2 do que
em pH 7,4. A libertagdo de RES do material carregado foi gradual ao longo do
tempo, apresentou um atraso inicial de aproximadamente 4 horas e foi bem
descrita pelo modelo matemético de Weibull. Foram realizados estudos de
citotoxicidade in vitro em células humanas de osteossarcoma (MG-63) e, estes
mostraram uma diminuicdo da viabilidade celular com o aumento da
concentracdo das amostras carregadas com RES (para concentragfes > 100ug
mL™). Os materiais hibridos sem a adicdo de RES n&o apresentaram
citotoxicidade independentemente da concentracéo estudada.
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bone tissue, hybrid materials, sol-gel method, PDMS-SiO: system, resveratrol,
drug delivery system.

Despite its intrinsic ability to regenerate after an injury, bone tissue can be
challenged by a huge variety of pathological conditions that lead to massive bone
loss, necessitating the application of a bone implant. Recent advances in the
development of biomaterials, specifically in the area of hybrid materials, have
provided better alternatives to commonly used implants, offering wide medical
applications in the restoration of damaged bone. In this work we specifically focus
on a hybrid material composed of polydimethylsiloxane and tetraethyl
orthosilicate This system, obtained through the sol-gel method, allows the
incorporation of the organic component in an inorganic network, with interactions
that lead to the obtention of hybrid materials with morphology and multifunctional
properties suitable for bone applications.

Resveratrol (RES) is a bioactive molecule with many beneficial properties for
human health, specifically, in the metabolism involved in bone regeneration,
making it an excellent candidate for application in therapies associated with bone
diseases. However, its physicochemical characteristics, specifically the low
solubility and bioavailability, create limitations to its application. To combat these
problems, drug delivery systems capable of increasing absorption and
overcoming the limitations of RES have been developed.

In this work, a new hybrid material combined with RES was developed and
characterized, in order to evaluate the system's ability to incorporate and release
this compound. RES was loaded with high efficiency (loading efficiency > 75%)
into hybrid materials using the rotary evaporator technique. The incorporation
promoted its amorphization and increased solubility and in vitro release when
compared to free RES (non-encapsulated). All the release profiles obtained
showed a pH dependence and were clearly faster at pH 5.2 than at pH 7.4. The
release of RES from the loaded material was gradual over time, had an initial
time lag of approximately 4 hours, and was well described by the Weibull
mathematical model. In vitro cytotoxicity studies were performed on human
osteosarcoma cells (MG-63) and these showed a decrease in cell viability with
increasing concentration of RES-loaded samples (for concentrations > 100ug
mL7Y). Hybrid materials without the addition of RES did not show cytotoxicity
regardless of the concentration studied.
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|. Introduction

1. Background

The increase in human longevity and the great scientific advances observed in recent
years have led to a continuous search for new materials capable of offering a better quality
of life. However, with the average life expectancy increasing more and more, it is highly
expected that a large part of the world population will suffer from diseases that affect the
skeleton (bones), with these pathologies being considered one of the main causes of
disability . Bone tissue damage or disorders/defects can have a wide variety of causes, from
the acute ones such as fractures, to the chronic ones, i.e., osteoporosis 2, osteoarthritis * or

cancers such as osteosarcoma “.

Osteoporosis is a disease characterized by reduced bone mass and altered bone
architecture, which subsequently leads to an increase in bone fragility and a higher risk of
fractures. In 2019, it affected approximately 32 million individuals aged above 50 in Europe
(plus Switzerland and United Kingdom), with related costs estimated to raise up to 1.4 billion
euros in 2025 in Portugal only *>®. Osteosarcoma is a bone primary tumor that occurs most
often between the ages of 10 and 19. Despite being a rare type of cancer, its mortality rate is
still quite high, with a five-year survival rate (for patients diagnosed between 2000-2007) of
only 54% in central Europe, further increasing the need for more effective options of
treatment ”. These disorders can lead to a subsequent bone loss and greatly impact the quality

of life or even the economy, with high health care costs 8.

Despite the known bone self-healing (regeneration) capability this phenomenon is only
observed when the length of the damage does not go beyond double the diameter of the
affected bone. More significant defects can result in scar tissue formation or even in
longstanding weaknesses, requiring clinical intervention, which results in a substantial
burden for the patients. Several approaches using bone autografts, allografts, or synthetic
bone substitutes are currently used to treat such significant defects >°, Although these
approaches have already been quite successful in saving and improving several lives through

the years, their major limitations (such as high costs, risks of transplantation or the durability

1



of materials) make them insufficient solutions for the current needs **. These limitations led
to the need to find new paths, in which biomaterials not only fulfil their functions at a
structural level, by replacing the damaged tissue, as well as present a more functional role,
focused on tissue regeneration 213, increasing the interest on materials capable of mimicking
mechanical properties of bone tissue. In this context, a new family of hybrid materials,
named organically modified silicates (ORMOSILS) came to light driven by the idea of
sharing synergies between inorganic silica (SiO4) domains and organic polymer domains.

In this work, we will be focusing on the PDMS-SiO2 system since it allows a
combination of the mechanical and bioactive properties of its inorganic component
(tetraethyl orthosilicate, TEOS), with the flexibility and controlled degradation rate of the
organic part (polydimethylsiloxane, PDMS) 4. The preparation of the organic-inorganic
hybrid materials will be achieved by the sol-gel processing method that includes the
hydrolysis and condensation reactions of metal alkoxides, in which the intervention of
precursors or different synthesis conditions allows the formation of different types of

materials with different characteristics and biological properties >1°.

Resveratrol (RES), a stilbene polyphenol with higher clinical potential for bone tissue
regeneration - and which has attracted increasing interest from the scientific community 2

- will be combined with the hybrid materials.

2. Main objectives

In this work, the PDMS-SiO> system was explored, using the specific properties of its
organic and inorganic components in order to create a network with interactions between the
components resulting in a material with tunable morphology, size, and multifunctional
properties. The incorporation of RES into the ORMOSILs, and the physical, chemical,
thermal and mechanical properties of the materials was evaluated. In vitro studies were also
performed to assess the capacity of the system to load and release RES. This novel approach,
which was never reported in literature, combines the physicochemical properties of the
PDMS-SiO; system with the biological properties of RES, and could give rise to a bioactive
hybrid material with ideal properties to be used as a synthetic bone graft and a drug delivery
system (DDS) for RES.



To achieve this goal, the first step is to synthetize the materials, as described in section
[11. Experimental procedure, followed by a thorough characterization of the obtained
materials using various methodologies - X-Ray Diffraction (XRD), Fourier Transform
Infrared (FTIR) spectroscopy, specific surface area by the Brumauer-Emmet-Teller (BET),
Scanning Electron Microscopy (SEM) and Thermogravimetric Analysis (TGA).

The loading of the synthetized materials with RES was performed using the rotary
evaporation technique, followed by the characterization of the loaded materials and the
determination of the loading capacity of each one. The release kinetics of the loaded
materials was tested in two different pH values, 7.4, similar to the physiological pH, and 5.2,
mimicking the acidic environment of some tumorous tissues. The cytotoxicity was tested on

MG-63 cells to study the biocompatibility of the hybrid materials.

3. Structure of the thesis

The present thesis is divided into five main chapters. Chapter one, the present one,
encompasses the background and the main objectives of this work. Chapter two presents a
review of literature on bone tissue and related main problems, biomaterials (specifically
hybrid materials) and the biological characteristics of resveratrol, as well as its advantages
in terms of bone tissue applications. Chapter three focuses on the experimental procedure,
where all the methods used to prepare and characterize the samples are explained. Chapter
four presents the treatment of the results obtained and the respective discussion. And, lastly,

chapter five describes the main conclusions and future perspectives of the work



[l. State of the Art

1. Bone tissue

The human skeleton is responsible for approximately 15% of the total body weight and
is considered an important structural tissue of the human body!’. Its more conventional
functions are the support and movement of the body, the protection of internal organs from
possible external damage or the production and protection of the bone marrow®!, However,
the relevance of this organ goes far beyond this, and more recent studies demonstrate its
importance for body homeostasis and for the maintenance of other vital organs/systems, such

as the immune system, brain function or energy metabolism*&1°,

Bone is a mineralized tissue and, macroscopically, is composed by two structures: the
cortical (compact) bone and the cancellous (spongy) bone, both mainly differentiated by
their porosity and density (Figure 1). Cortical bone is located in the outer layer and is
characterized by being dense, solid, and well vascularized and mineralized. Cancellous bone
is constituted by an irregular and interconnected sponge-like structure and is located at the
inner section. On the one hand, the cortical bone is denser and less flexible, on the other
hand, the cancellous bone shows greater fragility, but its surface area contributes to the
diffusion of nutrients and growth factors, thus demonstrating its greater metabolic

activity?02?,

Considering its constitution, bone tissue is composed of inorganic constituents (70%),
organic constituents (20%) and water (10%). The mineral or inorganic phase is composed
essentially by calcium phosphate (primarily, hydroxyapatite (HA), Caio(PO4)s(OH)2) 22, and
the organic phase is composed by proteins (mainly type I collagen fibbers). This conjunction
between inorganic and organic components give rise to the physical and chemical

characteristics of bone tissue that are essential to its proper functioning and performance®2,
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Figure 1. Schematic overview of the bone tissue with its macroscopical composition.
Adapted from ¥,

Even though the bone is known to have a high capability to regenerate, when faced with
critical sized defects, it requires a tissue substitute capable of filling the gap. Currently, the
most common used therapeutics are based on bone grafts, such as autografts (using bone
collected from the patient’s body) or allografts (using bone collected from a donor’s body).
However, these strategies present some drawbacks, including the amount of graft available,
donor site morbidity or pain, and carrying major health risks for the patientst!. These
limitations boosted the development of synthetic materials capable of being used as bone
graft substitutes®® and offering better performances and more efficiency, in conjunction with

superior mechanical, chemical and physical properties?2°,

2. Biomaterials for bone tissue engineering

The term "biomaterials" is very broad and can be used to describe a wide variety of
materials, from natural and synthetic materials alone to multiple components materials.
These are often defined as materials that have been engineered to interact with biological

systems, mainly for medical and clinical applications?®.



