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Abstract

Wound healing is a physiological process that is necessary to restore skin integrity.
It is a complex and dynamic process, which involves various components such as
cells, growth factors, and proteins; generally, it is divided into four overlapping
phases: hemostasis, inflammatory, proliferative, and remodeling. Once the process
is completed a healthy tissue should be obtained. However, in some cases, due to
the presence of underlying conditions (such as diabetes, vasculitis and bacterial
infection), the formation of a chronic non healed wound could be observed. Chronic
wounds not only impair the physiological functions of the skin barrier, but they can
also lead to sever consequences such as infections, amputations or even death.
Several investigations have been concentrated on the improvement of wound
treatment therapies. Various types of nanomaterials, including metal-based, non-
metal-based, and metalloid-based materials, have been explored to treat wounds
of various etiologies. Among them, mesoporous silica has received a great deal of
attention in order to produce more effective wound dressing materials. Owing to
their physicochemical proprieties, mesoporous silicas can act as carriers for the
delivery of bioactive molecules. Besides that, in an aqueous environment they can
dissolve so releasing orthosilicic acid Si(OH)4, a small molecule, which can
promote wound healing. Moreover, mesoporous silicas can also promote blood
clotting and achieve hemostasis without causing any side effects. In this context,
this PhD thesis aimed at studying the use of mesoporous silica spheres as a material
to develop drug delivery systems that combine the beneficial intrinsic effects of the
carrier with the therapeutic effects of the supported drug in the prospect of future
wound healing applications

The first chapter provides a general overview of the properties of mesoporous
silica and its applications in the dermatological field, focusing on the use of
mesoporous silica in the treatment of various skin conditions. Particular attention
was given to the employment of mesoporous silica in the field of wound healing.

The second chapter gives insights into the use of mesoporous silica-based
materials as hemostats, highlighting the most recent research studies concerning
their in vitro and in vivo hemostatic activity as well as their hemolytic ability.
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The third chapter deals with the development of an agent that can exploit the
hemostatic nature of mesoporous silica. Three different types of mesoporous silica
spheres with different properties (i.e. different pore size) were synthesized and their
hemostatic performances as well as their hemolytic activity were investigated.

The fourth chapter focuses on the fabrication of a novel material that combines
the hemostatic ability of the mesoporous silica spheres with the antifibrinolytic
activity of tranexamic acid, to be used for the control of hemorrhages in emergency.
Mesoporous silica spheres with large pores were synthesized and, for the first time,
loaded with tranexamic acid through an incipient wetness impregnation method.

The fifth chapter provides a brief overview of the role of arginine in wound
healing as well as the adsorption of this amino acid on mesoporous silica-based
materials.

The sixth chapter presents a research work concerning the development of a
system based on spherical mesoporous silica particles for the delivery of arginine
for future application in wound healing. The main objective of the study is to
investigate how the pH of the impregnating solution may affect the structure of the
carrier.

The seventh chapter describes the study of a second type of mesoporous silica
particles, which should be less sensitive to the variation of the pH of the
impregnating solutions, as a potential carrier for arginine.
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Chapter 1
Mesoporous silica for therapeutic
applications in the skin

1.1 Introduction

Nanoporous materials could be defined as regular organic or inorganic frameworks
which contain pores at the nanoscale, in the range of 1 - 100 nm. Some examples
of nanoporous materials are zeolites, metal-organic frameworks, metal oxides,
wood, and rubber !. Compared to bulk materials, nanoporous materials possess
unique features such as, high surface to volume ratio, high active surface area, large
porosity, low densities, and improved chemical and physical properties >>. Based
on their pore size, porous materials are classified by the International Union of Pure
and Applied Chemists (IUPAC) into three groups: microporous (pore size < 2nm),
mesoporous (pore size 2-50 nm) and macroporous materials (pore size > 50 nm).
Mesoporous materials may be more interesting than the others due to their high
specific surface area, intermediate pore dimension, narrow pore size distribution,
good selectivity, easy access to pores, high adsorption capacity, and simple surface
functionalization *. Because of the above-mentioned properties, mesoporous
materials have found different uses in several fields like adsorption, catalysis,
sensors, chemical separation, and biomedical applications 2. As far as the
biomedical area is concerned, both organic and inorganic mesostructured materials
have been studied in several applications, in particular as drug delivery systems .

According to the American national institute of health, “drug delivery systems
are defined as the formulation of a device that enables the introduction of
therapeutic substances into the body and improves efficiency and safety by
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controlling the rate, time and place of release of drug in the body” ¢. Conventional
drug delivery involves the formulation of the drug into a suitable form, such as a
compressed tablet for oral administration or a solution for intravenous
administration. However, these forms present various limitations such as poor
bioavailability, side effects, low drug loading capacity, plasma fluctuation of the
drug levels, low therapeutic effectiveness, and lack of target delivery. Therefore, in
the last years many researchers are trying to develop new drug delivery systems to
overcome the inconveniences of the conventional ones. Among the different
approaches, it has been found that the use of nanoporous systems drug carriers
appears to be quite promising. Owing to their chemical and physical properties,
these systems can incorporate different biomolecules and drugs as well as enhance
their solubility which consequently results in higher dissolution rate and in an

enhancement of their bioavailability ¢

Moreover, the possibility of
functionalizing the surface by conjugating target molecules allows the loaded drug
to be directed to the site of interest, thereby improving effectiveness and reducing
side effects >, Different materials have been proposed as drug carriers, which
include both organic and inorganic supports. Some of the most common studied

systems are reported in figure 1.1.
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Figure 1.1 Classes of particles used in drug delivery '’

Among mesoporous materials, mesoporous silica-base materials have been
considered one of the most interesting materials for the development of drug
carriers after their first report in 2001 by Vallet-Regi 2. Since that moment, various
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studies have been performed on MCM-41 silica material and its variety of
modifications. Other mesoporous silicas have also been investigated as carriers for
a variety of drugs, including nonsteroidal anti-inflammatories, antibiotics and
chemotherapeutics *~!°. Compared to other unconventional drug delivery systems
(liposomes, polymeric micelles, and lipid-based nanoparticles), mesoporous silica
(MS) offers unique properties such as:

e thermal, mechanical, and chemical stability;

e large pore volume and surface area, usually above 1 cm® and 700 m?/g,
respectively (these properties provide high potential for drug
adsorption and loading within the pore channels);

e ordered mesoporous structure and narrow distribution of tunable pore
size (2-30 nm), which allow better control of drug loading and release
kinetics;

e tunable particle size, which is suitable for easy endocytosis by living
cells;

e in principal two surfaces (inner pore surface and external particle
surface) easily modifiable for both controlled and targeted drug
delivery;

e good biocompatibility (Silica materials are “Generally Recognized as
Safe” by the United States Food and Drug Administration (FDA). In
vivo biosafety  evaluation  of  cytotoxicity,  biodegradation,
biodistribution and excretion, showed low toxicity of these materials);

e integration with magnetic and/or luminescent substances, which
enables bioimaging and drug delivery '%!7.

These unique features make MS a good candidate for developing drug delivery
systems. In the next section, an overview of the common methods used for the
synthesis of MS is reported. Besides that, the use of MS in the dermatological field
(i.e., in topical drug delivery and wound healing) is reported as it represents the
main topic of this PhD project.

1.2 Mesoporous silica: an overview

The first attempt of synthesis of MS goes back to the early 1970’s. A patent dated
back to 1971 reports the synthesis of low bulk density silica in the presence of a
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cationic surfactant '8, However, the importance of this material was not recognized
due to the lack of information concerning its properties.

In 1992, the synthesis of a new family of ordered mesoporous silicas named as
Molecular 41 Sieves (M41S), was reported by the scientists of the Mobile Research
and Development Corporation. These materials exhibited amorphous walls, high
surface area, large pore volume and tunable pore sizes. In the M41S family, three
different meso-structures were distinguished: MCM-41 with hexagonal pore
arrangement, MCM-48 with cubic structure, and MCM-50 with a lamellar
geometry. Among these materials, the MCM-41 family is the most widely explored
because it is more stable and easier to obtain than the other ones. This material
possesses a highly ordered hexagonal array of pores with a very narrow pore size
distribution, ranging from 2.5 to 6 nm.

After the discovery of the M41S family, significant efforts have been made to
obtain MS with different pore size and morphology. Other types of MS materials
were developed (figure 1.2), which include the Folded Sheet Mesoporous materials-
16 (FSM-16), the Fudan University (FDU) material, the Korea Advanced institute
of science and Technology (KIT) material, and the Santa Barbara Amorphous silica
family (SBA-n).

MCM41 SBA-15 KIT-6, MCM-48
SG: p6mm SG: p6mm g, SG:la3d
Jr)k ~
__: - ~
) > o " o8
‘jd‘
SBA-16, FDU-1 KIT-5, FDU-12
SG: Im3m SG: Fm3m _
> "5‘“
el

Figure 1.2 Different types of MSPs '’

In 1998 an important material with a hexagonal structure was synthesized by
the researchers of Santa Barbara university, and it was called SBA-15 (Santa
Barbara Amorphous no 15). Compared to MCM-41, SBA-15 is characterized by
larger pore size ranging from 4 nm to 30 nm, thicker walls, and better thermal,
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mechanical, and chemical resistance. Owing to its features, SBA-15 is considered
the best choice for different uses in different application fields *2°.

1.2.1 Synthesis of MS: the modified Stober method

There is a wide number of synthetic approaches for the synthesis of MS-based
materials, which include the sol-gel process and hydrothermal synthesis. Most of
them involve the use of three main elements, a surfactant as a structure directing
agent (SDA), a silica precursor, and a catalyst. Other additive components, such as
solvents and swelling agents can be used to regulate the properties of the
synthesized material. Furthermore, by varying the synthesis conditions (i.e.,
temperature, choice of the silica precursor, concentration of reagents, pH, duration),

materials with different morphologies, sizes and porous structures can be obtained
21

Nowadays, majority of MS-based materials are synthesized by the modified
Stober method, which consists in the combination of two methods, i.e. the sol-gel
and the soft templating methods. The process can be summarized in the following
steps: 1) the hydrolysis and condensation of the silicon alkoxide in the presence of
ordered assemblies of surfactant micelle templates; 2) the removal of the structure
directing agent by calcination or solvent extraction to generate the mesoporous
structure 2>,

The sol-gel method is a wet chemical process also known as the chemical
solution deposition method; it is widely explored in the field of material science for
the synthesis of various inorganic materials like ceramics, glasses, and silica. It
consists in the formation of a gel, a continuous inorganic network including a
continuous liquid phase, starting from a sol, a colloidal of small particles dispersed
into a liquid, by a bottom-up approach 3?°. In 1968, Stéber et al. developed a set of
chemical reactions based on sol-gel chemistry for the synthesis of monodispersed,
micron size silica spheres 2°. The formation of silica particles through sol-gel
chemistry occurs through a series of chemical reaction: the hydrolysis and
condensation of a silicon alkoxide (figure 1.3) 2°. The most widely used silicon
alkoxides are tetraethyl orthosilicate (TEOS) and tetramethyl orthosilicate
(TMOS). Hydrolysis is the first reaction, which occurs once the silica precursor is
contacted with a mixture of water and alcohol. The reaction between water and the
silica precursor leads to the generation of a silanol group (Si-OH). In the second
step, the silanol group reacts with either another silanol or an alkoxide group
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through a condensation mechanism, so forming a strong covalent siloxane bridge
(Si-O-Si) and progressively producing the entire silica structure >°.
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Figure 1.3 The hydrolysis and condensation reactions of silanes 7.

Typically, a sol-gel process takes place in the presence of an acid or base
catalyst. Depending on the pH of the system, the rate of both the hydrolysis and
condensation reactions can be affected and consequently the properties of the
obtained material can be influenced. Generally, under acidic condition, hydrolysis
is much faster than condensation, so resulting in the formation of many small
particles that tend to form a gel-like structure. On the other hand, under basic
condition, condensation proceeds faster than hydrolysis, which results in the
formation of large silica particles .

To obtain spherical MS particles, the Stober method was modified by the
incorporation of organic surfactants, which act as a structure-directing agent for
pores formation. In 1997, Grun et al. *® first modified the Stéber method by
introducing the use of cationic surfactants (Cetyltrimethylammonium Bromide
CTAB and Cetylpyridinium chloride CPC) as templates to produce spherical shape
silica particles with MCM-41 properties. Based on their results, the synthesized
particles showed a spherical morphology and an ordered hexagonal pore structure
as revealed by the scanning electron microscopy (SEM) images and the X-ray
diffraction pattern, respectively (figure 1.4).
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Figure 1.4 XRD pattern and FESEM images of MCM-41 samples: (a) Sample 1
(template: CTAB) and (b) Sample 2 (template: CPC) 2.