The first works related to bone tissue engineering began in the 70s and, since then,
several researchers have been trying to develop new biomaterials with the composition and
structure of bone in mind®. This evolution can be divided into three generations of
biomaterials. A first one, in which the materials were normally bioinert, presented minimal
interaction with other tissues and had the objective of replacing the missing tissue without,
however, stimulating any cellular responses®’. This includes metals (i.e., titanium), ceramics
(i.e., alumina) or synthetic polymers (i.e., polymethyl methacrylate (PMMA)). Although
these materials demonstrated great long-term integrity, the body often failed to adapt to
them, which has led the scientific community to focus on materials that presented a more
bioactive nature with the integration of engineered functionality to promote biological
responses, the so-called second-generation biomaterials. It was possible to reach important
milestones in this generation, with the development of materials with osteoconductive
(conducts and allows bone tissue to grow on the surface or into the pores of the material 28)
and osteointegration (allows the bone to heal and maintains its function by forming bony
tissue around the material 222°) properties, with some of them being degradable in vivo.
Among these can be found bioactive glasses, natural and synthetic polymers (i.e., collagen,
gelatine) or calcium phosphates, carbonates, and sulphates. This range of advanced
properties and characteristics provided the foundation for the study of more and better
biomaterials for bone tissue applications, thus giving rise to the beginning of the
development of third generation biomaterials. This generation, still currently in progress,
aims to induce specific biological responses through the addition of instructive substances

to second-generation based biomaterials®°3L,

For the success of a synthetic bone graft applied in bone regeneration therapies, we can
identify some essential characteristics (Figure 2): Biocompatibility (the material must be
tolerated by the body, not causing an immune response); Bioactivity (the material must have
the ability to bind to pre-existing bone and, more specifically, create a surface layer of HA
through in vivo reactions in order to further increase binding to the host bone); Osteogenic
(the material must be able to stimulate adult stem cells to differentiate into bone producing
cells which can be achieved with the addition of active ions or other biological factors);
Vascularization (the material should allow for the development of blood vessels and nutrient
supply); Degradation (the material must have a degradation rate compatible with the rate of
bone regeneration, without the formation of toxic products for the body); and lastly,
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mechanical properties (the material must have bone-like mechanical properties in order to

be able to withstand the in vivo conditions along with the rest of the bone)32-3%,

Biodegradable
(without formation of
toxic by-products)

Biocon'lpatible Ay ., e »

Allow

AR YT TR Syllthetic .................... » Ogteggenjc
vascularization

bone graft

Mechanical properties

R et Sk TN ; L » Bioactive
similar to real bone

Figure 2. Schematic overview of the ideal synthetic bone graft properties.

During the constant process of searching for new types of materials, multifunctional
materials capable of combining various properties and functions are gaining more and more
prominence. In addition, the limitations observed in certain materials currently used further
increased the need for a new approach to the problems. A possible solution lies in composites

or hybrid materials®.

2.1. Hybrid materials

Organic-inorganic hybrid materials are obtained through the combination of organic and
inorganic building blocks at a molecular level. They can be defined as composites with
organic and inorganic components profoundly mixed, presenting specific chemical bonds
resulting in improved new properties and not only the sum of the properties of the materials
individually®. Additionally, hybrid materials can also have different classifications based
on different concepts. Considering the strength of bonds between the components, we can

divide them into class | hybrids, with weak bonds (i.e., Van der Waals and hydrogen bonds



or weak electrostatic interactions), or into class Il hybrids, with strong bonds (i.e., covalent,

or ionic bonds)*’.

Hybrid Materials
Strenght of the Bonds (l) (f, (:) d
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|
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I 1 | |
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') Coupling Agent

Class I — Weak Bonds Class 1T — Strong Bonds ———/  Polymer Network

Figure 3. Scheme of the classification of hybrid materials with an example of
morphological structures of Class I and Il hybrid materials. Adapted froms .

Bone itself is considered to be a hybrid tissue composed of an organic part, collagen, and
an inorganic part, mainly HA, with a highly hierarchical structure obtained through very
complex processes encompassing cells, proteins, growth factors and hormones®. This
inherent design of bone structure allows to achieve an ideal combination of desirable
properties such as strength, toughness or lightness that can only be mimicked using a

multiscale formation strategy®.

2.2. Sol-gel method

The sol-gel process consists of a synthetic method used to develop organic-inorganic
hybrid materials and, was first mentioned by Graham in 1864 in a work on silica sols*. All
sol-gel based methods involve two distinct phases, the solution (sol) and the gelation (gel).
On the one hand, the sol refers to a colloidal suspension of solid particles, while the gel
represents the interconnected network between the solid particles that forms a continuous
entity through a secondary (usually liquid) phase. The sol-gel technique allows both phases

to be maintained and conserved*!.

The process is based on inorganic polymerization reactions using alkoxide precursors,

M(OR)n (where M is a networking-forming element (i.e., Si, Ti, etc.) and OR is an alkoxy
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group). The most used precursors are metal alkoxides, since they react readily with water.
First, hydrolysis of the alkoxide precursor occurs, where a reactive hydroxy group (-OH) is
introduced to the metal, forming reactive hydroxyl groups (M-OH). Then, the condensation
of the hydroxyl groups occurs, with the formation of M-O-M units with the loss of water or
alcohol molecules. The various condensation reactions lead to the formation of three-

dimensional polymer networks 144245,

The previous condensation reactions lead to the formation of aggregates which collide
and form bonds between them, forming a larger aggregate and creating the gel. These links
established between aggregates give rise to a continuous solid network and, as the gel
becomes more aggregated, the greater is its viscosity*®*’. The temperature used during this
step (gelation temperature) has a direct impact on the final product obtained, and an increase
in the porosity of the gel can be related with the increase of the temperature used*®. Usually,
a drying step is used to finalize the process, in order to remove any liquid by-products
remaining in the pores which, consequently, leads to a shrinkage of the gel network*4®,

o
Pore
aGte o‘.‘
: Solid
network
\ J Dried monolithic
Starting Solution gel

Figure 4. Scheme of steps involved in the preparation of materials by the sol-gel process.
Adapted from 4.

This method has proved to be particularly useful, since it allows to obtain
multicomponent materials with different configurations through direct fabrication, not
requiring more expensive and complex processing technologies®. In addition to these
advantages, the great diversity of materials that can be obtained through the sol-gel method
make it an important technology for the synthesis of materials in various areas of research,

from optics or electronics to biomaterials®.



2.3. Organically modified silicates (ORMOSILS)

One of the most attractive features of the sol-gel process is the fact that it allows the
preparation of various types of organic-inorganic hybrid materials that would be very
difficult to obtain through other processes®. This new family of materials prepared by the
sol-gel method is commonly referred to as ORMOSILs. The term was firstly used in 1984,
when Phillip and Schmidt presented a work with the objective of combining two materials
(organic and inorganic) in order to obtain a hybrid material that could be used as contact

lenses with improved characteristics *°.

Since then, ORMOSILs have gained much interest from the scientific community, due
to their wide range of applications, such as biomaterials, coatings, scaffolds, or drug delivery
systems® 385152 Additionally, these modified silicates demonstrate great potential in the
field of bone tissue engineering, as they are able to combine the bioactive properties of
inorganic glasses with the mechanical properties of polymers through chemical bonding,

achieving superior properties when compared to other materials®®-3,

Their formation starts with the inorganic component (i.e., silica) being incorporated into
an inorganic network. Followed by the addition of the polymer (organic component) and the

formation of inorganic chains around the polymer molecules®>*® (Figure 5).
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Figure 5. Scheme of a silica/polymer class 11| ORMOSIL,
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The properties of the organic and inorganic components, as well as the conditions during
the sol-gel process, will determine the final characteristics of the formed ORMOSIL%*®,
One of the most studied types of ORMOSIL's are formed through the reaction between
tetraethyl orthosilicate (TEOS) and polydimethylsiloxane (PDMS)*.

2.3.1. PDMS- SiO; system

In 1985, two researchers, Wilkes®® and Mark®’, carried out works with the objective of
creating new materials through sol-gel processing containing silanol or alkoxysilyl
terminated PDMS polymers and TEOS. PDMS is considered a polymeric material belonging
to the subclass of elastomers and, its varied characteristics (i.e., chemical, and thermal
stability>®%°, biocompatibility®®®!, flexibility®2, among others) make it one of the most used
silicon-based polymers®2%3, Its chemical structure consists of a (Si-O) backbone and
repetitive (Si (CHs)2 O) units, which can be expressed as Hz[Si (CH3)2 O]x Si (CHs)s, where
X represents the number of repetitive units that defines its molecular weight. The methyl
group is represented by the (CHz) and the (Si-O) represents the strength of the siloxane bonds
which are responsible for giving the material its chemical and physical stability®3. TEOS is
an inorganic precursor and, usually, the principal network forming agent involved in sol-gel
methods, with the capacity to form robust networks allied with easy control of the reactions

through simple variations in the synthesis conditions (i.e., pH, temperature, additives)*'%,

When subjected to hydrolysis, both components (PDMS and TEOS) give rise to very
similar products, explaining the great chemical compatibility between the organic and
inorganic parts of the hybrid materials formed by them. Additionally, similar chemical bonds
(Si-O-Si) also allow for the control of hydrolysis and condensation reactions in order to
obtain hybrid materials with high levels of hetero condensation, forming crosslinks between

the organic and inorganic components** (Figure 6).
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Figure 6. Hybrid structure of the PDMS-SiO- system with the organic (PDMS)-inorganic
(SiO2) bond. Adapted from:es,

We can describe the mechanisms that lead to formation of the PDMS-SiO, system
through the hydrolysis of TEOS and PDMS and, subsequently, the co-condensation of Si-
OH and Si(CHz).-OH ending groups. The result is the formation of tetrafunctional
Q"(n=0,1,2,3,4) structural units (SiO4), difunctional D" (n=0,1,2) structural units
((CH3)2Si0O2) and the crosslinks between the two, D(q) structural groups (n represents the
number of bridging oxygen atoms surrounding Si). Additionally, the PDMS-OH can also
undergo self-condensation reactions which leads to an increase in the molecular weight of
the PDMS in the system. TEOS is used as a crosslinking agent in this system to prevent the
growth of PDMS chains and, its self-condensation occurs simultaneously during all previous
reactions®. The schematic reaction mechanisms of silanol-terminated PDMS and TEOS are

presented next.

TEOS Hydrolysis:
Si(OC,Hs)s + NH20 — Si(OH)y(OC2Hs)s.n + NC2HsOH (1)

Si-OH + PDMS-OH co-condensation:
=Si-OH + HO-[Si(CHa3)2-O-]xH — =Si-O-[Si(CH3),-0-]ySi= + =Si-O-[Si(CH3),-O-]ySi-OH
+H0 (x>y) (2

Si-OH self-condensation:
=Si-OH + OH-Si= — =Si-0-Si= + H,0 A3)
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PDMS-OH self-condensation:
HO-[Si(CH3)2-O-]xH + HO-[Si(CH3)2-O-]yH — HO-[Si(CHs)2-O-]zH + [Si(CHs)2-O-4
(cyclic specie) + H,0 (x,y < 12) 4)

The previous reactions will result in a hybrid material with controlled characteristics and
properties. In general, the polymerization process that occurs in the formation of the hybrid
material is quite complex, causing the sol-gel process to be fundamentally affected by the
reaction conditions (i.e., pH of the medium, temperature, solvent composition, or molar ratio

of the reactants)>*°°,

One important factor is the H,O/TEOS molar ratio, r, and, when water content increases,
TEOS hydrolysis reactions are accelerated at the expense of the condensation rate allowing
the co-condensation reactions with PDMS-OH to occur®. Additionally, the hydrolysis-
condensation reaction rates are also affected by the type and concentration of catalysts, either
an acid or a base. When the synthesis occurs under acidic conditions, the hydrolysis rate of
TEOS is promoted and, consequently, more PDMS will be incorporated into the system. The
TEOS condensation rate increases with pH and, increased r values lead to an increase of

hydrolysis rates at any particular pH®¢-58,

In this specific hybrid system, the role of the acid content is even more complex since it
also can change the siloxane distribution through the hydrolyzation of Si-O-Si bonds. It is
also important to note that under extreme pH values a degradation of the polymer can occur,
being necessary the usage of adequate pH values to guarantee the maintenance of its integrity

and molecular weight>%70,

Another important factor is the TEOS/PDMS ratio used in the reactions, which allows
the control of certain physical properties of the final material, such as its elastic modulus or
stiffness. Depending on the amount (and the molecular weight) of PDMS used, the result
could either be a flexible or brittle material** and, it is possible to obtain hybrid materials

with “rubbery” like behaviour when large amounts of TEOS are used .

The synthesis of hybrid materials using the sol-gel method has several advantages, such
as mild processing conditions, high levels of purity and homogeneity of the final products,
low temperatures required and possible modification of the synthesis conditions. Thus, the

incorporation of the organic component in an inorganic network and the interactions between
13



both components, allows the obtention of hybrid materials with desirable morphology, size,

and multifunctional properties’>’,

In order to improve the properties of the PDMS-SiO; system, mainly at the biological
level, it may be necessary to introduce additional components to the system. This need,
combined with the existing knowledge regarding the positive effects of certain metal ions
(i.e., calcium, strontium, phosphorous, silicon, zinc, etc.) in the metabolic processes involved
in tissue formation, demonstrates the great potential of these ions to enhance osteogenesis
and, lead to better overall bone regeneration when incorporated into the composition of
biomaterials’*"%. Some important examples of well-studied components used for bone
therapies are calcium or strontium. Calcium (Ca) ions are already known to be involved in
the growth and maintenance of bone tissue, contributing to the processes of osteoinduction
and osteoconduction that lead to bone regeneration’”’®. Strontium (Sr) is responsible not
only for increasing osteogenic activity, making it a potential bone formation promoter, but
also for inhibiting osteoclast activity’®8. Its numerous advantages at the bone tissue level
make it an object of great scientific interest, being already used as a therapy for osteoporosis

and prevention in the form of strontium ranelate®..,

3 Resveratrol

Resveratrol (3,5,4’-trihydroxystilbene; RES) is a stilbene polyphenol, with two phenol
rings linked to each other by an ethylene bridge®>®. Its chemical structure has two
conformations, cis- and trans-resveratrol (Figure 7), with the trans form being dominant in
terms of prevalence and presenting several beneficial biological activities®®. The cis-
isomerisation usually occurs when the trans-isoform is subjected to solar or ultraviolet

radiations & at wavelengths of 254 8 or 366 8" nm.
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Figure 7. Chemical structure of cis-(left) and trans-(right) RES ¢

The pharmacological interest in trans-RES (T-RES) initially emerged from studies that
identified its presence in wine®®, and related the consumption of this substance with
beneficial health effects. A well-known example is the so-called "French Paradox", in which
it was possible to relate the consumption of red wine (known to contain large concentrations
of T-RES) with a low mortality rate caused by cardiovascular diseases in the French
population despite its high consumption of saturated fats®. Since then, T-RES has been the
subject of several studies that highlight its wide range of biological properties, including
antioxidant, cardioprotective, neuroprotective, anti-inflammatory, or anticancer/antitumoral
activities®®®!. These properties make T-RES a very versatile molecule, with therapeutic
applications in various diseases such as obesity and diabetes®*%, cancer®*% or

cardiovascular®®” and neurodegenerative®®% diseases.

Its wide range of biological and pharmacological properties, including antitumor and
cancer preventive potential, make this pharmacological agent a tool for preventing and

treating bone cancer®-102,

3.1 Resveratrol in bone therapies

Several studies show that RES can be effective on bone healing and regeneration, due to
its osteogenic and osteoinductive propertiesi®®1%, Furthermore, their benefits on more
specific cases of bone related diseases have also been evaluated, showing very promising

results.

Wang et al. conducted a study with the aim of determining the protective effects of RES

on a rat model of osteoporosis and examine the associated mechanisms of its action. The
15



evidence showed that RES treatment significantly increased the bone mineral density (BMD,
measurement commonly used to diagnose osteoporosis) in rats%. Another study, by Wong
et al., had the objective of analyzing the effects of RES in the BMD in women with
postmenopausal osteoporosis (which is caused by an estrogen deficiency). The results
showed a significant improvement in BMD of the lumbar spine and femoral neck (which are
considered critical sites outlined by the International Society for Clinical Densitometry for
diagnosing osteoporosis) that was partially explained by the effects of RES in the estrogenic
pathway, exerting positive effects on bone health of postmenopausal women?,

Additionally, its wide range of antitumor and cancer preventive potential, make this
pharmacological molecule a tool for preventing and treating bone cancer, such as
osteosarcoma®®®1%2 Zou et al. assessed a total of 14 botanical extracts aiming to identify
potential novel molecules for the treatment of osteosarcoma. RES showed significant anti-
osteosarcoma activities in blocking cell proliferation and activating apoptosis'®’. In another
study performed by Peng et al., the effect of RES on osteosarcoma stem cells was examined
and, it was demonstrated that inhibited cell viability, self-renewal ability and tumorigenesis
of osteosarcoma cells leading to significant osteosarcoma stem cell elimination effects after
the treatment, with no significant inhibition effects to normal osteoblast cells. The evidence
showed that RES can be considered an effective osteosarcoma stem cell targeting agent for
inhibiting disease progression and treatment'®. More recently, Xu et al. used a MG-63
osteosarcoma cell culture model to access the chemotherapeutic effect of RES. The results
suggested that RES was able to block cell proliferation, migration, and invasion, and activate
apoptotic cell death in this osteosarcoma cell line®. These findings support the use of RES

in the clinical treatment of patients with osteosarcoma.