Two main mechanisms were proposed to describe the formation of mesoporous
silica particles: the cooperative self-assembly (CSA) mechanism and the true liquid
crystal template (TLCT) one (figure 1.5). In the CSA mechanism (figure 1.5a), the
self-assembled SDA aggregates simultaneously with the already added silica
precursor and a liquid-crystal phase containing both the organic micelle and the
inorganic precursor is formed. In contrast, in the TLCT mechanism (figure 1.5b),
the concentration of the surfactant is above the critical micellar concentration so
that, under the prevailing conditions (temperature and pH) and without the presence
of the inorganic precursor, the surfactant molecules arrange themselves and create
a lyotropic liquid-crystalline phase. Then, silica precursor is added, and silicate
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specie condense through electrostatic and hydrogen bonding interactions on the
preformed liquid-crystalline phase, leading to the formation of mesostructured
silica-micelle .

a oF
b5
C - s
e N
bty Y
i
Cooperative Cooperative aggregation ~ Condensationto form  Further polymerization
nucleation of micelle and inorganic liquid crystal with and condensation
precursor molecular inorganics Mesoporous
formation after
template removal
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of surfactants formation inorganic precursor to aimed material

‘Ih = Surfactant

x = Inorganic species

Figure 1.5 Formation of mesoporous structures: (a) via co-operative self-assembly,
(b) via true liquid—crystal templating process *°.

As mentioned earlier, surfactants play an important role in the synthesis of
mesoporous materials. Depending on their dissociation in the aqueous environment,
these surfactants can be classified into three types:

1) Cationic surfactants that are dissociated in water into an amphiphilic cation
and an anion, usually of halogen type.

2) Anionic surfactants that are dissociated in water in an amphiphilic anion,
and a cation, which is generally an alkaline metal (Na", K"), or a quaternary
ammonium.

3) Non-ionic surfactants that do not ionize in aqueous solutions, because their
hydrophilic group is non-dissociable, such as an alcohol or phenol.

Based on the surfactant type and the interaction between the inorganic phase
and surfactant, different synthesis pathways have been identified for the preparation
of mesoporous materials under a wide range of pHs, temperatures, and surfactant
nature and concentration. There are six possible types of interaction, which depends
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on the charge of the surfactant molecule, on the charge of the organic species, and
on the presence of mediating ions. These pathways are S'T', ST", SM'T, S'XT",
SI° and N°I°, where S is the surfactant, I is the inorganic precursor, X is the
mediating anionic species, M is the intermediate cation, S° is the neutral amine, I°
is the hydrated inorganic oligomer and N° is non-ionic template 2%*°. For those
pathways involving strong electrostatic interactions (i.e., ST, ST", SM'T, S'XT"),
the charge of the inorganic precursor is determined by the pH and isoelectric point.
As far as silica species are concerned, they usually present a positive charge at
pH<2, neutral charge at pH=2 and a negative charge at pH>2. Synthesizes routes
which employ the use of a cationic surfactants are usually performed in an alkaline
environment so that the anionic inorganic species stabilize with the cationic
surfactant through ST strong interaction. On the other hand, those synthesis
procedures involving the use of non-ionic surfactants are generally performed in a
neutral or acidic environment. In this case, the inorganic species interact with the
surfactant through H-bonding between the hydroxyl group of hydrolyzed silicate
species and the polar surfactant head-groups °.

Depending on the surfactant used for the synthesis and the interaction
established between the inorganic species and the organic template molecules,
different mesoporous materials can be obtained as examples reported in table 1.1.
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Table 1.1 Examples of types of interaction between template head group and
inorganic precursor %,

Interaction Interaction

Surfactant Type Type pathway Examples
Cationic §* ST Tungsten oxide, MCM-41
ationic Electrostatic
(CTAB, CPC) mteractions S XT Lamelle}r zinc phgsphate,
cubic Pm3n silica
Anionic S ST Lamellar Iron oxide
Electrostatic
(Alkylbenzene interactions SMT Lamellar aluminum oxide,
sulfonates) zinc oxide
Neutral S/N° So1° Hexagonal silica HMS
H-bonding
Pluronic p123 interacti -
( F127)p > ieractions N Silica MSU-X

The hydrothermal synthesis process is another approach used to synthesize MS
particles. This method is similar to the sol-gel process, but the chemical reactions
are carried out in a sealed container at elevated temperatures and high pressure. The
advantages of this method include the enhancement of the hydrothermal stability
and extended pore dimension of the synthesized material. However, the use of this
technique is limited since it requires the use of specific equipment, high
temperatures and longer reaction time, resulting in a high-cost procedure 2.
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1.3 MS and skin disorders

Skin is the largest organ of the human body, and it represents the outmost barrier
between the body and the surrounding environment. One of the main roles of the
skin is to prevent invasion of pathogens by creating a physical barrier between the
inside and the outside of the body *!. Owing to its continuous exposure to the
external environment, skin can undergo different damages. Aging, continuous
exposure to oxidants, infectious pathogens, ultraviolet (UV) radiation and other
environmental and genetic factors as well as trauma can lead to the development of
a diverse set of skin disorders (figure 1.6) *2. Skin diseases are considered to be one
of the leading causes of global disease burden since they affect millions of people
worldwide *. Despite the great efforts to improve dermatological treatments
efficacy, many skin-related problems are still difficult to treat. Various molecules
have been proposed for the treatment of skin-related problems; however, instability,
high lipophilicity, poor aqueous solubility and low permeability have limited their
application 32,
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Figure 1.6 Schematic representation of various skin disorders and their origin *'.

To overcome these limitations, the use of carries able to control the release of
therapeutic agents has been proposed. Owing to its unique features, many
researchers have studied the administration of silica to the skin and have
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demonstrated that the use of MS particles as drug carriers for the treatment of skin
disorders showed beneficial effects in improving different therapies **.

1.3.1 SKkin structure and skin-particle interaction

Human skin is a complex tissue and, generally, it differs in structure and thickness
from one person to another. Commonly, skin consists of two main layers: the
epidermis and the dermis (figure 1.7) *. Each of these layers consists of different
combinations of cells with various functions in the body >°.

The epidermis is the most external layer of the skin, and its thickness may vary
from 0.5 mm (eyelid) to 1.5 mm (hand palms and foot soles). It is an avascular
tissue composed mainly of two types of cells: keratinocytes, which accounts
approximately for 90% and play an essential role in the synthesis of keratin and
skin repair, and non-keratinocytes (i.e., melanocytes, Langerhans cells and Merkel
cells), which are involved in ultraviolet protection and immunological functions
3637 The epidermis is a stratified squamous epithelium which is usually divided
into four or five layers (or strata), depending on its position in the body. Starting
from the deepest to the most superficial one, these layers are: the stratum basalis,
stratum spinosum, stratum granulosum, stratum lucidum (present only in the thick
skin of soles and palms) and stratum corneum (SC) *. The SC is the outermost layer
of the epidermis; it is composed of corneocytes, i.e. terminally differentiated
keratinocytes, surrounded by an extracellular lipid matrix in a brick-and-mortar
arrangement. Owing to its composition and structure, the stratum corneum
represents the main physical barrier of the skin. In fact, it modulates the absorption
and permeation of drugs and particles across the skin. 3.

The dermis lies below the epidermis. It is a 0.3-5 mm thick layer of connective
tissue, made of collagen and elastin, that provides strength and flexibility to the
skin. Moreover, the dermis also includes nerve endings, hair follicles, sebaceous

and sweat glands, and blood vessels, which supply nutrients to the epidermis 3>,
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Figure 1.7 Schematic representation of normal skin .

The high surface area of the skin makes it a promising route of delivery for both
local and systemic drugs. Topical drug delivery refers to a method where the drug
containing formulation is applied directly to the skin for the treatment of local
diseases. Examples of topical products include cutaneous antifungal treatments,
local anesthetics, and analgesics *°. Compared to other routes of administration,
topical delivery presents several advantages, such as the improvement in the
physiological and pharmacological response and patient compliance, a highly
selective delivery of the drug to the site of action with consequent reduction of its
systemic toxicity and a non-invasive technique and ease of application *>. On the
other hand, transdermal drug delivery refers to a method where a formulation
applied onto intact skin delivers the drug in the systemic circulation. In this case,
the drug penetrates through the SC, reaches the dermal layer, and then gets adsorbed
via the dermal microcirculation so conveying in the blood (figure 1.8). The main
advantage of this route lies in the avoidance of the hepatic first-pass metabolism,
which improves drug bioavailability **. Examples of transdermal devices are the
patches used to deliver opioid analgesics for the treatment of chronic pain 4.
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Due to the unique structure of the skin, the molecules that can penetrate
successfully the SC are limited to small (both lipophilic and hydrophilic) ones. This
excludes many potentially therapeutic compounds. Therefore, great efforts have
been done to develop new strategies to enhance the penetration of large molecules
through the skin (in topical delivery) or to improve molecules permeation into skin
layers (in transdermal delivery). These strategies include both chemical enhancers
and physical enhancers. Chemical enhancers like fatty acid, alcohol, and amides,
can be used to improve drug penetration by perturbating the highly ordered
structure of the SC or by solubilizing and extracting the keratin and/or lipid
components of SC. However, the use of chemical enhancers has been limited as
they tend to be skin irritants, because of their disruptive effect on the lipid structure
of the skin. Physical enhancers, instead, involve the use of physical methods such
as sonophoresis, laser and or thermal ablation, electroporation, radiofrequency
treatment and iontophoresis, to temporary compromise the integrity of the skin and
improve drug permeation. However, also these methods are invasive and they could
cause long-term damage to the skin barriers *°. Therefore, to overcome all the
above-cited limitations, researchers proposed the use of nano and micro-particles
as drug delivery systems for both topical and transdermal applications.

When micro- and nano-particles are applied to the skin, they can remain on the
surface or penetrate it through three pathways (figure 1.9):

1) the intracellular pathway, which involves a direct path through the cell
membranes of multiple layers of epidermis;

2) the intercellular pathway, which involves a more tortuous path between the
epidermal cells;

3) the trans-appendageal route, which involves particles accumulation in hair
follicles, sweat glands, or skin furrows for either penetration to the deeper
skin layers or retention for increased drug release (figure 1.9) *°.
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Figure 1.9 The pathways of percutaneous absorption */

Physicochemical properties of particles such as size, shape, and surface charge,
are considered the most important factors affecting particles penetration/permeation
through the SC, as well as their accumulation in furrows or appendages. Therefore,
understanding the behavior of particles with different sizes, shapes, and surface
chemistry in contact with the skin surface and their interaction is very important to
design appropriate drug delivery systems for both topical and transdermal
applications. Generally, particle size is considered the most important factor
affecting particle penetration/permeation. It is known that only those particles
whose size is below 1 nm are able to permeate the intact skin, while particles with
an average size lower than 25 nm can penetrate but not permeate the skin, and those
with higher diameters are not able to cross the normal or perturbed skin **. Several
studies investigate the effect of particle size of silica on skin penetration. For
example, Valetti et al.* studied the distribution of MS particles with different sizes
(average size of 400—600 nm, 2, and 7 um, respectively) topically applied to human
and animal skin. The results of the study showed that the smallest particles i.e.,
those with an average size of 400- 600 nm, were able to reach furthest down in the
furrows to a depth of about 25 um, while the micron sized particles were found to
remain on the surface. A similar result was found by Rancan et al. *° who studied
the skin penetration and cellular uptake of amorphous silica particles with positive
and negative surface charge and different sizes (from 42 + 3 to 291 + 9). In their
work, the authors observed that silica particles above 75 nm in size did not penetrate
human skin and they concluded that skin penetration of silica was size-dependent
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rather than surface-charge-dependent. Similarly, Jung et al. °' observed that silica
particles with size of 33 and 78 nm were not able to reach the epidermis, but they
were retained in the SC. In a similar work, Boonen et al. > investigated the
penetration of silica particles with a size of 3 um both in water and in a 65%
ethanolic plant extract on ex vivo human skin by scanning electron microscopy
(SEM). Contrary to previous reported studies, the authors observed that 3 um silica
particles can penetrate the living epidermis. Moreover, when formulated in the
ethanolic-based plant medium, silica particles were able to reach the dermis.