Furthermore, RES has also been shown to have effects in bone cancer pain (BCP). BCP
is one of the most common pains in patients with malignant cancers showing strong effects
in the patient’s quality of life''%. Lux et al. studied the antinociceptive effect of single and
repeated doses of RES in a BCP model and concluded that both types of treatments induced
antinociceptive effect in the BCP model, while also improving functionality!'!. Another
study from Zhu et al., also showed that RES could reverse pain behavior in BCP model
rats''?. These studies demonstrate the potential benefits of using RES as a therapeutic

treatment during BCP states.
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3.2 Resveratrol drug delivery systems

Despite demonstrating enormous therapeutic potential and several health benefits, RES
presents some pharmacokinetic limitations that restrict its clinical and pharmacological
applications. The most important disadvantageous properties are its low water solubility that
makes the distribution throughout the body dependent on its ability to bind to plasma
proteins, which consequently affects its bioavailability'*1%; its short biological half-
life'!6117 and extensive and fast metabolism and elimination which, once again, leads to its
low bioavailability'8; and its chemical instability due to high photosensitivity and tendency
to suffer oxidation'!®. Additionally, also high temperatures, changes in pH and certain
enzymes can lead to chemical degradation of RES, affecting its propertiest?®!2,
Conventional drug delivery solutions contain RES in an appropriate dosage form, usually as
a tablet, capsule, or solution'?2, However, this approach is not able to overcome the
limitations found, since, after an oral dose, the metabolic pathways only leave small amounts
of RES in the blood, resulting in very low bioavailability in the target tissues*?®. Thus, during
the last decades novel drug delivery systems (DDS) have emerged to suppress these
problems, using an interdisciplinary strategy that combines materials science, chemistry,
pharmaceuticals, and molecular biology *?*.To be considered ideal, the delivery system must
be able to transport and deliver the therapeutic molecule/agent to the target site (organ/tissue)
in the body, so that it acts promptly and maintains its desired drug concentration and

effect!?.

Through the years, researchers developed various DDS aiming to increase RES
absorption and, not only, overcome its solubility, stability, and bioavailability challenges,
but also protect against light, oxygen, and other environmental factors that can compromise
its properties'!®?®. Some examples of materials proposed to solve these limitations include
cyclodextrin complexes'?’~12°, liposomes!3®132 polymeric micelles*®® or nanoparticles341%,
Nonetheless, these DDS are far from perfect, presenting limitations such as low stability,
insufficient drug loading, the need for organic solvents and the expensive production

costs™,

On the other hand, inorganic systems such as mesoporous silica nanoparticles (MSNS)
have superior properties when compared to other nanocarriers, making the interest in its use

as a support for the encapsulation and delivery of RES grow immensely in recent years.
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Some of these properties are their high surface area and pore volume, which allows for high
drug loading capability, easy surface functionalization, due to the silanol functional groups
available for chemical modifications, controllable morphology such as the mesopore sizes
and pore/shape connectivity and good biocompatibility*3:13, Additionally, one of the most
important and interesting features of MSNSs is their ability to encapsulate both hydrophilic
and hydrophobic molecules with similar loading efficiency®°'%%. Since many of the
pharmacological agents are hydrophobic in nature (as is the case with RES®?), these systems
show great potential to overcome the solubility challenges of this type of substances.

With these characteristics of silica nanoparticles in mind, there are already several works
that report the encapsulation of RES in silica-based materials that share the notion that silica
provides a support suitable for the stabilization of T-RES with controlled release, ability to
protect the molecule against degradation and enhance its bioavailability, making these

systems a good DDS for RES, with potential for various clinical applications!4246,
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[11. Experimental Procedure

1. Applied chemicals

Tetraethyl orthosilicate (TEOS, > 99.0%), polydimethylsiloxane silanol terminated
(PDMS, 550 g/mol average molecular weight), phosphate buffered saline pH 7.4 (0.01 M
PBS, 25 °C) packets and the dialysis cellulose tubing membrane (3 kDa cut off) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Isopropyl alcohol (IPA, > 99.8%) from
Fischer Chemical (Loughborough, UK). Hydrochloric acid (HCI, 25%) was purchased from
Panreac Quimica SLU (Barcelona, Spain) , trans-resveratrol (T-RES, 99%) from Tokyo
Chemical Industry (TCI Europe N.V., Zwijndrecht, Belgium) and ethanol absolute from
VWR (Radnor, PA, USA). Ultrapure water (Mili-Q®) was used in all experiments. All the

chemicals referred were used as received without further purification.

2. Samples preparation

The samples have been prepared through a sol-gel process, at room temperature, by
adding IPA, PDMS, H,0, HCI and TEOS using the molar ratios shown in Table 1.

Table 1. Composition of the PDMS-SiO, samples

Composition (molar ratio/TEOS)

N IPA PDMS H20 HCI
MOCO-| 3.1 0.16 6.3 0.2
MOCO-1i 31 0.16 6.3 0

MOCO-11] 31 0.16 10.8 0.2
MOCO-1V 31 0.16 6.3 0.4

Firstly, IPA, PDMS and H>O were added in the respective order, always under
continuous stirring, using a magnetic stirrer. Then, the medium was acidified by the addition
of HCI, that was used as a catalyst to the hydrolysis/condensation process, and TEOS. The

solution remained under the magnetic stirrer for about 30 min. After stirring, the final
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suspension was placed in a petri dish and kept at room temperature for 24 h for aging,
remaining liquid and transparent. Later, the samples were placed in the oven at 60°C for 24
h. Finally, in order to remove all solvents from the samples, they were placed for 1 h in an
oven at 150 °C. The experimental procedure used to prepare the PDMS-SiO> system hybrid

materials is shown in Figure 8.

Hydrolisys / Condensation Process

Add IPA
v
Add PDMS
!
Add 1,0
v
Add HCI
v
Add TEOS

|

130 minutes magnetic stirring

SurIms o1nPUSEW SNONUNUO))

24 hours at room temperature
v
24 hours at 60°C
v

1 hour at 150°C

Figure 8. Experimental protocol used to prepare the PDMS-SiO, samples.

Figure 9 shows the samples after the drying steps, where we can see that three of the
samples (MOCO-I, MOCO-I11 and MOCO-IV) resulted in white opaque and homogeneous

monoliths. Sample MOCO-I11 resulted in a transparent non-homogenous material, indicating
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that the lack of HCI affected the hydrolysis/condensation processes and, consequently, the

final material, causing it to not be used in the following steps of the work.

Figure 9. PDMS-SiO2 samples after being dried: (a) MOCO-1; (b) MOCO-II; (c) MOCO-
[11; (d) MOCO-IV.

3. RES-loaded samples preparation

RES loading was performed using the rotary evaporation technique 44147148 |n a typical
procedure, 160 mg of RES were dissolved in 30 mL of ethanol and the solution was placed
in an ultrasonic bath for 4 min. Afterwards, 200 mg of the PDMS-SiO, material was added
to the solution and the dispersion was placed in the ultrasonic bath for 10 min. The solvent
was then evaporated at 50 °C in a rotary evaporator (Buchi) until all ethanol was removed,
to obtain the RES-loaded PDMS-SiO, samples (-RES). The final solids were scratched off
from the round bottom flask and stored at room temperature, protected from light with

aluminium foil.
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4. Physicochemical characterization

The samples obtained by the methods described above were characterized at a structural
and microstructural level. The samples were first pulverized in an agate mortar in order to
create thin powders. Next, the characterization techniques that were performed on the
materials will be briefly described.

4.1. X-Ray Diffraction (XRD) analysis

XRD is a non-destructive technique used to structurally characterize materials,
providing information on several structural parameters such as structures, phases or
preferred crystal orientations (texture). The analysis is based on the interaction of
monochromatic X-rays directed towards the sample, which generates a constructive
interference (and a diffracted ray) when the conditions are compatible with the Bragg’s

Law'4°, which is given bellow:
ni=2d sin 0 (5)

where n is an integer, A is the wavelength of the incident X-ray beam, d represents the
distance between near atomic planes or d-spacings and 6 marks the angle of the incidence
X-ray. This law relates the wavelength of electromagnetic radiation to the diffraction angle
and the lattice spacing in a crystalline sample. Then, the diffracted X-rays are detected,
processed, and counted, and, when scanning the sample over a specific range of 26 angles,
all possible directions of diffraction of the lattice should be collected due to the random

orientation of the powdered material*>®12,

For the analysis, a Pan Analytical -X’pert-PRO diffractometer equipped with a copper
anode (Cu) was used, which operates with a current of 40 mA and a voltage of 45 kV,
emitting a Koy radiation of A=1.540598 A and Ko, of A=1.544426 A. The spectra were
recorded through a continuous scan from the smallest possible angle, which was 26=2°, up

to 26=60°, with a step size of 0.0263° and a step time of 96.39 seconds, at room temperature.

XRD analysis was important in this work because it provided information about the
amorphous character of the hybrid material. Since each material has its unique diffraction
beam, the identification of the crystallographic phases can be done by comparing the
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diffracted beams with the reference database in the JCPDS (Joint Committee on Powder

Diffraction Standards) library.

4.2. Fourier Transform Infrared (FT-IR) spectroscopy

FT-IR spectroscopy is an analytical nondestructive technique used to study the chemical
bonds or molecular structure of different materials. The analysis uses infrared (IR) radiation
to scan samples and the collected data is converted to the desired result through a well-
known mathematical technique called Fourier Transformation (FT). This conversion is
carried out by a computer program, which then presents the user with the desired spectral

information for analysis®31%4,

Each chemical bond vibrates at a characteristic frequency and, when exposed to IR
radiation, these absorb the radiation at frequencies that match their vibration modes. Thus,
the spectrum produced by measuring the radiation absorption frequency can be used to
identify functional groups and compounds in the samples, since the intensity and position of

each peak corresponds to the vibrational mode of a specific chemical bond*%3155:156,

In this work, FT-IR spectra were collected on a Mattson—7000 spectrometer, 128 scans
were collected per sample over the range of 4000 to 300 cm™ at a resolution of 2.0 cm™. The
samples were prepared using the KBr technique in which, prior to the analysis, each powder
sample was mixed and grinded in an agate mortar with a small amount of potassium bromide

(KBr) and pressed to produce the disks used in the analysis.

4.3. Specific Surface Area by the Brunauer-Emmett-Teller (BET) method

The specific surface areas (SSA) of the samples were determined using the Brunauer-
Emmett-Teller (BET) method, which can be described as a mathematical way of analyzing
the adsorption isotherms of non-reactive nitrogen gas. The technique requires the placement
of a known quantity of an inert gas, normally nitrogen, into the sample, which makes the
particles adsorb a molecular layer of nitrogen on the surface of the material. After the
formation of the adsorbed layers (when saturation pressure is reached), is removed from the

atmosphere containing nitrogen and heated so that the adsorbed nitrogen particles are
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released from the material surface. The data collected is then quantified and displayed as a

BET isotherm that represents the amount of adsorbed gas as a function of relative pressure:
p/p° (6)

where p° is the saturation vapor pressure of the adsorbed substance at the temperature
at which the assay is performed. The amount of the adsorbed gas on the adsorbent material
can be correlated with its surface area, which is defined as the surface area of a solid particle

per unit mass, usually expressed in m?/g**”.

According to the International Union of Pure and Applied Chemistry (IUPAC), there
are six types of isotherms obtainable through the BET method, each one corresponding to a
specific adsorption mechanism. The different types are presented in Figure 10 and the

corresponding descriptions are summarized next'%1°9,
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Figure 10. Types of gas absorption isotherms, according to IUPAC’s classification.
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Type I. Microporous materials with relatively small external surfaces. Can be divided
into two patterns: | (a) for materials with micropores below ~1 nm of width; | (b) for solids

with both wider micropores and narrow mesopores (<~2.5 nm).

Type I1. Nonporous or macroporous materials. Point B indicates the stage at which we

have a complete monolayer coverage and when the multilayer adsorption starts.

Type I11. Nonporous materials with weak interactions between the adsorbent and the
adsorbate.

Type IVV. Common in mesoporous materials. Has two possible patterns, both related to
the width of the pores: 1V (a) for when the size of the pore’s width is higher than the critical
width; 1V (b) for pores with smaller widths.

Type V. Micro and mesoporous materials. The observed shape at over low relative
pressure ranges is similar to type I, which can be attributed to the weak adsorbent—
adsorbate interactions. At higher values of relative pressure hysteresis similar to type IV (a)

can be observed.

Type VI. Materials with uniform nonporous surfaces with multilayer adsorption
mechanisms. The pattern observed is in the form of a stepwise curve which depends on the

material, gas, and temperature used.

In isotherms from type IV and V, a phenomenon called hysteresis can occur, in which
the adsorption curve doesn’t coincide with the desorption curve. Figure 11 exemplifies four
possible hysteresis, where each one represents a type of pore shape: type H1 is normally
associated porous materials with spherical particles and rigid agglomerates; type H2 is
related to materials with bottle-shaped pores; type H3 corresponds to particles with plaque
morphology, developing slit-shaped pores; and, lastly, type H4 is associated with slit-shaped

and narrow pores*®°,
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Figure 11. Different types of hysteresis, according to [UPAC’s classification

The analysis in this work was performed on a Quantachrome - Autosorb 1Q2 equipment.
Previous to the analysis, the samples were degassed at 150 °C for 12 h and cooled until room

temperature.

4.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a commonly used advanced technique for
materials characterization. SEM uses a focused beam of electrons that, once emitted, strikes
the surface of the sample, and gives rise to secondary and backscattered electrons. The
detection of these emitted electrons is responsible for the formation of the sample image
obtained. It can be regarded as an effective technique for the analysis of organic and
inorganic materials, providing high resolution images from a nanometer to a micrometer
scale with a relatively large depth of field, giving information on the morphology, topology,

and surface porosity of the samples613,

This technique was used to perform a microstructural analysis of all the samples and
was carried out using the Hitachi microscope SU - 70 model (with an acceleration voltage
of 10 KV). The samples were prepared for the analysis trough the fixation of the powder

samples in an aluminium sample holder with double-sided carbon tape.

26



4.5. Thermogravimetric Analysis (TGA)

Thermal methods are based on the characterization of a system (element, compound, or
mixture) by measuring changes in physicochemical properties at elevated temperatures as a
function of increasing temperature. One type of thermal method is the TGA, in which

changes in weight are measured as a function of increasing temperature!®*,

TGA was employed to access the amount of RES loaded on the material, in a Hitachi
STA300 equipment with a heating rate of 5 °C/min (temperature range 30-800 °C), under a

nitrogen-oxygen atmosphere (3:1).

5. In vitro solubility and release assays

5.1. Solubility studies

Solubility studies were performed using PBS at pH 7.4. The suspensions were prepared
by dispersing 10 mg of the RES loaded materials in 10 mL of PBS. The samples were kept
under continuous but gentle stirring at 37 °C and protected from light for 24 h. The study

was also performed using free RES for comparison purposes.

UV-VIS absorption spectra of each sample were recorded in the range of 200-500 nm
with 0,48 nm resolution using a UV/VIS spectrophotometer (GBC UV/VIS 918) at room
temperature. Maximal RES absorption in aqueous solution at 304 nm was used to identify
and quantify the RES concentration of the removed samples (r2 = 0.99996, Figure sm2,

Supplementary material).

5.2. In vitro release studies

In vitro release studies were performed using PBS at two different pH values, 7.4 and
5.2. The suspensions were prepared by dispersing the RES loaded MOCO-IVV material

(equivalent to 2 mg of free RES) in 1 mL of PBS, introduced into a dialysis membrane (with
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a 3.5 kDa molecular weight cut-off) and immediately immersed in 49 mL of PBS. The
samples were kept under continuous but gentle stirring at 37 °C, protected from light. At
predetermined time intervals 1 mL of the sample was withdrawn and immediately replaced
with an equal volume of PBS to maintain sink conditions. For comparison, the test was also
performed using free RES. The process used to identify and quantify the RES content in
each sample is similar to the one used in the previous solubility studies (r2 = 0.99996 and r2
=0.9992 for pH 7.4 and 5.2, respectively; Figure sm1, Figure sm2, Supplementary material).
The cumulative release percentage of RES was calculated as follows:

Volume of sample withdrawn (mlL) P(t

Cumulative release (%) = 1) + Pt (7)

Bath volume (mL)

where Pt corresponds to the percentage released at the time t and P(t — 1), the percentage
released previous to time t. The data presented in the release curves are an average of

replicates.

6. Cell studies

6.1. Reagents

Dimethyl sulfoxide (DMSO; >99.7%) and 3-(4,5 dimethyl-2-thiazolyl)-2,5-diphenyl
tetrazolium bromide (MTT; 98%) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The MG-63 human osteosarcoma cell line was purchased from American Type
Culture Collection (ATCC, Rockville, MD, USA). Dulbecco’s Modified Eagle’s Medium,
fetal bovine serum (FBS), I-glutamine, and fungizone (250 U mL™* ) were obtained from
Pan Biotech (Aidenbach, Germany), and penicillin—streptomycin (10,000 U mL™ ) from
Grisp (Porto, Portugal). Trypsin—ethylendiaminetetraacetic acid EDTA (0.25% trypsin and
1 mM EDTA) was purchased from Gibco, Life Technologies (Grand Island, NY, USA).
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6.2. Cell culture and preparation of the samples

Samples MOCO-1V and MOCO-IV-RES were incubated in medium, under continuous
but gentle stirring at 37°C for 48 h. After the 48 h, the extracts were centrifuged, and used to

prepare the different concentrations used in the cell viability assay.

MG-63 cells were aseptically grown in Dulbecco’s Modified Eagle’s Medium,
supplemented with 10% (FBS, 2 mM I-glutamine, 1% penicillin—streptomycin (10,000 U
mL™1), and 1% fungizone (250 U mL™*) at 37 »C in a humidified atmosphere with 5% CO..
After 24 h, cells were observed for confluence and morphology using an inverted phase-
contrast Eclipse TS100 microscope (Nikon, Tokyo, Japan). Sub confluent cells were
trypsinized with trypsin-EDTA (0,25% trypsin and 1 mM EDTA) when monolayers reached

80-90% confluence.