As stated earlier, hair follicles represent an interesting entry route into the skin
for those topically applied substances that are not able to penetrate the skin via
intercellular o intracellular pathway (for example large particles). Patzelt et al. >
investigated the influence of the particle size of two different types of particles
(PLGA- and silica particles) on the follicular penetration depth through in vitro tests
on porcine skin. In the study, porcine skin was chosen as a model as the size of hair
follicles corresponds to the size of human terminal hair follicles. The results
indicated that particles with an average size of 643 and 646 nm, respectively, had
optimal penetration depth in porcine hair follicles compared with those with smaller
or larger size. In addition, it was observed that by varying the particle size, different
sites within the porcine hair follicle can be selectively targeted. This result is very
interesting since selective follicular targeting offers opportunities in the treatment
of hair follicle-associated diseases, such as immunotherapy and even gene therapy
4 Besides providing an efficient penetration pathway for topically applied
substances, hair follicles can act as reservoirs for drug delivery. Lademann et al. >
demonstrated that the storage reservoir capacity of hair follicles was 10 times longer
than that of SC. This behavior was ascribed to the fact that in the SC topically
applied particles are stored mainly within the upper cell layers in the intercellular
spaces, and this reservoir is generally depleted quickly by textile contact, washing,
and normal desquamation. On the other hand, the reservoir of the hair follicles is a
long-term reservoir, because depletion can only occur by slow processes such as
the flowing out with the sebum production.
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1.3.2 MS and topical delivery

The use of MS has been explored for topical administration of several molecules.
Nafisi et al. °® reported the incorporation of lidocaine into MCM-41 and amine
modified MCM-41. Lidocaine is a member of the Caine family that is used as a
topical anesthetic but shows poor aqueous solubility and negligible skin uptake.
The achieved materials were investigated for both in vitro drug release and ex vivo
permeation studies. In vitro release test showed that the release of lidocaine from
MCM-41 and MCM41-NH> was faster than pure lidocaine due to the mesopores of
MCM-41, which change the crystalline state of lidocaine to a non-crystalline state.
Comparing the dissolution profiles of lidocaine from MCM-41 and MCM41-NH,
it was found that dissolution of lidocaine from MCM41-NH; was faster than that
from MCM-41 probably due to different particles agglomeration in the case of
amine-modified MCM-41. Ex vivo skin permeation was performed to explore the
permeation ability of lidocaine through the skin and the results showed that
MCM41-NHj; resulted in enhanced lidocaine permeation with respect to MCM-41.
The higher permeation of MCM41-NH; was attributed to the positively charged
surface of MCM41-NH,, which favors the absorption of the drug due to the
electrostatic interactions between MCM41-NH; and the negatively charged skin.

To avoid the side effects associated with systemic administration of
methotrexate (MTX) and improve its the cutaneous absorption, Sapino et al. >’
developed MTX-based formulations for the topical treatment of skin disorders. For
this purpose, MCM-41 nanoparticles with average diameter of 200 nm were
prepared and loaded with MTX through an impregnation method. The in vitro
release profile obtained under physiological skin conditions (pH 6.5, 34 + 1 °C)
indicated that MTX release from MCM-41 was delayed, compared to free MTX
(5-24 h), due to the weak drug-matrix interactions exiting between the silanol
groups and the drug molecules. An ex-vivo study on porcine skin was performed
using Franz cells to assess skin penetration. The study was carried out using
phosphate buffer, pure shea butter, glycerolipidic lotions and several oil in water
(O/W) and water in oil (W/O) emulsions as dermal formulations for the MTX-
loaded silica nanoparticles. It was observed that epidermal accumulation of MTX
was increased by its inclusion into MCM-41. Moreover, SEM analyses revealed
traces of silica aggregates with a micrometric range on the epidermal side of the
dermatomed skin slices, which highlights the ability of MS in overcoming the SC
and reaching deeper epidermal layers. The authors concluded that the formation of
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such silica aggregates may slow down the systemic absorption of silica and act a
reservoir in the epidermal layers for prolonged release of the entrapped drug.

Ambrogi et al. *® developed a topical formulation based on mesoporous silica
for the delivery of econazole nitrate (ECO), a drug used in the treatment of fungal
infections, whose efficacy is limited by its poor aqueous solubility and dissolution
rate. MCM-41 with a size particle in the range of 3-6 um was prepared and loaded
with ECO through the melting method. In vitro dissolution tests and in vitro
antifungal activity were performed using different formulations containing ECO-
loaded MCM-41. The results showed a remarkable improvement in the dissolution
rate of ECO as well as a higher antifungal activity when compared to the
commercial product. Moreover, a storage stability study performed after 30-day
indicated that the drug contained in MCM-41 pores maintained its original physical
state.

1.3.3 MS and photoprotection

UV radiations (UVA and UVB) have beneficial effects for the skin, such as
production of vitamin D, a vitamin essential to human health. However, excessive
exposure to such radiations could cause serious skin disorders such as burns, skin
cancer and photoaging *°. Therefore, topical application of agents able to provide
protection to the skin against these radiations is necessary. Currently used sunscreen
ingredients for active UVA and UVB protection of the skin include both inorganic
nanoparticles such as, ZnO and TiO> nanoparticles, which can protect the skin by
absorbing, reflecting and scattering UV radiations, as well as organic molecules
which act as UV absorbers. However, the increasing concern regarding the adverse
health and environmental effects of conventional sunscreen ingredients has
promoted the search for safer alternatives.

Generally, toxicity of inorganic materials such as ZnO and TiOz nanoparticles
is ascribed to their reduced size, which results in a high photocatalytic activity and
generation of highly oxidizing radicals and other reactive oxygen species (ROS)
that are known to be cytotoxic and/or genotoxic . Therefore, to reduce their
toxicity, researchers suggested to modify the surface of these nanoparticles through
direct coating with compounds such as alumina, silica, and zirconia that can form
hydrated oxides able to capture hydroxyl radicals and thus reduce photosensitivity
60-62 For example, to increase the safety of ZnO, Sotiriou et al.  suggested the
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coating of ZnO with silica layers. The results of the study showed that the presence
of silica coating did not influence the optoelectronic properties of ZnO nanorods,
which make them suitable for UV blocking applications. In addition, the
toxicological data indicated that the silica-coating on the ZnO nanorods reduced the
strong DNA damage that is otherwise observed for the pure uncoated ZnO
nanorods.

As far as organic sunscreens are concerned, these are usually classified with
respect to the mostly absorbed radiation, i.e. they are divided into UVA (e.g.,
benzophenones, anthranilates and dibenzoylmethanes) or UVB filters (e.g.,
salicylates, cinnamates and camphor derivatives) . However, these compounds
suffer from limited lifetime due to photodegradation and they can also be
phototoxic or photo-allergenic ®*. One approach to improve their stability and
reduce their toxicity is to encapsulate these molecules in different matrices. In the
study conducted by Tolbert et al. **, hybrid organic/inorganic silica particles
encapsulating salicylate and curcuminoid sunscreens were prepared. The effect of
the incorporation method on dye leaching, UV stability, and UV protective ability
of organic sunscreens was then investigated. The authors showed that presence of
a covalent attachment, particularly with the bridged sunscreen monomers, could
decrease leaching and photodegradation, so demonstrating that encapsulation of
organic sunscreens in silica nanoparticles can provide them longer lifetime. In a
similar work, Wu et al. % reported the incorporation of octyl methoxy cinnamates
(OMC), one of the most used Ultraviolet B (UVB) filters, in silica particles.

Antioxidants such as flavonoids have received a great deal of attention in
sunscreen formulations due to their anti-inflammatory, antioxidant, anticancer and
sun protection properties. However, their cutaneous use is limited by their low
solubility, poor stability, and weak release after application *2. To overcome these
drawbacks different researchers proposed the use of MS particles as topical carriers
to maintain the physico-chemical and biological properties of the active ingredients
until their release on the skin is completed. In Berlier et al. work %, MCM-41 and
aminopropyl functionalized MCM-41 were employed to prepare inclusion
complexes with rutin. The result of the ex vivo experiments showed a greater
accumulation in porcine skin in the case of rutin complexed with NH>-MCM-41. In
addition, antioxidant properties of rutin were maintained after immobilization, and
the metal-chelating activity was higher in the case of aminopropyl silica. A similar
result was achieved by Sapino et al. ® who evaluated the potential of aminopropyl
functionalized mesoporous silica nanoparticles (NH>-MSN) as topical carriers for
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quercetin delivery. The results of the study showed that immobilization of quercetin
in NH2-MSN improved its photostability.

1.3.4 MS and skin cancer

Skin cancer represents one of the leading types of cancers in the world, which
causes a high impact on the global burden of health and the economy . There are
two main types of skin cancer: (1) the melanomas, which originate from the
melanocytes and are caused either by the exposure to harmful ultraviolet radiation
or by mutations in several genes, (2) the non-melanomas, which originate from
epidermally-derived cells and are mainly caused by alterations in the hedgehog
pathway or by genotoxic stress and the consequent DNA damage . Various
approaches including surgical excision, radiation chemotherapy and phototherapy
exist for treating skin cancer. Surgical procedures such as cryosurgery, laser therapy
and curettage are still considered the best standard treatment of any type of skin
cancer. However, they can cause complications like pain, serious disfigurement,
chronic ulcer formation, blister formation, hypopigmentation, scarring and
radiodermatitis with nonhealing ulcerations. Moreover, surgical treatment results
inadequate for lesions that are spread all over the body. In such cases, topical, or
systemic chemotherapy, radiation or photodynamic therapy (PDT) represent
alternative approaches for skin cancer treatment ®,

Generally, topical therapies are used when there are multiple lesions, the
treatment area is large, or for lesions that take long time to heal. However, the
efficacy of topical drugs is much lower compared to the surgical removal of cancers.
In addition, available topical therapies do not allow the drugs penetrate well the
skin barrier and consequently they require frequent and prolonged applications,
which could result in the development of severe inflammation and/or high systemic
toxicity. To overcome these drawbacks, nanostructured materials were studied as
carriers for topical treatment of skin cancers. These systems can improve both skin
and tumor penetration of bioactive molecules and enhance drug retention in the skin
and tumor, resulting in reduced dosage and minimal toxicity 7°. Different
nanoparticles were tested for the treatment of skin cancers. They include liposomes,
dendrimers, carbon-based nanoparticles, inorganic nanoparticles, and protein-based
nanoparticles. Among them, MS-based materials have gained growing interest as
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an efficient drug delivery system, owing to their outstanding properties, for the
treatment of skin cancer using various types of therapies ’'.

Ferreira et al. 7

investigated the antitumor efficiency of indomethacin (IND)
incorporated into mesoporous silica nanoparticles (MSNPs), and the toxic effect of
the treatments in melanoma-bearing mice. The results suggested that the treatment
with MSNPs + IND could inhibit tumor growth and decrease the frequency of
mitosis in tumor tissues compared to the treatment with only IND. In addition, a
genotoxicity study indicated the absence of noticeable systemic toxicity of MSNPs

+ IND.

To improve the bioavailability of Resveratrol (RES), a natural polyphenol with
recognized anti-cancer properties, Marinheiro et al. * prepared RES-loaded MS
nanoparticles (MSNs) and investigated their therapeutic potential in the treatment
of human melanoma. RES was efficiently encapsulated (efficiency > 93%) into
spheroidal MSNs (size~60 nm) using the rotary evaporation method. The loading
favored the formation of amorphous RES, resulting in an enhanced RES release
from encapsulated RES compared to the bulk form. The authors found that RES
release was pH-dependent, and it was faster at pH 5.2 than at pH 7.4; this behavior
is of high interest as some tumors exhibit acidic environment. Finally, in vitro
cytotoxicity studies on human A375 and MNT-1 melanoma cellular cultures were
performed, and they showed a decrease in the cell viability with increasing
concentration of RES-loaded MSNs, indicating the potent action of the released
RES in both cell lines.

1.4 MS and wound healing

As previously reported, skin is the largest organ in the human body, it accounts for
about 10 - 15 % of the total body weight in adults and covers a surface area of
approximately 1.7 m?> 7. It plays an important role in maintaining bodies
homeostasis by regulating temperature and water loss. Eventually, it also carries
out a neurosensory function thanks to specific receptors for heat, touch and pain
7475 Since skin is always in contact with the external environment, it is
understandable that it could undergo different damages’®. Although skin possesses
optimal regenerative ability, in some cases, different underlying pathologies such
as diabetes, could impair the healing process so resulting in non-healed wounds 7.

Cutaneous injuries, in particular chronic wounds and burns are considered one of
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the most common lesions, which affect a lot of people every year all over the world.
In recent years, the prevalence of people suffering from chronic wounds has
dramatically increased due to the growing incidence of obesity, chronic diseases,
and aging population. It has been estimated that chronic wounds affect about 1-2 %
of the European and USA population’®. Non-healing wounds not only limit the
physiological functions of the skin barrier but can also lead to awful consequences
such as severe infections, amputations or even death. The treatment of these wounds
represents a burden for the healthcare system as it requires intensive and long-term
care with high-cost products. In the USA, it was estimated that over $25 billion are
annually spent to manage chronic wounds.

Various strategies, which include traditional therapies, such as the application
of natural substances, as well as modern approaches, such as the hyperbaric oxygen
therapy, are employed in wound treatment. However, most of them results
inadequate or expensive; therefore, there is still a need to develop alternative
therapies for trying to enhance the wound healing process’®”. Due to the progress
in micro and nanotechnology, various drug delivery systems based on lipids,
polymers and inorganic particles have emerged as an alternative approach to
enhance skin regeneration. In particular, MS-based materials have gained much
attention due to their unique properties and biocompatibility>2.