6.3. In vitro cell viability assay

Cell viability was determined by the colorimetric MTT assay. This method is based on
the conversion of MTT into purple formazan crystals by living cells, thus determining their
mitochondrial activity. Since, for most viable cells, mitochondrial activity remains constant,
when there is an increase or decrease in the number of viable cells, this value will be linearly
related to the mitochondrial activity. Giving its ease of use, this assay is commonly used to

measure the in vitro cytotoxicity of several drugs at different concentrations on cell
Iine3165'166

MG-63 cells were seeded in 96-well plates at 4000 cells well™ for 24 h of exposure at
37°C in a 5% CO2 humidified atmosphere. After 24 h, the medium was replaced with fresh
medium containing: (a) pristine MOCO-IV extract (0, 25, 50, 100, 200, and 400 pg mL 1),
(b) RES loaded MOCO-IV extract (0, 25, 50, 100, 200, 300 and 350 pg mL ™), and (c) bulk
RES (0, 50, 75, 150, 300, 450 and 500 puM). Cell exposed to the control medium were used
as a negative control, and cell viability was measured after 24 h. At the end of the incubation
time, the wells were emptied and washed with PBS to remove remaining particles, and then
fresh medium (100 pL) was placed in each well. After that, 50 uL of MTT (1 g L™t in PBS)
was added to each well and incubated for 4 h at 37 C in a 5% CO humidified atmosphere.
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Following, the culture medium with MTT was removed and replaced by 150 pL of
DMSO and placed in an orbital shaker (for 2 h, protected from light) for formazan crystal
solubilization. The samples absorbance (Abs) was measured with a BioTek Synergy HT
plate reader (Synergy HT Multi-Mode, BioTeK, Winooski, VT, USA) at 570 nm. The

percentage of viability was calculated using Equation (8).

Abs(570) of samples
Abs(570) of negative control

Viability (%) =
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V. Results and Discussion

The results obtained from the various characterization techniques used will be discussed
and analyzed in detail in this chapter. Firstly, the PDMS-SiO, samples will be characterized,
followed by the characterization of the RES loaded samples and the comparison of both the
results in order to understand how RES was loaded on the materials.

1. Characterization of PDMS-SiO, samples

1.1. XRD analysis

XRD analysis was performed on each PDMS-SiO, sample (MOCO-1, MOCO-III, and
MOCO-1V) to confirm its amorphous character, and the results obtained are presented in
Figure 12. Observing the graphic, it is possible to note that there is one broad and undefined
peak around a specific 26 angle, approximately at 6°, which indicates the amorphous nature

of the samples.

MOCO-I MOCO-III MOCO-IV

Intensity (a.u.)

0 5 10 15 20 25 30 35 40 45 50 55 60
20 (degree)
Figure 12. XRD spectra of the PDMS-SiO, samples.

According to the Braggs Law, by determining the 20 angle of each sample, it is possible

to determine the distance in A. Table 2 presents the values for the previous parameters. The
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difference in the angle between each composition is minimal, always around the 6°
corresponding to calculated distances between 14.0 and 14.7 A. These values are
approximated to the value of 13 A previously calculated by Brus and Dybal for a similar
hybrid system?®’.

Table 2. Values of the maximum angle and distance between inorganic centres of the
PDMS-SiO, samples.

Sample 20 (Degree) Distance (A)
MOCO-I 6.021 14.7
MOCO-I11 6.126 14.4
MOCO-IV 6.310 14.0

1.2. FT-IR spectroscopy analysis

FT-IR studies were performed to study the chemical bonds present in the different
PDMS-SiO; hybrid samples, and the data acquired is located in the spectral range of 300-
4000 cm. All the samples analyzed demonstrated IR bands in the region of 350-4000 cm™?,
which is compatible with previous literature concerning the characteristic bands observed

for PDMS and silica hybrid systems similar to the one in this work®°:168-174,

Figure 13 shows the FT-IR spectra of all the samples in the spectral range of 1500-4000
cmtand 1500-300 cm™. As can be seen, the incorporation of PDMS within the network was
confirmed by the presence of the asymmetric and symmetric CH3z deformation bands at 1408
and 1265 cm™ respectively, together with the asymmetrical C-H stretching at 1968 cm™. The
formation of the inorganic network composed of Si-O-Si bonds was confirmed by the
appearance of typical asymmetric Si-O-Si stretching vibrations at 1090 cm™, symmetric
vibrations of Si—O-Si bonds at 805 cm™* and Si-O-Si vibration in 4-fold siloxane rings at 555
cm™. The presence of bands at 850 cm™ and 430 cm™ are due to the presence of crosslinked
SiO2 (Q units)- PDMS (D units) structures, thus forming D-Q bonds and confirming the
formation of hybrid structures with bonds between the organic and inorganic parts of the
material. The previous values are similar to values already observed in previous works!"175>-
17 In samples MOCO-I and MOCO-1V, the peaks observed around 430 cm™ are divided into
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two small and not defined peaks, this is due to the fact that the samples were prepared using
less H2O which led to the formation of more hybrid bonds (D-Q structures). In the other
hand, sample MOCO-III, prepared with a higher amount of water, presents a more defined
peak at 430 cm, indicating the presence of less hybrid bonds and more long chains®.

The band observed around 3430 cm™ can be attributed to the hydrogen-bonded silanol
groups with absorbed molecular water, and the peak at 1625 cm™ corresponds to O-H
bending in the molecular water 12177, The peaks at 2360 cm™ are related with the asymmetric
stretching vibration of gas-phase CO- originated from ambient air absorption in the optical
path outside the FT-IR cell'’8,
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Figure 13. FT-IR spectra of the PDMS-SiO, samples in the intervals of: (a) 1500-4000 cm™
(b) 300-1500 cm™.

1.3. BET analysis

The textural properties of the materials were determined from N2 adsorption-desorption
isotherms using the BET method. The resulting isotherms obtained for the PDMS-SiO>
samples are presented in Figure 14.

According to the IUPAC classification, the obtained graphics for samples MOCO-1 and
MOCO-1V are compatible with the type Il isotherm, which is usually related to nonporous or
macroporous materials, and presents a hysteresis loop (type H3). According to the literature,
this type of low pressure hysteresis is caused by the expansion of the non-rigid porous
structure of the material, where the final value of the adsorption curve does not coincide with
the initial value . The graphic obtained for sample MOCO-IIl can be associated with the

type | isotherm, indicating that the material presents a microporous structure.
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Figure 14. Isotherms of the PDMS-SiO> samples obtained by the BET method.

The textural values presented in Table 3 are calculated through the BET adsorption
branch of the respective sample and the pore volumes and average diameter were calculated
by the BJH (Barrett, Joyner and Halenda) method.

Table 3. Values of surface area calculated from the nitrogen adsorption isotherms, for the
PDMS-SiO2 samples.

MOCO-I MOCO-I11 MOCO-1V
BET surface area (m?/g) 287.2 122.3 244.9
Pore volume (cm®/g) 0.990 0.121 0.890
Average pore diameter (nm) 168.9 3.47 99.82
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2. Characterization of RES loaded samples

During the loading process, RES molecules can be lodged inside the pores or adsorbed
to the surface of the materials. To analyze the RES loaded samples various techniques were
used and the results are further explained next.

The X-ray diffractogram of T-RES exhibits multiple diffraction peaks between 5 and 30°
which can be attributed to the higher crystallinity of RES when in its “free form”. However,
when immobilized in the pores of materials, certain substances, such as RES, have a
tendency to change the structure of the organic entity from crystalline to amorphous. These
results were obtained in a similar system, where RES was encapsulated in MSNs, in which
the loading of RES on the nanoparticles promoted the amorphization of the drug*.

When comparing the T-RES peaks with the diffractograms of the loaded samples, it is
clear that the intensity of the peaks (represented in the shaded areas of the graph in Figure
15) drops significantly, indicating RES amorphization after loading. These results showed
that, following the loading of the samples, RES had been converted from a crystalline to an
amorphous structure, suggesting that it had been successfully incorporated by the

materia|l47,l79,180
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Figure 15. XRD spectra of the PDMS-SiO>-RES samples and T-RES.
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The FT-IR analysis was carried out to evaluate the possible changes that the material
might have suffered and determine the bonds established after the loading with RES. Figure
16 presents the FT-IR spectra for each composition obtained before and after RES loading
and for free RES. Analyzing the spectra, major changes in the fingerprint region between
400 to 1700 cm™ are clearly noticed when comparing the results of the loaded materials with
the unloaded ones, through the appearance of various new bands. The bands situated from
around 1600 to 1400 cm™ represent the benzene skeleton vibrations and the ones between
989 and 964 cm™* can be related to bending vibrations of C=C-H#1182_ The band associated
with O-H stretching as shifted from around 3430 to 3280 cm™ in the loaded samples
indicating that there is interaction of OH groups of materials with RES. These results are in
accordance with the ones previously reported (XRD analysis), and, once again, indicate that
RES was successfully loaded into the materials.
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Figure 16. FT-IR spectra of the samples in the interval of 300-4000 cm™. (a) MOCO-,
MOCO-1-RES, and T-RES (b) MOCO-111, MOCO-111-RES, and T-RES (c) MOCO-1V,
MOCO-IV-RES, and T-RES.

The samples (loaded and unloaded) were also analysed by SEM and the obtained images
are presented in Figure 17. Observing the images referring to the unloaded materials (MOCO-
I, MOCO-I11, and MOCO-1V), it is possible to note that these resemble those reported for
similar materials present in literature’®®. After the loading of the samples, the presence of
aggregates on the surface of the materials, probably RES, is clearly detected, particularly in
samples MOCO-I-RES and sample MOCO-1V-RES. In samples without RES in their

composition no aggregates were observed in the micrographs.
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MOCO-I MOCO-I111 MOCO-1V

Figure 17. SEM micrographs of the unloaded and loaded samples: (A1) MOCO-I; (A2)
MOCO-1-RES; (B1) M0OCO-III; (B2) MOCO-111-RES; (C1) MOCO-1V; (C2) MOCO-1V-RES.