1.4.1 The wound healing process

Wound healing is a natural physiological process that aims at restoring skin
integrity. It is a dynamic phenomenon, which involves complex interactions
between different cell types, extracellular matrix components, growth factors, and
cytokines. Generally, the wound healing process is divided into four overlapping
phases (figure 1.10) 7°, which are briefly described below:

1. Hemostasis occurs immediately after a trauma to skin. During this phase,
vasoconstriction occurs to minimize blood loss 7. At the same time,
intravascular plasma platelets aggregate to form a clot at the wound site to
stop bleeding. Furthermore, platelets release different growth factors, which
include epidermal growth factor (EGF), insulin-like growth factor 1 (IGF
1), platelet-derived growth factor (PDGF), and fibroblast growth factor
(FGF). These factors act as wound healing promotors by attracting and
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activating white blood cells, endothelial cells, and fibroblasts, which are
76,80

involved in the following phase
The inflammatory phase is the second stage of wound healing and starts
once hemostasis is achieved. The aim of this phase is to establish an immune
barrier against pathogens to protect the skin from infections 8. It lasts two
to five days after skin trauma ’°. During the inflammatory phase, local blood
vessels dilate to increase vascular permeability, which allows the wound site
to be occupied by white blood cells 3!. Neutrophils are the first population
of white blood cells that reach the wound. They secrete various proteases
and antimicrobial peptides within the wound to decontaminate and remove
damaged cells, pathogens, bacteria, and all foreign material from the wound.
Upon completing their job, neutrophils undergo spontaneous apoptosis as
their prolonged presence in the injured site could impair the wound healing
process so leading to the conversion of an acute wound into a nonhealing
chronic wound 32, After that, monocytes predominate the wound site, and
they differentiate into macrophages. Macrophages remove apoptotic
neutrophils and other dead cells. In addition, they secrete different growth
factors, including TGF-B, TGF-a, basic FGF (bFGF), VEGF and PDGF,
which stimulate wound healing by inducing cell proliferation, synthesis of
ECM and angiogenesis .

The proliferative phase starts around two days after the injury, and it
persists for two or three weeks. In this phase, the wound area is rebuilt with
new tissue composed of collagen and extracellular matrix 32. During this
phase, a new network of blood vessels and capillaries is formed due to the
action of proangiogenic factors, such as PDGF, released by inflammatory
cells in the wound during the previous phase ’®. At the same time, fibroblasts
proliferate and produce different components including proteins collagen,
fibronectin, and hyaluronic acid, which are necessary for the formation of
the granulation tissue %2- The color of the granulation tissue is considered
an indicator of tissue health: a pink or red color usually indicates a healthy
granulation tissue, while a dark-colored tissue is typically a sign of an
infected or ischemic wound. In addition, some fibroblasts differentiate into
myofibroblasts, which cause wound contraction by pulling the wound
edging and promoting wound healing. The final stage of the proliferative
phase is re-epithelialization when epithelial cells proliferation and migration
occur so resulting in the coverage of the wound area. Typically, re-
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epithelialization is more efficient and faster when the wound environment
is kept moist and hydrated 7°.

The maturation phase, also known as remodeling phase, is the final stage
of the wound healing process. It begins around three weeks after the injury,
and it may last months or years, depending on the complexity of the wound.
In this phase, the collagen type III present in the extracellular matrix is
replaced by collagen type I, which further evolves into a more organized
structure with enhanced tensile strength. The cells, blood capillaries,
macrophages and fibroblasts that had been involved in the previous stages
and are no longer needed are removed from the wound site by apoptosis
767 The final result is a fully maturated scar with a low number of cells and
blood vessels and a tensile strength of about 80 % of the strength of

unwound tissue ®°.
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1.4.2 Wound classification

A wound can be defined as a damage or disruption to the normal anatomical
structure and function of the skin, which may result from physical, chemical,

thermal damage or from the presence of an underlying pathological condition®*%+
86

A skin wound can be classified according to different criteria including healing
time and degree of contamination. Healing time represents an important factor in
wound management. Based on their time frame of healing, wounds fall into two
categories: acute wounds and chronic wounds *. Acute wounds are tissue damages
usually caused by mechanical injuries, surgical procedures, burns and chemical
injuries. These wounds heal following the physiological healing pathway within the
expected time frame (8-12 weeks), with minimal scarring and complete restoration
of the anatomical structure and functions of the skin.

Chronic wounds are injuries that fail to heal through the normal phases of the
wound healing process in a timely manner or wounds that progress through the
healing process without restoring the anatomic and functional results®®. The
pathophysiology of chronic wounds is still unclear, but it is known that their
insurgence is associated with a prolonged inflammation state that stimulates a
continuous recruitment of inflammatory cells at the wound site, with a resultant
increased production of proteases and ROS *’. The presence of high levels of
proteases and ROS in the wound bed leads to the destruction of the ECM and
damage of the proteins so impeding wound healing. Chronic wounds usually arise
from various underlying pathological conditions such as diabetes, arterial and

venous insufficiency, and vasculitis "5%7.

1.4.3 MS in wound healing applications

Silicon is the third most common trace element in the human body after iron and
zinc. However, unlike iron and zinc, its biochemical and physiological functions
are still unknown. For this reason, there is an increasing interest in understanding
the biological and therapeutic effects of silicon on the human body. It has been
suggested that silicon could have a pivotal role in maintaining skin and bone health
since high levels of this element are found in these tissues *%. Indeed, Seaborn et
al. *° reported that silicon deficiency could affect wound repair by decreasing the
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synthesis of collagen. Moreover, some studies reported that silicon supplementation
could improve skin and bone health °'=3. In light of these consideration, various
silicon-based devices, which include silicone gels ** and bioactive glass ointments
%3, have been studied for wound healing applications.

In particular, MS represents a promising candidate for wound healing
applications, as it can act in different ways. The first mechanism is related with fact
that, in an aqueous environment, silica reacts with water and forms orthosilicic acid,
a small molecule that represents the main source of silicon for both humans and
animals. In a study conducted by Quignard et al. °®, the effect of soluble silicic acid
and silica nanoparticles (NPs) with different degrees of surface charge and
dissolution rates on the migration and proliferation of human skin fibroblasts cells,
which are two processes involved in wound healing, was investigated. The results
of the study showed that silica-treated cells were able to migrate and proliferate
more rapidly than the untreated control ones. In particular, positively charged silica
NPs were more efficient in promoting wound closure with respect to soluble silicic
acid alone, suggesting that the particles themselves could have a beneficial effect
on wound closure beyond being simply a source of silicic acid in the medium. The
authors suggested that silicic acid is the bioactive form of silica, but it is slowly
taken up by the cells so leading to a delay in wound healing. On the other hand,
positively charged silica NPs are easily internalized by the cells and dissolved
intracellularly, which results in the release of silicic acid inside the cells. The ability
of silica NPs to promote wound closure was also investigated by Mytych et al. *’.
The result of their study indicated that low doses of silica NPs were able to increase
the proliferation and metabolic activity of human facial skin fibroblasts, leading to
an improvement in the in vitro wound healing ability. In another approach, Pan et
al. *® designed a new tissue adhesive based on MS particles for wound healing. The
authors noted that MS nanoparticles (MSNs) could form a nanocomposite with
body fluids in the wound site. The formation of this nanocomposite allowed the
reconnection of the wound edges without the need of sutures to be obtained. They
also demonstrated that MSN could induce a proper inflammatory response, which
allowed the infiltration of inflammatory cells and fibroblasts to be achieved so
accelerating the healing process. Finally, the authors observed that the elimination
of MSNs occurred at a rate that is compatible with tissue regeneration. The
elimination rate of adhesives represents an important aspect since too slow
elimination of these material generally leads to the insurgence of chronic
inflammation, which consequently results in delayed healing.
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MS may influence the wound healing process in a second way. In fact, owing
to their unique physicochemical properties and high loading capacity, mesoporous
silica can be loaded with different bioactive molecules, aiming at obtaining a device
with enhanced wound healing properties. Hamam et al. *° investigated the
efficiency of a curcumin-loaded mesoporous silica as an in vivo wound healing
agent. The results of the study indicated that the developed systems could enhance
wound healing by inhibiting the inflammatory response, stimulating angiogenesis,
inducing fibroblast proliferation as well as enhancing reepithelization and synthesis
of collagen. In a recent study, Masood et al. '™ designed a device based on MSN
loaded with salicylic acid and ketoconazole for the treatment of highly resistant
fungal infections. The developed system demonstrated enhanced antifungal activity
both in vitro and in vivo as well as a rapid healing of the infection.

Lastly, silicas can also be used as additives in different matrices to achieve
wound dressing materials with enhanced mechanical properties and/or wound
healing capability. For example, Park et al. '°' reported the preparation of advanced
wound dressing materials based on the hybridization of chitosan with silica (CTS-
Si) xerogel, and the evaluation of their wound healing capability through in vitro
and in vivo tests. The in vitro tests showed that the material could improve fibroblast
proliferation with respect to pure chitosan and other commercial dressing materials
such as gauze, polyurethane (PU), and silver-containing hydro-fiber (HF-Ag).
Moreover, the results of the in vivo test performed using rat models, indicated that
CTS-Si1 sponges were able to stimulate the recruitment of the inflammatory cells to
the wound site due to the release of silicon ions from the sponge, leading to
enhanced secretion of growth factors (TGF-beta) during the early stage. The release
of TGF-beta is necessary as it promotes fibroblasts proliferation and consequently
accelerates wound closure. In another work performed by the same research group,
the therapeutic effect of chitosan-silica hybrid membranes was investigated using a
full-thickness skin wound in a porcine model to predict their behavior in human
skin treatment. Pig skin was used as it is very similar to human skin from an
anatomical, physiological, biochemical, and immunological point of view. The
authors demonstrated that CTS-Si membranes were also efficient in large-scale
animal models, suggesting that this material could be effective for the treatment of
102 Similarly, Song et al. ' developed a
polyurethane-silica (PU-Si) hybrid foam in order to improve the poor healing ability
of polyurethane-based dressing materials. The authors reported that the presence of
silica significantly improved the mechanical properties of the fabricated material,

cutaneous wounds in humans
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which resulted in better flexibility and durability when compared with pure PU. The
healing capability of the PU-Si was studied with the in vivo excision wound model.
The results of the test indicated that the full thickness wounds treated with PU-Si
foams showed faster wound closure rate and accelerated collagen and elastin fibers
regeneration in the new tissue, suggesting that PU-Si hybrid foams could be
considered a promising material for wound treatment.

1.5 Conclusions

This chapter provided a general overview of MS properties and their applications
in the dermatological field, focusing on the use of MS in the treatment of various
skin conditions. Particular attention was given to the employment of MS in the field
of wound healing. From the analysis of the literature, it has emerged that MS
materials have been widely studied to produce more effective wound dressing since
they can act as drugs that are intrinsically involved in the therapy of the wound
healing process as well as carriers to deliver bioactive agents for wound treatment.

In this context, the present PhD thesis aims at studying the use of MS spheres
as a material to develop drug delivery systems that combine the beneficial intrinsic
effects of the MS spheres with the therapeutic effects of the supported drug in the
prospect of future wound healing applications.
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Chapter 2
Mesoporous silica-based materials
as hemostatic materials

2.1 Introduction

Uncontrolled bleeding is considered one of the most common causes of potentially
preventable death either in the military field, where more than 50 % of battlefield
victims result from hemorrhage, or in the civilian arena where it was estimated that
severe bleeding is responsible for over 35 % of pre-hospital deaths !*. Besides that,
in the case of victims’ survival, uncontrolled hemorrhages can impair wound
healing, increase the risk of infections and organ failure resulting in late morbidity
and mortality risk and high economic cost of care *. Accordingly, early bleeding
management is considered vital to decrease the risk of mortality during pre-hospital
treatments in both military and civilian field. Therefore, there is an urgent need to
develop new hemostatic materials able to prevent hemorrhages during first-aid
procedures.

An ideal hemostat needs to meet some specific requirements: (a) the hemostat
should be able to limit blood loss in few minutes; (b) it should be biocompatible,
biodegradable, and bacteriostatic; (c) it should be stable, safe, efficient, low cost
and easy to manufacture and use. A large variety of agents including drugs,
biological active agents and zeolites-based hemostats are available for clinical use,
but most of them present some limitations, such as adverse side effects. So, there is
still a need to develop alternative hemostatic agent . Recently, mesoporous silica
(MS) and their composites start to gain attention in the field of hemostasis. These
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materials have shown great ability in promoting blood clotting and achieving
hemostasis without inducing dangerous side-effects °.

As a part of this research project deals with the development of hemostats based
on MS particles, this chapter aims at evidencing the hemostatic ability of different
MS based materials and the influence of their physicochemical properties on the
achievement of hemostasis.

2.1.1 The hemostatic process

Hemostasis (from Greek, haemo ‘blood’ and stasis ‘to stop’) is a physiological
response of the human body, which leads to the formation of a stable clot that seals
the injury in order to limit blood loss. It is a complex and dynamic process that
involves different physical and chemical interactions of different components like
platelets, cells, plasma coagulation factors, fibrinolytic, proteins, and cytokine
mediators. Traditionally, the hemostatic process is divided into two main phases:
primary hemostasis and secondary hemostasis ®’.

Primary hemostasis consists in the formation of a primary platelet plug by
means of two mechanisms, vasoconstriction and platelet plug formation.

1. Vasoconstriction - Vascular spasm is the first response of blood vessels
after injury. Smooth muscle cells contract to limit blood flow to the injured
area so resulting in the slowdown of bleeding.

2. Platelets plug formation - Platelets are disc shaped, anucleate cellular
fragments that circulate in the blood. Normally, platelets do not adhere to
blood vessels due to the presence of antithrombic molecules (nitric oxide
and prostacyclin) on the vascular endothelium 8. However, when the
endothelium is interrupted, collagen fibers are exposed, and the extracellular
matrix becomes thrombogenic. The presence of a thrombogenic surface
stimulates platelets adhesion, activation, and aggregation. This phase of
hemostasis is temporary, and it results in the formation of a weak platelet

plug that will be stabilized by a fibrin network during secondary hemostasis
7
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Secondary hemostasis refers to the deposition of an insoluble fibrin network
around the platelet plug to stabilize and strengthen the clot. It involves different
clotting factors (table 2.1), which are activated in a cascade to generate a fibrin
mesh. The generation of the fibrin network requires three fundamental steps: the
activation of the clotting factors, conversion of prothrombin in thrombin and
conversion of fibrinogen into fibrin. The activation of the coagulation cascade
initiates through two main pathways: the extrinsic pathway (tissue factor pathway)
and the intrinsic pathway (contact activation pathway). Then the two pathways
converge into factor X activation, and they continue in a common pathway (figure
2.1).

Table 2.1 List of the coagulation factors (adapted from °).

Factor Name Tvpe of Pathway(s)
number molecule
I Fibrinogen Plasma protein Common; converted into fibrin
1 Prothrombin Plasma protein ~ Common; converted into thrombin
111 Tissue thromboplastin Lipoprotein Extrinsic
or tissue factor mixture
v Calcium ions [norganic ions Entire process
in plasma
A% Proaccelerin Plasma protein Extrinsic and intrinsic
VI Not used Not used Not used
Vil Proconvertin Plasma protein Extrinsic
VI  Antihemolytic factor A Plasma protein Intrinsic; deficiency results in
factor hemophilia A
IX Antihemolytic factor B Plasma protein Intrinsic; deficiency results in
(plasma thromboplastin hemophilia B
component)
X Stuart-Prower factor Protein Extrinsic and intrinsic
(thrombokinase)
XI Antihemolytic factor C  Plasma protein Intrinsic; deficiency results in
(plasma thromboplastin hemophilia C
antecedent)
XII Hageman factor Plasma protein Intrinsic; initiates clotting in vitro also

activates plasmin
XIII  Fibrin-stabilizing factor Plasma protein  Stabilizes fibrin; slows fibrinolysis

The extrinsic pathway initiates when tissue factor TF, which is exposed in the
sub-endothelium, binds factor VII (FVII) and converts it into its activated form
(FVIIa). FVIla and TF form a complex which transforms, in the presence of calcium
ions, factor X from its inactive form to the active one Xa. In contrast, the intrinsic
pathway starts when a negatively charged surface activates factor XII, upon blood
vessel injury, leading then to the activation of other coagulation factors. Then, both
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the intrinsic and extrinsic pathways converge into a common pathway that starts
once factor X is activated. FXa with its cofactor FVa, calcium ions, tissue
phospholipids and platelet phospholipids form a prothrombinase complex, a
complex that is responsible for the conversion of prothrombin (factor II) to
thrombin. Thrombin activations transform soluble fibrinogen into insoluble fibrin
and activates factor XIII, which crosslinks with fibrin forming a stabilized clot '°.

White blood cells Erythrocytes

Injury. A blood INTRINSIC
@ vessel is severed. PATHWAY
Blood and blood " Damaged
DaMmponAEs L) vessel wall
(e.g., erythrocytes, .
white blood cells, .9 Platelets 2
elc.) are leaking EXTRINSIC
out of the breaks. ® PATHWAY
| Trauma to

extravascular cells

@ Vascular spasm. e —
The smooth muscle m
in the vessel wall -

contracts near the ® %
injury point, ]
reducing blood loss.

o:’%

@ Piatelet plug formation. Platelets are activated by l 1

chemicals released from the injury site and by contact
with underlying collagen. The platelets become spiked

and stick to each other and the wound site. m

Initial platelets are activated Bound platelets
by chemicals released from release chemicals Compien; Eompix
the injured cells and by that activate and

contact with broken collagen. attract other platelets.

]
Platelets move toward source of chemical
signals and bind. Platelet plug grows in size.

@ Coagulation. In coagulation, fibrinogen is converted
to fibrin (see part b), which forms a mesh that traps
more platelets and erythrocytes, producing a clot. FINAL

COMMON
PATHWAY

Cross-linked
| fibrin clot
Fibrin strands secure
platelets and O Factor: inactive state
erythrocytes, effectively
plugging the break. {:} Factor: active state
(a) The general steps of clotting (b) Fibrin synthesis cascade

Figure 2.1 Overview of the coagulation and clotting factor signaling °.
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Recently, different studies have questioned the above-cited subdivision and
have discussed different interactions between the cofactors by paying greater
attention to the in vivo process. In particular, the role of FXII in the initiation of the
intrinsic pathway is currently questioned as it has been recently demonstrated that
FXII is mainly involved in the thrombus propagation and final stabilization together
with factors XI and XIII. So, in recent years the classical view of the coagulation
cascade has been replaced with a new more physiological scheme, which divided
the coagulation process into four stages: the initiation, amplification, propagation,
and stabilization steps (figure 2.2). Respect to the original scheme, the most
significant changes are related to the existence of both the extrinsic and intrinsic
pathways of the coagulation system, the role of tissue factor (TF) as well as FXI,
FXII and FXIII ',
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Figure 2.2 Current view on the coagulation cascade .
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Once the vessel heals, the clot is removed by fibrinolysis. Fibrinolysis is an
enzymatic process that gradually dissolves the fibrin mesh into fibrin degradation
products, which are then cleared by other enzymes or by the liver and kidney. The
process starts when plasminogen activator converts plasminogen to plasmin which
cleaves fibrin and degrades the clot. This process clears the injured vessel and
restores the normal blood flow 7,

Normally, a fine balance exists between fibrin formation and lysis to maintain
and remold the hemostatic seal to prevent bleeding during tissue repair '2. However,
in some situations like major traumas, the fibrinolytic activity increases with respect
to fibrin formation (hyperfibrinolysis) resulting in poor clot integrity, excessive or
recurrent bleeding, and increased morbidity and mortality. To prevent excessive
bleeding resulting from hyperfibrinolysis, antifibrinolytic drugs such as tranexamic
acid (TXA) and g-aminocaproic acid are administered '>!3.

2.2 Hemostatic properties of silica-based materials

Although it has been known for a long time that silica-based materials are able to
accelerate blood coagulation, as it reported in the study of Margolis (1961) ', only
in the last decade their application as a hemostatic material has started to gain
attention (figure 2.3). Similarly to zeolites and clay-based hemostatic materials,
MS-based materials are able to promote blood clotting and hemostasis without
causing those adverse side effects that can be observed for inorganic hemostats
(thermal tissue injuries, thrombotic complications and poor biodegradability). The
hemostatic properties of MS-based materials are mainly attributed to their high
porosity and high specific surface area, which enhance their adsorption capacity so
leading to higher concentration of the blood components at the hemorrhagic site
(factor concentration ability). Moreover, the presence of high concentration of polar
silanol groups and negative charges on the surface of MS materials is beneficial for
blood coagulation, since it is considered important to stimulate the activation of
factor XII and other clotting proteins (procoagulant ability).
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Figure 2.3 Number of documents related to silica as hemostatic material, in the
range 1978 —2022 15,

In the literature, several studies have investigated the hemostatic ability of MS-
based materials. In particular, the effect of specific surface area and pore dimension
have been studied as they are considered important factors in improving the
adsorption capacity of the materials. Also, the inclusion of calcium ions has been
evaluated since it contributes to the hemostatic efficiency of the material. Calcium
ions, or clotting factor IV, play an important role in the regulation of the clotting
cascade and in the maintenance of hemostasis. In addition to their role in platelets
activation and aggregation, calcium ions are involved in the activation of both the
intrinsic and extrinsic pathways of the coagulation cascade by acting as a cofactor
for other coagulation factors 6,

The effect of mesocellular foams (MCF) with different cell-window sizes (5.9
to 33.1 nm) on blood clot initiation was studied by Baker et al.
thrombelastography (TEG) measurements in frozen pooled human plasma. Results
revealed that the time required to initiate clot formation decreased from 9.8 to 6 min

using

as the cell-window size increased from 6 to 33 nm; in particular, when the cell-
window size was greater than 20 nm, the time to clot formation was considerably
shortened (figure 2.4). The positive effect of a higher MCF window size on the
reduction of the blood clot initiation time was attributed to the fact that larger cell-
window diameters may increase the protein-accessible surface area.
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Figure 2.4 Effects of the MCF window size on the time to clot formation .

Similarly, Li et al. '* investigated the hemostatic potential as well as the

cytotoxicity of MCF with a cell-window diameter of 26 nm (MCF-26) and
compared the results with those obtained with layered clays (Kaolin, bentonite, and
montmorillonite). They found that MCF-26 was effective in promoting blood
clotting. Moreover, the study evidenced that MCF-26 was less cytotoxic to human
endothelial and skin cells with respect to layered clays. The results of their study
were in accordance with the outcomes reported by Baker et al. '7. This indicates
that MCF with large cell-window diameters (i.e., greater than 20 nm) can be
considered promising materials as hemostatic agents.

Chen et al. ' investigated the effect of pore and particle dimensions on the
hemostatic efficiency of mesoporous silica nanoparticles (MSN). In their study,
spherical mesoporous silica nanoparticles with different pore and particle diameters
were synthesized using a vesicle-organic template method. Results of the clotting
blood time (CBT) tests (figure 2.5a) showed that the variation of the pore size from
5 to 15 nm significantly influenced the blood clot rate by shortening the CBT time
when compared to control. However, the variation of the particle size from 60 to
220 nm did not seem to affect the coagulation time. The TEG results indicated that
MSN with pore size above 10 nm were able to reduce the clot formation time and
to increase the clot strength. The extent of adsorption of factor XII was also
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evaluated by the authors. The results of the test demonstrated that the accessibility
and diffusion of factor XII depended on pore size; MSN with pore size larger than
10 nm showed less FXII surplus in the blood with respect to other samples (figure
2.5b). The authors concluded that the presence of large pores allowed FXII and
other contact activation proteins to diffuse into them, adhere, activate, and diffuse
out, which resulted in the acceleration of blood coagulation. The hemostatic
efficiency was also evaluated in rabbit femoral artery injuries and the results
indicated that MSN with pore size of 15 nm could achieve rapid hemostasis and
decrease the mortality rate (figure 2.5¢). To further enhance the hemostatic ability
of MSN, Chen et al. ' developed a hemostatic sponge based on N-alkylated chitosan
and MSN with large pores (MSN-GACS). The obtained material exhibited

improved hemostasis when compared to MSN and chitosan '°.
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The effect of specific surface area and the inclusion of calcium ions (Ca*") on
the hemostatic efficiency of mesoporous silica xerogels was investigated by Wu et
al. . The ordered mesoporous silica calcium-doped xerogel (m-SXC) was
prepared by sol-gel process. The hemostatic activity of the synthesized materials
was evaluated by measuring the prothrombin time (PT) and activated partial
thromboplastin time (APTT). The results indicated that PT and APTT were
shortened by the presence of m-SXCO (mesoporous silica xerogel without Ca?")
xerogel with respect to non-mesoporous silica xerogel and control (figure 2.6a).
The blood clotting ability of the mesoporous silica xerogel was ascribed to its high
surface area, which improved the water absorption capability of the material so
resulting in higher concentration of the blood components and reduced clotting
time. In addition, the APTT and PT significantly decreased with the increase of the
m-SXC5 amount (figure 2.6b) Moreover, the inclusion of Ca®" also showed a
significant decrease in APTT and PT (figure 2.6¢), revealing that calcium ions had
a remarkable effect on clotting time. The authors of the study concluded that both
high a surface area and the inclusion of Ca®" could improve the hemostatic
performances of silica-based materials.
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The pore size and the extent of the surface area of MS are not the only
parameters that may affect the hemostatic efficiency. The role of the form of
mesoporous silica-based materials was also investigated in the literature. It was in
fact found that when mesoporous silica is in powder form, it may present some
drawbacks 2!:

e Due to their low density and poor flowability, powders cannot be immersed
properly in the blood, and they can be washed away by blood flow.

e The dust generated from these powders could be harmful for the operators
and the environment.

e If debridement has to be performed, this may be hindered by the presence
of thick calluses, which are formed when powder is mixed with blood and
make this procedure painful for the patient.

e The voids between the particles could be modified during water absorption
leading to a decrease in the hemostatic efficacy because of the decreasing
capillary motion.