2.1 Loading efficiency and capacity

The RES loading capacity and efficiency was evaluated by TGA analysis. Figure 18
presents the curves for both loaded and unloaded materials and free RES. Observing the
curves of weight loss (%) versus temperature (°C) for the unloaded materials it is noticeable
that the weight loss of the samples is very small. Around 750°C all the samples add lost
approximately 12% of its initial weight, and the curves almost stabilize for temperatures
above 730°C. This weight loss is caused by the evaporation of adsorbed water molecules

present in the samples.

In the case of the RES loaded materials, the weight loss from the samples was much
higher, around 51% at 700°C, with the curves being stable for temperatures above 600°C.
Regarding the curve from RES, it is perceptible that the weight loss occurs in two
consecutive phases. A first one, between 240 and 360°C with a mass loss of 31.8%, which
can be associated with the beginning of the thermal decomposition of the material. The
second one occurs at approximately 360-550°C with a weight loss of 66.6% and is attributed
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to the oxidation of the carbonized material'®., A stabilization of the curve is observed for
temperatures above 550°C, and the total weight loss is of 99.3%. The different profiles of
the loaded samples curves when compared with the ones from unloaded materials and free

RES suggest that the materials have been successfully loaded.

A100-~—\ __ 100 A S
g 80 - | S 80 -
& [%2}
S 60 S 60 -
£ 40 { ——Moco-l £ 40 MOCO- I
() — 1 () — -111-
2 5. MOCO-1-RES 2 5 MOCO-111-RES
RES RES
o T T 1 0 T T T
0 200 400 600 0 200 400 600
Temperature (°C) Temperature (°C)

100 |
S 80 -
[72]
S 60
.-5 40 A MOCO-1V
o ——— MOCO-IV-RES
= 20 RES
O T T T
0 200 400 600
Temperature (°C)

Figure 18. TGA analysis of unloaded and loaded PDMS-SiO, samples and pure RES.

The materials were loaded using an initial amount of RES of 160 mg. With the aim of
evaluating and calculating the percentage in mass of RES present in the samples, the TGA
curves of the RES loaded samples were further analyzed. The results for sample MOCO-I-

RES will be explained next and the final results for all the samples are presented in Table 4.

Considering values from 200 to 700 °C, sample MOCO-I-RES had a weight loss of
48.2%. Since the equivalent unloaded sample had a weight loss of 11,2% in the same
temperature interval, it is possible to infer that 36,4% of the weight lost from the loaded
sample can be attributed to RES. This value loss corresponds to the loading capacity of the
sample. To perform the loading of this sample 160 mg of RES and 200 mg of material were

used. If all the RES used had been loaded onto the material, the percentage of RES in the
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sample would be 44.4% (theoretical loading capacity). Comparing this value with the
loading capacity of the material (Equation 9), we can infer that 82.0% of the RES used was

successfully loaded into the material.

Loading capacity 100 (9)
Theoretical loading capacity

Loading ef ficiency (%) =

Table 4. Values of loading capacity and efficiency for the RES PDMS-SiO> loaded

samples.
Sample Loading capacity (%) Loading efficiency (%0)
MOCO-I-RES 36.4 82.0
MOCO-III-RES 37.9 85.4
MOCO-IV-RES 33.7 75.9

2. In vitro release studies

3.1. Solubility studies

In order to analyze the solubility of RES in each sample, simple solubility studies were
performed. These were set under the same conditions, with a pH of 7.4, that corresponds to
the physiological pH. The results observed for each sample and free RES after 24 h are
presented in Figure 19.
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Figure 19. Solubility profiles of the RES loaded samples and pure RES at pH 7.4 after 24
hours.
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Observing the results, it is possible to note that all samples presented an increase of the
RES concentration when compared to free RES, indicating that these materials can provide
a mean to enhance this drug’s solubility. When observing these values, it is possible to note
that sample MOCO-1V-RES was the one that presented the highest concentration (84.6 mg/L)
and, taking into account this result, as well as the characterization analysis performed

previously, this was the sample chosen to proceed for the next experiments.

3.2. In vitro RES release studies

The cumulative release values of RES from the sample MOCO-1V-RES and free RES
(non-encapsulated) at pH 5.2 and 7.4 are presented in Figure 20. Observing the release
profiles, the cumulative release values at pH 7.4 after 48 h are 54% and 22% for sample
MOCO-IV-RES and RES, respectively, increasing to 70% and 39%, respectively, at pH 5.2.
This indicates that the RES release was pH-dependent, being evidently faster in pH 5.2 when
compared to pH 7.4, both for sample MOCO-IV-RES and free RES. These results are in
agreement with other works found in the literature that studied the stability and solubility of
RES in different pH mediums, in which it was found that RES is more stable at acidic
conditions, presenting higher values of solubility, and, in contrast, when in alkaline
conditions, it is more prone to degradation and, consequentially, presents lower values of
solubility. This effect is probably related to the fact that, at higher pH values, the degradation
and dissolution mechanisms occur at the same time, resulting in the increase of degraded

products and formation of insoluble complexes, thus decreasing RES solubility8185,

Additionally, it was also possible to note that the loaded sample was able to reach higher
cumulative release values throughout the time at both pH values, when compared to free

RES, and demonstrated a gradual and sustained RES release without any initial burst.
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Figure 20. Cumulative release of RES from the non-encapsulated (free RES) and
encapsulated sample (MOCO-1V-RES) at pH 5.2 and 7.4. (a) Full 48 hours profile; (b) First
24 hours profile.

With the purpose of understanding the kinetics and mechanisms of release of RES in
the assay, three models were applied to the experimental data: an exponential equation based
on the Noyes-Whitney equation applying the Fick’s law, the Korsmeyer-Peppas, and the
Weibull model. These mathematical models, that combine precise experimental

observations with models that capture the underlying physics, have been used to predict the
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overall release behaviour of simple and complex DDS, mainly the temporal release of the

encapsulated molecule(s)*€°.

The first model interprets the drug release data as an exponential type of diffusion based
on the Noyes-Whitney equation and the Fick's law (NWF):

M/ M= 1—e Kt (10)

where Mt/ M represents the normalized fraction of the released drug from t=0+ to t=oo,
and K is the first-order release constant independent of drug concentration, which provides
insights on the solvent accessibility to the substrate and the diffusion coefficient through the

mesoporous channels!®’,

The second model used, Korsmeyer-Peppas (KP) model, is a semi-empirical model
based on Fick’s second law of diffusion for short time diffusion, which relates the

exponential drug release to the elapsed time (t) (Equation (11)):
Mt/ M =Kkp - t" (11)

where M: / M., corresponds to the fractional release of the drug, k ke is a constant that
incorporates characteristics of the system, and n can be an indicative of the drug release
mechanism and can also depend on the geometry of the system. This model is only valid for

the portion of the release curve where M/ M., < 0.687-189

Lastly, the final model applied was the Weibull model*871%191 an empirical model
successfully applied to almost all types of dissolution or release curves, which is described
in Equation (12):

Mt/Mmzl—e(_%) (12)

where Mt and M., are the mass of drug released at time t, a defines the time scale of the
process, Ti represents the lag time before the onset of the dissolution or release process, and
B is the shape parameter that characterizes the curve formed as either: exponential (f=1), S-
shaped with upward curve followed by turning point (f > 1), or a curve with higher initial

slope and after that consistent with the exponential (§ < 1).
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From the values of o and 3 obtained with this model it is also possible to determine the
dissolution time, Tq4, which represents the time interval necessary to reach 63.2% of drug
release (Equation (13)).

log(a)
0=T¢? — Ta=e £ (13)
The curves obtained for each model are presented in Figure 21 and the respective Kinetic
parameters in Table 5.The experimental data were fitted using non-linear regression by
employing the method of least squares and the tool solver of the Origin software, and the
goodness of the fitting was evaluated taking into account the values obtained for the
statistical parameters of coefficient of determination (R?) and chi-square (3?).

The NWF model didn’t present a good fitting in any of the samples analysed, with values
of R? (ranged from 0,.3 to 0.94) and y? (ranged from 0.003 to 108) far from ideal. For this
reason, and because this model didn’t accurately describe the release kinetics of the data, the

parameters obtained will be disregarded.