To overcome the above-mentioned limitations an alternative approach could be
the production/preparation of granules. Hong et al. *! studied the flowability, water
absorption and the in vitro as well as the in vivo hemostatic performances of
different porous silica spherical-like granules with sizes in the 0.40 - 1.10 mm (Gao
and Gus) range. The granules (G40 and Gas) were prepared starting from mesoporous
silica particles (MSP), polyurethane, sodium pyrophosphate and clay via dry
mixing and wet granulation. Results showed that granulation enhanced the
infiltration ability of the mesoporous material with fluids, stabilized their capillary
structure, increased the density of the particles, and eliminated the formation of
dust. Moreover, water absorption ability was better in the case of granules (figure
2.7a), which is an important aspect in the initial phase of the stop-bleeding process.
The in vitro hemostatic efficacy of granules was higher than that of MS particles;
the clotting time decreased from 150 s for mesoporous silica particles to 30 s for
granules (figure 2.7b). The in vivo hemostatic performance of granules indicated
that granules were able to accelerate hemostasis. The high efficacy was ascribed to
the ability of granules to absorb a high quantity of water at the early stage so
resulting in a rapid concentration of blood components and a decrease in the
bleeding time.
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Figure 2.7 (a) Water absorbability and (b) Coagulation time of samples 2'.

As mentioned earlier, in addition to promoting blood coagulation, an ideal
hemostat should also prevent wound infection. One possible approach could be the
incorporation of bioactive molecules or therapeutic elements, which confer
antibacterial properties to the material. Dai et al. ** investigated the effect of the
inclusion of calcium and silver ions on the hemostatic and antibacterial
performances of mesoporous silica sphere (MSS). To produce the silver-calcium
doped mesoporous silica spheres (AgCaMSS), a calcium doped MSS (CaMSS) was
first synthesized by a one-step based catalyzed self-assembly process using
cetyltrimethylammonium bromide (CTAB) as a template, tetraethyl orthosilicate
(TEOS) as the silica precursor and Ca(NO3)2.4H>0O as the calcium precursor;
subsequently the material was loaded with silver ions via an ion exchange method.
The hemostatic activity was investigated both in vitro and in vivo and the
antibacterial ability was investigated against Escherichia coli (gram negative
bacteria) and Staphylococcus aureus (gram positive bacteria). The results of the in
vitro hemostatic tests indicated that AgCaMSS could promote blood clotting,
induce platelets adhesion, and activate the intrinsic pathway of the coagulation
cascade. The in vivo study showed that AgCaMSS was able to control hemorrhage
in the femoral artery and liver injuries in rabbits; the time required for complete
hemostasis in severe liver injuries was shortened from 161.2 s in the control group
to 9.2 s in the animals treated with AgCaMSS. The antibacterial experiments
revealed that AgCaMSS had better antibacterial activity against Escherichia coli
and Staphylococcus aureus with respect to CaMSS.
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In another approach, Wang et al. * studied the possibility of using tannic acid
(TA) - loaded ordered mesoporous silica spheres (MS) as a hemostatic and
antibacterial material. The MS were synthesized by a one-step basic catalyzed self-
assembly process using CTAB as a structure directing agent and TEOS as the silica
precursor; TA was loaded via covalent conjugation (15T-g-MS) and electrostatic
adsorption (5TMS and 15TMS). The results suggested that the TA-absorbed MS
(i.e., STMS and 15TMS, where 5 and 15 indicate the percentage of loaded TA in
each sample) were able to achieve hemorrhage control by promoting protein
adherence and by facilitating the contact activation pathway of the coagulation
cascade without inducing hemolysis. Moreover, they could also enhance the
antibacterial activity. In particular, the 15TMS samples demonstrated the best
hemostasis performance both in vitro and in vivo. They shortened the bleeding time
(figure 2.8a), which leaded to lower blood loss (figure 2.8b) and showed superior
antibacterial activity against Staphylococcus aureus and Staphylococcus
epidermidis (figure 2.8c). However, TA-g-MS showed inferior hemostatic and
antibacterial ability when compared to TA-absorbed MS. The authors attributed
these phenomena to the fact that the chemical grafting of TA, whose molecules
replace the silanol groups present on the surface, leads to a reduction in the surface
area of MS and this results in poor hemorrhage control.
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In a similar work, Li et al. 2* developed a polyvinyl pyrrolidone nanofiber
where curcumin-loaded mesoporous silica was incorporated (CCM-MSNs@PVP)
for hemostasis and antibacterial treatment. The inorganic-organic hybrid material
was prepared by incorporating the curcumin-loaded mesoporous silica
nanoparticles into polyvinylpyrrolidone nanofibers using electrospinning. The
hemostatic efficiency and antibacterial activity of the hybrid nanofibers were
investigated by both in vitro and in vivo experiments. Results of the whole blood
absorption test showed that the CCM-MSNs@PVP possessed higher liquid
absorption ability than the standard hemostatic gauze, and the outcomes of the PT
and APPT tests revealed that the material could activate both the extrinsic and
intrinsic coagulation pathways. /n vivo hemostasis tests showed that the CMM-
MSNs@PVP was able to achieve hemorrhage control in liver injuries. Moreover,
CMM-MSNs@PVP showed an improved antibacterial effect against methicillin-
resistant Staphylococcus aureus.

2.3 Hemolytic activity of silica-based materials

Hemolysis is mainly defined as the rupture of red blood cells (RBCs) with the
consequent release of hemoglobulin (hb) and other intracellular contents into
plasma . In 2008, the American Society for Testing and Materials (ASTM)
proposed a standard method to evaluate the hemolytic activity of materials. This
standard test aims at evaluating the percentage of hemoglobin (Hb) released into
the plasma when a material is incubated with RBCs ?°. Generally, when hemolysis
occurs, different degrees of red tinge in serum or plasma can be observed once the
blood specimen has been centrifuged. The extent and intensity of this interference
depends on the degree of hemolysis 2’ (figure. 2.9.). Therefore, it is important to
check the hemocompatibility of any material before its use. As MS-based material
are good candidates in biomedical applications, it is important to understand if they
hemocompatible and the to identify those parameters that are responsible for
interfering the hemocompatibility. Different parameters such as particles shape,
size and concentration might influence the hemocompatibility or toxicity of MS 2.
Therefore, various studies were conducted to investigate the effect of these
parameters on the hemocompatibility of MS particles.
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Figure 2.9 Representation of mesoporous silica nanoparticles hemocompatibility
with RBCs *°.

Slowing et al. *® investigated the hemolytic behavior of mesoporous silica
nanoparticles at a series of concentrations, up to 100 pg/ml, with rabbit RBCs, and
compared it with the hemolytic properties of other nonporous silica materials. The
results of the study indicated that amorphous silica showed high hemolytic activity
at a concentration of 100 pg/ml. On the other hand, no hemolysis of RBCs was
observed in the samples of mesoporous silica nanoparticles at concentrations
ranging from 20 to 100 pg/ml (figure 2.10).
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Figure 2.10 Hemolysis assay for amorphous silica (red lines) and Mesoporous silica
nanoparticles (green lines), using water as a positive control (blue lines) and PBS as a
negative control (dashed black lines). The materials were suspended at 60 (a, c) and
100pg/mL (b, d) 2.

In a similar work, Lin et al. *° evaluated the toxicity of nonporous and porous
silica nanoparticles with varied sizes (ranging from 25 to 250 nm) using a simple
hemolysis assay. The results indicated that both nonporous and porous
nanoparticles showed dose- and size-dependent hemolytic activity on RBCs.
Generally, smaller particles showed higher toxicity than larger particles. The only
exception to this trend was that of the smallest mesoporous silica nanoparticles
(particles size 25 nm), which demonstrated a lower hemolytic activity than expected
may be due to their lowered amount of cell-contactable silanol group, owing to the
presence of large pores and high pore volume. Moreover, mesoporous silica
nanoparticles exhibited a reduced hemolytic activity with respect to their nonporous
counterparts of similar size, may be due to the voids on the surface of mesoporous
nanoparticles (figure 2.11).
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Figure 2.11 (a) Percentage of hemolysis of RBCs and photographs of hemolysis of
RBCs incubated with four sizes of nonporous silica nanoparticles (SS), and (b)
Percentage of hemolysis of RBCs and photographs of hemolysis of RBCs incubated with
four sizes of mesoporous silica nanoparticles (MS) #°.

Zhao et al. *° investigated the interaction between mesoporous silica
nanoparticles (MCM-41 and SBA-15) and RBCs membranes. In the study, the
authors compared the hemocompatibility of two of the most familiar types of
mesoporous silica nanoparticles (MCM-41 and SBA- 15). The results of the study
showed that small MCM-41 (particle size of about 100 nm) did not cause any
disturbance or membrane deformation of RBCs. In contrast, large SBA-15 (particle
size of about 600 nm) induced a significant local membrane deformation, which
consequently caused hemolysis (figure 2.12).
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Figure 2.12 Hemolysis assay for MCM-41 (green lines) and SBA-15 (red lines),
using water as a positive control (blue lines) and PBS as a negative control (dashed black
lines). The materials were suspended at 50 (a,c) and 100 pg /ml (b,d) *.

The impacts of geometry, porosity, and surface charge on the hemolytic activity
of silica were investigated by Yu et al. 3'. In their work, the authors selected
nonporous Stober silica nanospheres (115 nm diameter), mesoporous silica
nanospheres (Meso S, 120 nm diameter, aspect ratio 1), mesoporous silica nanorods
with aspect ratio of 2, 4, and 8 (AR2 width by length 80 x 200 nm, AR4 150 x 600
nm and AR8 130 x 1000 nm), and their cationic counterparts (SA, MA, 2A, 4A
8A), and evaluated their impacts on and human RBCs by a hemolysis assay. The
outcomes of the study showed that the hemolytic activity was concentration-,
porosity-, and geometry-dependent for bare SiOz (figure 2.13). No hemolytic
toxicity was observed for mesoporous silica samples below 100 pg/ml. By
increasing the concentration, the impact of the geometry became important.
Spherical or low aspect ratio mesoporous silica showed a higher hemolytic activity
than mesoporous silica with high aspect ratio. This behavior could be ascribed to
the fact that spheres had a large external surface area and small curvature, which
might render the hemolysis process thermodynamically more favorable. However,
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from the comparison of the hemolytic activity of Stober and mesoporous silica
spheres (which had similar curvature), it emerged that mesoporous silica spheres
did not lead to a higher hemolytic rate than Stober ones until the mass concentration
exceeded ca. 190 pg/ml, suggesting that there could be a threshold in the density of
silanol groups above which this could cause membrane damage. On the other hand,
the hemolytic activity of amine-modified SiO» was surface charge- and
concentration-dependent (figure 2.14). By increasing the concentration, a rapid
onset of hemolysis for all types of nanoparticles was observed. Stober silica
exhibited the lowest hemolytic activity may be due to lowest surface charge (zeta
potential 17.0+ 0.7 mV), while amine-modified mesoporous silica (zeta potential
in the range 32.4+0.9 - 40.3 £ 1.0 mV) caused similar rates of hemolysis, which
reveals that increasing the surface charge beyond a certain threshold (>30 mV)
might lead to elevated hemolysis by amine-modified mesoporous silica.

0 100 200 300 400 500
Nanoparticle Conc. (pg/ml)
—— Stober = MesoS — AR2
- AR4 —— ARS8

Figure 2.13 Hemolysis assay on bare SiO». (A) Relative rate of hemolysis in human
RBCs upon incubation with nanoparticle suspension at incremental concentrations.
Photographs of hemolysis of RBCs incubated with (B) Stober suspension, (C) Meso S
suspension, (D) AR2 suspension, (E) AR4 suspension, and (F) ARS8 suspension. The
tubes are lined up (from left to right) as negative control (PBS), positive control (water),
10 pg/mL suspension, 50 pg/mL suspension, 100 pg/mL suspension, 250 pg/mL
suspension, and 500 pg/mL suspension 3!,
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Figure 2.14 Hemolysis assay on amine modified SiO,. (A) Relative rate of
hemolysis in human RBCs upon incubation with amine-modified nanoparticle suspension
at incremental concentrations. Photographs of hemolysis of RBCs incubated with (B) SA
suspension, (C) MA suspension, (D) 2A suspension, (E) 4A suspension, and (F) 8A
suspension. The tubes are lined up (from left to right) as negative control (PBS), positive
control (water), 10 pg/mL suspension, 50 pg/mL suspension, 100 ug/mL suspension, 250
pg/mL suspension, and 500 pug/mL suspension 3! .