From the three models used, the Weibull model was the one that best fitted all the data,
presenting higher values of R? (between 0.95 and 0.99) and lower values of y? (between
0.0007 and 0.0018). This model was already successfully applied to various drug delivery
systems, including for RES release from polymer-based carriers!31%-1% |n the case of
sample MOCO-1V-RES, it was possible to determine a T; value of 3.9 and 4.6 hours for pH
5.2 and 7.4, respectively, which indicates that the RES release presents a lag time until it
reaches a steady release rate. In contrast, for free RES, this value was 0 in both pH analyzed,
indicating that this characteristic is intrinsic to the MOCO-1V-RES sample. This may be due
to the fact that this sample presents a hydrophobic nature, which may interfere with the
release mechanisms and create a delay time for the release of RES. From this model, it was
also possible to observe dissolution times, Tq, 0of 26.75 and 110.31 hours for sample MOCO-
IV-RES at pH 5.2 and 7.4, respectively, and 105.01 and 867.49 hours for free RES at the
same pH values. These results further confirm that the rate of RES dissolution is pH-
dependent for both sample MOCO-1V-RES and RES alone and, that the loaded material
improves RES solubility and allows for a faster release rate. Since it is based on an empiric
equation, not deducted from any kinetic fundamentals, this model does not provide specifics

about the mechanisms of RES release!®’.
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The KP model was adjusted to the experimental data for a RES cumulative release of
up to 0.6 and, presented a good fit for the experimental results obtained for pure RES.
However, for sample MOCO-IV-RES, taking into account the values of R? (ranged from
0.921 to 0.925) and ¢ 2 (ranged from 0.0026 to 0.0057), this model was less suitable to
describe the experimental data when compared to the Weibull model. The values of kkp
obtained for sample MOCO-1V-RES were 0.07 and 0.09 at pH 5.2 and 7.4, respectively, and
0.043 and 0.047 for free RES at the same pH values. These values are an indicator of the
characteristics of the system, which means that for free RES, the change in the medium pH
may have changed the system characteristics, in the case of sample MOCO-I1V-RES, since it
is loaded with RES, the observed increase can possibly be attributed to the changes in the
RES present in the loaded material, which, consequently, changes the characteristics of the
whole system. For both sample MOCO-1V-RES and free RES at the two pH values analysed,
the values of n range from 0.41 to 0.68, which can be related to a non-Fickian model of

transport*87188,
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Figure 21. Fitting of each model (KP, NWF and Weibull) for sample MOCO-1V-RES and
free RES at pH 5.2 and 7.4.
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Table 5. Kinetic parameters and goodness of the fits of RES release from sample MOCO-
IV-RES and pure RES.

MOCO-I1V-RES RES
Model pH 5.2 pH 7.4 pH 5.2 pH 7.4
kee(N) 0072002 0092002 0.043+0.005 0.047 +0.005
n 0.62+0.08 048006 057+0.03  0.41+0.03
Ko;;;“;;’ser' R? 0.9218 0.9257 0.9777 0.9625
72 0.0057 0.0026 0.0003 0.0002
a(hP) 6.3+0.6 41+0.9 41.4+0.1 21+2
B 056+0.03 030007 0.80+001  0.45+0.03
Weibull Ti(h) 393+0.09 46205 0 0
Ta () 26.75 110.31 105.01 867.49
R? 0.9919 0.9533 0.9782 0.9670
72 0.0007 0.0018 0.0003 0.0002

4. Cell viability studies

The cytotoxicity of sample MOC-IV-RES, free RES (non-encapsulated) and pristine
MOCO-1V on MG-63 osteosarcoma cells was evaluated using the MTT cell viability assay,

and the results obtained are shown in Figure 22.

Observing Figure 22 (a), it is possible to note that cell viability remained unchanged in
the case of the MOCO-IV sample independently of the concentration used, with values
ranging between 94% and 98% compared to the control. This result is in agreement with
previous studies, in which it was possible to observe that similar silica-based materials did

not cause cytotoxicity in this type of cells!®1%,

For sample MOCO-1V-RES (Figure 22 (b)), a gradual decrease in cell viability is
noticeable with increasing concentration of the sample used (for concentrations > 100 g
mL™1), with a percentage of cell viability of 18.1% for the highest concentration of sample
studied (350 pug mL™?). However, when comparing these results with the ones from non-
loaded RES (Figure 22 (c)), similar RES concentrations (in the loaded sample and bulk RES)
give rise to very different percentages of cell viability. In the case of the highest

concentration of bulk RES studied (500 uM) a percentage of cell viability of 63.3% was
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obtained, while for a similar concentration of RES present in the loaded sample (518 pM)
this value was 18.1%, and this trend is repeated for all RES concentrations higher than
150uM studied. These results indicate that, for an equal time interval, there was a greater
release of RES from the MOCO-IV-RES sample, consequently having a greater effect on cell
viability when compared to RES alone, and further confirming the previous results obtained
in the release studies.

(a) (b)
120 120
1004 I I z . - I | 100
S S
>80 1 S 0]
'S 60 S 60 -
8 3
Z 40 - Z 40 -
[<5) [<5)
0 T T T T T 0 L T T T T T l
0 25 50 100 200 400 0 50 100 200 300 350
MOCO-1V concentration (ug mL™1) [0] [75]  [148] [296] [444] [518]
MOCO-1V-RES concentration (ug mL™1)
[Equivalent RES concentration (UM)]
(c)
120
w{ L o |
X
< 80 - L
2
S 60 = =
8
Z 40
[<B]
O
20 A
O T T T T T T T T T T T
0 75 150 300 450 500

RES concentration (LM)
Figure 22. Effect of pristine MOCO-IV (0-400 pg/mL; (a)) , RES-loaded MOCO-IV (0-350

pg/mL, (b)), and bulk RES (0-500 puM, (c)) on cell viability of MG-63 osteosarcoma cells
after 24h of exposure.
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V. Conclusions and future perspectives

Various disorders/defects, such as osteoporosis or osteosarcoma, can lead to bone tissue
damage and consequent bone loss. The bone grafting techniques used present several
limitations, highlighting the need for synthetic materials capable of replacing the ones
presently used. The constant development in the field of biomaterials - already capable of
offering options that mimic biological conditions in an unprecedented way - opens the door
to regenerative medical approaches that could be considered the future in treatment options
to enhance bone healing. ORMOSILS - organic-inorganic hybrid materials obtained through
the sol-gel method - showed their great potential in the field of bone tissue engineering with
several biomedical applications from an early age.

In this work, the PDMS-SiO; system was explored, using the specific properties of its
organic and inorganic components in order to create a network with interactions between the
components resulting in a material with tunable morphology, size, and multifunctional
properties. Four types of materials were synthesized (MOCO-I, MOCO-II, MOCO-III, and
MOCO-1V), using different concentrations of H20 and HCI, and subsequently characterized
using various techniques: X-Ray Diffraction (XRD), Fourier Transform Infrared (FTIR)
spectroscopy, specific surface area by the Brumauer-Emmet-Teller (BET), Scanning
Electron Microscopy (SEM) and Thermogravimetric Analysis (TGA). The incorporation of
RES into the hybrid materials was successfully performed using the rotary evaporation

technique, allowing to achieve loading capacities ranging from 75.9% to 85.4%.

After the characterization of the loaded samples, it was possible to perceive that the
loading promoted the amorphization of RES, increasing its solubility. This was confirmed
by the release assays performed (only carried out for sample MOCO-1V-RES), in which it
was quite noticeable that the RES release was much more pronounced in the case of sample
MOCO-1V-RES compared to RES alone. It was also determined that the release of RES is
pH-dependent, having been obtained percentages of release after 48 hours of 70% and 54%
for sample MOCO-IV-RES at pH 5.2 and 7.4, respectively, and of 39% and 22% in the case

of free RES at the same pH values.

Through the mathematical analysis performed on the data (using the NWF model, the
Weibull model and the KP model), it was noticeable that the model that best fitted the
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experimental data was the Weibull model. This analysis allowed to obtain important data
regarding the RES release Kkinetics. In the case of sample MOCO-1V-RES, it was possible to
determine an initial time lag of approximately 4 hours, regardless of the pH used, something
that was not observed with free RES.

The cytotoxicity of the material was analysed by an MTT cell viability assay on
osteosarcoma MG-63 cells. Sample MOCO-IV (unloaded) showed no cytotoxicity to cells,
regardless of the concentration being used. In the case of the loaded sample, a gradual
decrease in cell viability was observed for concentrations above 100 pug mL™*. Comparing
the values obtained for the loaded sample and the bulk RES, it is notable that, for the same
concentrations of RES, different values of cell viability were obtained, which, in the case of
the loaded sample, were much lower. This indicates that, when incorporated in the sample,
RES has a higher release rate and, consequently, a greater effect on cells.

In summary, the results of our research indicate that these materials, which combine the
physicochemical properties of the PDMS-SiO2 system with the biological properties of RES,
present enormous potential to be used in the fields of synthetic bone grafts and DDS for
RES.

Although the objectives of this work have been successfully achieved, there are still
aspects that could be further explored. Moving forward, it would be interesting to synthetize
the hybrid materials incorporating important ions, such as calcium or strontium, in order to
improve the materials biological properties. Regarding the characterization of the materials,
more analysis could be performed to better understand the molecular accommodation and
the nature of the bonds formed between RES and the hybrid materials. Also, concerning the
RES loading technique used, other approaches could be studied, such as the incorporation
of RES at the beginning of the synthesis of the materials and the incorporation of RES in

other forms of the material (monolith, film).

Another important step is testing the effectiveness of the materials to serve as DDS for

other compounds with interesting and relevant pharmacological activities.
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Supplementary material

Calibration curves for RES
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Figure sm1. Calibration curve for RES at PBS pH 5.2.
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Figure sm2. Calibration curve for RES at PBS pH 7.4.
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RES release studies spectra
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Figure sm3. RES spectra obtained at various times for the sample MOCO-IV-RES at
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pH 5.2 (with the respective dilutions used).
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Figure sm4. RES spectra obtained at various times for the sample MOCO-1V-RES at pH

7.4 (with the respective dilutions used).