2.4 Conclusions

The main objective of this chapter was to provide insights into the use of
mesoporous silica-based materials as hemostatic materials. After describing the
hemostasis process, some of the most recent research studies concerning their in
vitro and in vivo hemostatic activity as well as their hemolytic ability have been
reviewed.

It has been found that mesoporous silica-based materials possess great potential
for hemostatic applications since they present various properties, which are
important in achieving hemostasis. These materials have high surface area, large
volume and large pores, which provides them a higher water adsorption capacity
with respect to other inorganic materials (zeolites and clays). This is an important
feature for the acceleration of blood clot formation. In addition, mesoporous silica
can be doped with small quantities of trace elements (for example, calcium and
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silver ions), which can potentiate their hemostatic ability and provide them an
antibacterial effect.

The effect of particle morphologies and porosity on the hemolytic activity of
MS is also emphasized in this chapter. From the analysis of the literature, it has
emerged that concentrations up to 100 pg/ml of various kinds of MS particles
showed good hemocompatibility. These remarkable features of MS-based materials
make them interesting for developing new hemostats that could be used in bleeding
control.
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Chapter 3

The influence of the
physicochemical properties of
mesoporous silica particles on
hemostasis

Part of the information reported in this chapter has been previously published
in Mohamed et al. 2021, Journal of Molecular Sciences, 22, 13403 !,

3.1 Introduction

Uncontrolled hemorrhage in the surgical and trauma settings could result in a
significant clinical and economic impact. Controlling this phenomenon is important
to assure the achievement of surgical success and positive patient outcomes. Indeed,
a poor management of bleeding can extend the length of the surgical procedure,
impair wound healing and increase the risk of infection. Moreover, it is associated
with increased mortality rates and high costs of care. Therefore, achieving
hemostasis becomes a crucial focus for those clinicians working in surgical and
trauma settings 2. Various products, which include both organic and inorganic
materials, have been applied to control bleeding. Mineral zeolites and kaolin have
already been used as hemostatic agents in clinical settings >. However, these
materials suffered from some side effects such as poor biodegradability and a high
exothermic phenomena, which might result in thermal injuries and inflammation .
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At variance with zeolites, MS presents a silica matrix with higher porosity,
larger surface area and a negatively charged surface. Moreover, MS based materials
have shown great potential in promoting the coagulation cascade and achieving
desirable hemostasis. Furthermore, they are able to overcome those dangerous side-
effects that are typical of inorganic hemostats *°. Taking into account all these
aspects, it can be concluded that MS based materials might be considered as
promising hemostatic materials.

As stated in chapter 2, there are several variables including particle
morphology, particle size, surface properties and pore size that may possibly affect
the hemostatic performance of mesoporous silica-based materials. Among these,
the pore size probably represents one of the most important parameters. Various
studies suggested that particles with large pore size (> 10 nm) present better
hemostatic ability than those with small pore size ®’.

Based on the above consideration, the aim of this research work was the
development of a topical hemostat based mesoporous silica spheres with large pores
(> 10 nm) to be used in the management of massive bleeding in emergency
situations. To this purpose, mesoporous silica microspheres (MSM) with large
pores were synthesized and characterized by means of different techniques:
nitrogen sorption analysis, field emission scanning electron microscopy (FESEM)
and Fourier transform infrared spectroscopy (FT-IR). The hemostatic performance
of the system was evaluated by means of a clotting blood time (CBT) test; a
hemolysis assay was carried out to investigate the hemocompatibility of the
material. To assess the effect of pore size on hemostasis, spherical mesoporous
silica particles (SMSP) with small pore size (about 2.4 nm) were also synthesized
and their hemostatic ability was also evaluated.

The CBT tests and the hemolysis assays were performed in collaboration with
the research group of Prof. Roberta Cavalli at the Department of Drug Science and
Technology of the University of Turin.
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3.2 Experimental

3.2.1 The synthesis of mesoporous silica microspheres (MSM)

The procedure used for the preparation of MSM was adapted from that proposed
by Wang et al. 8. This synthesis method provides a high yield (ca. 100 %) of well-
defined SBA-15 spheres with a diameter of a few micrometers and large pores,
using mesitylene and an inorganic salt under acid condition. In particular, the use
of mesitylene and potassium chloride (KCI) allows large-pore SBA-15 with a
spherical morphology to be obtained.

Briefly, 4.0 g of Pluronic P123 (EO20PO70EO20, Aldrich) and 6.1 g of KCI were
dissolved in 120 g of H2O and 23.6 g of HCI (conc. 37%, Aldrich) at room
temperature, which was followed by the addition of 3.0 g of mesitylene (98%,
Aldrich). After 2 h of stirring, 8.5 g of tetraethyl orthosilicate (TEOS, Aldrich) was
added dropwise and the mixture was stirred vigorously for 10 min. The final molar
ratios of the reactants were 1 TEOS: 0.017 P123: 0.6 mesitylene: 2 KCI: 5.85 HCI:
165 H>O. After, the mixture was maintained under static condition at 35 °C for 24
h. Then, differently from what reported by the authors, the mixture was transferred
in a sealed PTFE bottle, and a hydrothermal treatment was performed at 100 °C for
24 h. The white precipitate was recovered by filtration, washed with water, and
dried at 60 °C in an oven overnight.

Finally, the obtained product was calcined to remove the template. In the
original work, the final product was calcined at 500 °C for 6 h at a heating rate of 1
°C/min with a total duration of the treatment of 14 h. Herein, in order to decrease
the duration of calcination, a second treatment (the same used for the calcination of
mesoporous silica particles presented in 3.2.2) with a shorter duration was carried
out. In this case the powder was calcined at 500 °C for 6 h with a faster rate of
heating of 15 °C/min, with a total duration of the treatment of 7 h.

The obtained samples were named MSM-1°C/min and MSM-15°C/min. From
the above-described procedure an amount of about 2.0 g of material was obtained.
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3.2.2 The synthesis of spherical mesoporous silica particles (SMSP)

SMSP were synthesized through a base-catalyzed reaction by a sol—gel process
involving the use of hexadecyltrimethylammonium bromide (CTAB) as the
surfactant and tetraethyl orthosilicate (TEOS) as the silica precursor. The material
was prepared following the procedure reported by Ambati et al. °, except for the
amount of the employed reagents, which was doubled to obtain a larger quantity of
material.

In detail, 2.2 g of CTAB were dissolved in 41.8 g of deionized water, 53.6 g of
absolute ethanol and 13.8 g of an aqueous ammonia solution (28.0-30.0% NHj3
basis). The mixture was stirred for 30 minutes, then 4.2 g of TEOS were added
dropwise with a continuous stirring. The reactant molar ratio was 1 TEOS: 0.3
CTAB: 11 NHj3: 58 CoHsOH: 144 H>O. The solution was aged at room temperature
under magnetic stirring for 2 h. The resulting white solid was filtered, washed with
deionized water, and dried overnight. The dried powder was calcined in air at 500°C
for 4 hours in a muffle furnace to remove the template.

From the above-described procedure an amount of about 1.0 g of SMSP was
obtained.

3.2.3 Instrumental characterization
Nitrogen sorption analysis

Nitrogen adsorption-desorption analysis was performed using a Micromeritics
ASAP 2020 Plus Physisorption analyser (Micromeritics, Norcross, GA, USA).
Before the adsorption measurement, the samples were outgassed at 150 °C for 2 h.
the specific surface area was calculated using the Barret-Emmett-Teller (BET)
method in the relative pressure range of 0.099 - 0.179. The pore size distribution
was achieved through the density functional theory (DFT) method. The average
pore size was determined from the distribution. The total pore volume was
determined at a relative pressure of about 0.99.
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Field emission scanning electron microscopy

FESEM images were recorded with a Supra 40 instruments (Carl Zeiss,
Oberkochen, Germany). Particle size distribution was calculated using the software
“Imagel.” (Open source, https://imagej.net/).

Powder X-ray diffraction analysis

X-ray diffraction (XRD) patterns were achieved with a PANalytical X’Pert
diffractometer (Malvern Panalytical, Almelo, The Neatherlands) using Cu Ka
radiation (wavelength = 1.54187 A). For low angle XRD patterns, the data were
obtained from 0.3° to 5° (20) with a step size of 0.013° (26). For wide angle XRD
patterns, the data were collected from 5° to 60° (20) with a step size of 0.026° (20).

Fourier Transform Infrared Spectroscopy

FT-IR analysis was performed using a Bruker Equinox 55 spectrometer (Bruker,
Billerica, MA, USA). FT-IR spectra of pure materials were obtained on self-
supported pellets, prepared by pressing the powder with a hydraulic press. All
samples were outgassed in high vacuum (residual pressure: 0.1 Pa) at room
temperature for 1 h. Spectra were obtained from 4000 cm™ to 600 cm™ with a
resolution of 2 cm™!.

3.2.4 In vitro blood coagulation test

The clotting blood time (CBT) test is a simple in vitro method used to evaluate the
whole blood coagulation process. The test was performed according to the
procedure reported in literature >’. Briefly, 3 mg of sample was put in an Eppendorf
tube and kept at 37 °C for 5 min. Then 250 pl of 3.2 % sodium citrate rat blood was
added to the sample, which was followed by vortexing for 10 s, and incubated at 37
°C for 3 min. After, 25 pl of a 0,25 M calcium chloride (CaCly) aqueous solution
was pipetted into the tube to activate the coagulation pathway. The tube was tilted
every 15 s until the blood stopped to flow through the wall of the tube. The clotting
time was used as the result of the CBT test.


https://imagej.net/

70 Chapter 3

3.2.5 Hemolysis assay

Hemolysis assay is a standard method used to study the effects that a material can
produce on the blood. This method evaluates the percentage of hemoglobin (Hb)
released into the plasma when a material is incubated with red blood cells (RBCs)
10" Generally, when hemolysis occurs, different degrees of red tinge in serum or
plasma can be observed once the blood specimen has been centrifuged. The extent
and intensity of this interference depends on the degree of hemolysis !!. To measure
hemolysis rate, spectrophotometric analysis is performed on materials incubated
with RBCs, as reported in Figure 3.1.
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Figure 3.1 Schematic representation of the hemolysis assay 2.

The hemolytic activity of the samples was evaluated on rat blood diluted with
PBS pH 7.4 (1:10 v/v). 100 pl of the samples prepared in saline solution (NaCl
0.9% w/v) at two different concentrations (1 mg/ml and 5 mg/ml) were incubated
with 900 pl of diluted blood at 37 °C for 90 min, so that the final concentrations
were 100 pg/ml and 500 pg/ml, respectively. After incubation, the samples were
centrifuged at 2000 rpm for 10 min to separate the plasma. The amount of
hemoglobin released in the supernatant due to hemolysis was measured
spectrophotometrically at 543 nm (Du 730 spectrophotometer, Beckman). Saline
solution (NaCl 0.9 % w/v) was used as negative control (i.e. 0% lysis, figure 3.2a)
and complete hemolyzed sample (i.e. 100 % lysis, induced by the addition of Triton
X-100 1 % w/v to the blood, figure 3.2b) was employed as positive control. The
hemolysis rate was calculated according to the following equation:
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(Abs sample—Abs neg)
(Abs pos —Abs neg)

Hemolysis (%) = x 100

where Abs sample, Abs neg and Abs pos are the absorbance of the tested samples,
negative control and positive control, respectively.

(2) (b)

Figure 3.2 (a) Negative control (0 % lysis) and (b) Positive control (100 % lysis).

3.3 Results and Discussion

3.3.1 Characterization of MSM

The physicochemical characterization of the as synthesized materials was
performed by means of various techniques, among which the nitrogen sorption
analysis, field emission scanning microscopy (FESEM) and FT-IR spectroscopy.

Nitrogen sorption analysis was used to evaluate the specific surface area, pore
volume and pore size of the materials. Figure 3.3 reports the nitrogen adsorption-
desorption isotherms of the MSM-1°C/min (orange lines) and MSM-15°C/min
(black lines) samples. Sample MSM-1°C/min exhibits a type IV isotherm,
according to IUPAC classification, with a broad H2 hysteresis loop associated to
the presence of ink-bottle pores. Differently from what reported in the original work
where a type IV isotherm with a H2(b) hysteresis was observed, sample MSM-
1°C/min shows a hysteresis loop with features of both an H2(a) loop and an H2(b)
loop. In particular, the desorption branch presents the characteristic features of an
H2(a) loop (sharp step-down) as well as that of an H2(b) one suggesting the
presence of necks with both narrow and large width 3. On the other hand, sample
MSM-15°C/min exhibits a type IV isotherm with an H5 hysteresis loop that
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indicates the presence of both open and partially blocked mesopores '>. The values
of the BET surface area, pore volume, and average pore diameter are summarized
in table 3.1. The pore size distribution of sample MSM-1°C/min is heterogeneous
with the main contribution of mesopores diameter at 25 nm. Instead, sample MSM-

15°C/min presents a unimodal pore size distribution with an average pore size of
25 nm (figure 3.4).
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Figure 3.3 The nitrogen adsorption- desorption isotherm of MSM-1°C/min (orange
curve) and MSM-15°C/min (black curve).

Table 3.1 SSAger and Pore volume of MSM-1°C/min and MSM-15°C/min.

Sample SSABET (m?/g) Pore volume (cm’/g)

MSM-1°C/min 591 0.91

MSM-15°C/min 342 1.27
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The analysis of the results showed that the calcining heating rate influences the
textural properties of MSM. As reported in table 3.1, the MSM-1°C/min sample
showed a higher surface area with respect to the MSM-15°C/min one. These results
are in agreement with the data reported in the literature where an increase in the
surface area was observed in those materials that had been calcined at low heating

rates 4710,
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Figure 3.4 The DFT pore size distribution of MSM-1°C/min (orange curve) and
MSM-15°C/min (black curve).

The influence of the calcination heating rate on the morphology of MSM-
1°C/min and MSM-15°C/min was characterized by FESEM. Figure 3.5 reports the
FESEM images, at low and high magnification, of MSM-1°C/min (figure 3.5a) and
MSM-15°C/min (figure 3.5b). By comparing the images, it can be observed that
both samples appear in the form of spheres with particle size ranging from 2 to 5
um, so suggesting that the heating rate of calcination did not affect morphology of
the particles.
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(2)

(b)

Figure 3.5 The FESEM images of (a) MSM-1°C/min and (b) MSM-15°C/min
(magnification: 1.00 K X, 20.00 K X).
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The FT-IR analysis was performed to investigate the effect of the heating rate
of calcination on the surface properties of MSM. The FT-IR spectra of MSM-
1°C/min and MSM-15°C/min are reported in figure 3.6. The infrared spectra of
both samples exhibit the typical pattern of amorphous silica with two main bands:
a narrow band at 3740 cm™' due to the isolated silanols; and a broad absorption at
about 3500 cm™! due to silanols interacting via H-bonding !”. However, the relative
population of silanols types on the surface of the two samples appear to be affected
by the heating rate of calcination. As far as the MSM-1°C/min sample is concerned,
a lower relative abundance of H-bonded silanols, as well as a higher fraction of
isolated silanols can be observed. The relative population of isolated and interacting
silanols may affect the hydrophilicity of the silica surface, which is mainly ascribed
to interacting silanols '*!°. Thus, FT-IR evidences suggest that the surface of the
MSM-15°C/min sample might be more hydrophilic than that of the MSM-1°C/min
one 2. This aspect is very important as the degree of hydrophobicity/hydrophilicity
of the surface could influence the extent of the interaction of the particles with a
biological medium as well as their toxicity '*2!.
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Figure 3.6 The FT-IR spectra of MSM-1°C/min and MSM-15°C/min
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The X-ray diffraction patterns of both samples at low and wide angles are
reported in figure 3.7. In the XRD patterns of MSM-1°C/min and MSM-15°C/min
at low angles (figure 3.7 inset) no clear diffraction peaks due to ordered mesoporous
structures are observed. This result suggests that the mesopores are disordered
which is in accordance with the results gained from the nitrogen sorption analysis
(figure 3.3). The XRD patterns of both samples at wide angles (figure 3.7) show the
typical ill-defined scattering of amorphous silicas.
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Figure 3.7 The XRD pattern of MSM-1°C/min and MSM-15°C/min at low (inset)
and wide angles.
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3.3.2 Characterization of SMSP

Nitrogen sorption measurement was used to evaluate the textural properties of
SMSP. Figure 3.8 reports the nitrogen adsorption-desorption isotherms of SMSP.
SMSP shows an isotherm type IV, according to the IUPAC classification, without
hysteresis loop, and shows capillary condensation at a relative pressure in the 0.2-
0.3 range, suggesting the presence of uniform mesopores. The pore size distribution
(figure 3.8 inset) is unimodal and narrow with an average pore size of 2.4 nm.
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Figure 3.8 The nitrogen adsorption- desorption isotherm with BJH pore size
distribution (inset) of SMSP.

The values of SSAger and pore volume are 1143 m?/g and 0.82 cm’/g,
respectively.

The FESEM images, at low and high magnification, and particles size
distribution of SMSP are reported in figures 3.9. The material appears composed of
spheres (figure 3.9a) with a wide range of particle sizes, which ranges from 0.15
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um to 0.80 pm (figure 3.9b). The wide particle size distribution could be the result
of the rapid precipitation and aggregation of the particles during the synthesis
process, which leads to the formation of radially oriented mesopores °.
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Figure 3.9 (a) The FESEM images (magnification: 25.00 K X, 250.00 K X) and (b)
particles size distribution of SMSP.
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Figure 3.10 shows the FT-IR spectrum of SMSP. The spectrum is typical of
amorphous silica, with the narrow band at 3746 cm™! due to the isolated silanols
and a broad absorption at about 3530 cm™! due to H-bonded silanols 7.
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Figure 3.10 The FT-IR spectrum of SMSP

Figure 3.11 reports the X-ray diffraction pattern of SMSP at low (figure 3.11a)
and wide angles (figure 3.11b). The XRD pattern at low angles presents a main
characteristic peak due to the (100) reflection at 2.43° 20 and an ill-defined
scattering between 4° and 6°. The broad diffraction could be associated to the
presence of small domains of ordered structure in the material with a radial
orientation of the pore channels. This result suggests that a hexagonal arrangement,
expected on the basis of the synthesis route ? takes place on a local scale and that
the deviation from the hexagonal symmetry occurs due to the spherical shape of
the particles, which is in accordance with FESEM analysis (figure 3.9a) 2?3, The
XRD pattern at Wide angles shows the absence of crystalline peaks, which indicates
that the material is amorphous.
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Figure 3.11 The XRD pattern of SMSP at low (a) and wide angles (b).

3.3.3 Clotting blood time test

The in vitro hemostatic efficiency of the samples was evaluated by a clotting blood
time (CBT) test. This test measures the time that blood needs to form a clot. As
shown in figure 3.12, it can be observed that the clotting times of SMSP, MSM-
1°C/min and MSM-15°C/min were significantly shorter than the control (140 +
8,67 s). Moreover, the results of the CBT suggest that silica particles with larger
pores (i.e., MSM-1°C/min and MSM-15°C/min) might have better hemostatic
performance with respect to those with smaller pore size (i.e., SMSP), which is in
agreement with the data available in the literature 7. In addition, the CBT of MSM-
15°C/min was the shortest among all samples. This could be ascribed to the fact
that the MSM-15°C/min sample presents a more hydrophilic surface than that of
MSM-1°C/min, which might have enhanced its hemostatic performance by
improving the fluid absorption and, consequently, by accelerating blood clotting
2425 Moreover, it cannot be ruled out the effect of a different reactivity of isolated
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silanols and interacting silanols in the clotting process, with a higher efficacy of the
latter.
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Figure 3.12 The CBT for MSM-1°C/min, MSM-15°C/min, SMSP and control. Data
are represented as mean = SD (n=3). * Significant difference (p < 0.05) analysed by one-
way ANOVA.

3.3.4 Hemolysis assay

Besides being efficient, a hemostatic agent should not cause hemolysis. Herein, a
hemolysis assay was performed to evaluate the blood compatibility of SMSP,
MSM-1°C/min and MSM-15°C/min as it is known that silica-based materials could
cause damage to red blood cells (RBCs) 2°. Figure 3.13 reports the hemolysis ratio
of SMSP, MSM-1°C/min and MSM-15°C/min at two different concentrations (i.e.,
100 and 500 pg/ml). The results of the hemolysis assay showed that all samples did
not have any hemolytic activity, indicating that all materials are blood compatible.
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Figure 3.13 The hemolysis ratio for MSM-1°C/min, MSM-15°C/min and SMSP at
two different concentrations (100 and 500 pg).

3.4 Conclusions

This chapter focused on the development of a hemostatic material that can exploit
the hemostatic nature of mesoporous silica. MSM (with particle size ranging from
1 to 5 um and an average pore diameter of 25 nm) and SMSP (with particle sizes
ranging from 0.15 to 0.80 um and an average pore diameter of 2.4 nm) were
synthesized, characterized and their hemostatic performance was investigated. The
results of the CBT tests revealed that the three samples were able to promote blood
clotting, in accordance with the literature. More specifically, the MSM-15°C/min
sample exhibited the best hemostatic ability, which was attributed to its larger pores
and the hydrophilicity of the surface with respect to MSM-1°C/min. Moreover, the
hemolysis assay carried out on MSM-1°C/min, MSM-15°C/min and SMSP at two
different concentrations (i.e., 100 and 500 pg/ml) indicated that all samples
possessed good hemocompatibility.
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In conclusion, this study suggests that the clotting efficiency of mesoporous
silica particles was influenced by the pore size as well as surface hydrophilicity.
MSM-15°C/min showed the best hemostatic ability, which suggests that it could be
used for the development of new materials for hemorrhage control.
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Chapter 4
Mesoporous silica microspheres
containing tranexamic acid

4.1 Introduction

The present chapter deals with the development of a hemostatic material based on
mesoporous silica spheres loaded with tranexamic acid (TXA). This aims at
combining the hemostatic ability of mesoporous silica particles (Chapter 3) with
the antifibrinolytic properties of tranexamic acid, to be used in the management of
massive bleeding in trauma settings. The aim was to develop a system able to
promote the formation of blood clot by exploiting the hemostatic ability of MS, and
to prevent any possible dissolution of the clot by releasing the TXA.

Tranexamic acid, trans-4-(aminomethyl) cyclohexanecarboxylic acid (figure
4.1), is a synthetic antifibrinolytic drug widely used to manage the excessive blood
loss resulting from trauma, surgery, or bleeding disorders. It is a derivative of
lysine, which inhibits the breakdown of fibrin clot by reversibly binding the lysine
sites on plasminogen molecules thereby stabilizing the clot and preventing
excessive bleeding caused by hyperfibrinolysis '.
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Figure 4.1 The chemical structure of tranexamic acid (TXA) 2.

The effect of early administration of TXA on death, vascular occlusive events,
and the receipt of blood transfusion in trauma patients was studied in a large
placebo-controlled  double-blind randomized trial CRASH-2 (Clinical
Randomization of an Antifibrinolytic in Significant Hemorrhage-2) °. The
randomized trial included 20211 adult trauma patients with, or at risk of, significant
bleeding recruited in 274 hospitals in 40 countries. The outcomes of the trial
showed that the administration of TXA significantly reduced the occurrence of
death due to bleeding without increasing the risk of a thrombotic onset. The greatest
efficacy was achieved when the administration of TXA occurred within one hour
after the traumatic event. A minor positive effect was found when the TXA was
given between 1 and 3 hours. In contrast, the administration of TXA after 3 hours
did not seem to have any beneficial effect.

Based on the outcomes of the above discussed CRASH-2 trial, it emerges that
administration of TXA can be considered useful for bleeding management in
trauma patients and that a timely treatment is essential to guarantee a correct action.
However, the administration of TXA by means of conventional routes presents
some disadvantages. Orally-administered TXA presents low bioavailability (30-
50%) and it may cause gastrointestinal side effects while intravenous administration
could cause hypotension due to the formation of intravenous boluses and it requires
trained persons for the administration *°. In addition also topical application
presents some drawbacks since the permeability and retention of TXA are not
optimal due to its hydrophilic nature (the water solubility is 167000 mg/L) and low
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affinity with the lipidic composition of the skin . An effective alternative approach
47-13

to improve the efficacy of TXA is the use carriers to control its release

Herein, mesoporous silica microspheres with large pores (MSM presented in
Chapter 3) were synthesized and, for the first time, loaded with TXA to prepare a
hemostat that combines the hemostatic efficiency of both excipients. In particular
MSM-15°C/min was chosen as the carrier for the loading of TXA as it presented
the best hemostatic performance with respect to the other ones (see Chapter 3).
TXA was loaded by the incipient wetness impregnation method and the obtained
sample was characterized by means of nitrogen sorption analysis, X-Ray diffraction
(XRD), thermogravimetry analysis (TGA) and Fourier transform infrared (FT-IR)
spectroscopy. The hemostatic performance of the loaded material was evaluated by
means of a clotting blood time (CBT) test. Finally, a preliminary in vitro release
test was performed in an isotonic solution (NaCl 0.9% w/v) to determine the release
ability of the carrier.

4.2 Experimental

4.2.1 Tranexamic acid loading

TXA was loaded into MSM-15°C/min through the incipient wetness impregnation
(IWI) technique and using water as a solvent. The IWI method is commonly used
to load drugs into mesoporous materials. This process involves the addition of a
known volume of a concentrated drug solution to the material. The added volume
is approximately equal to the pore volume of the particles. In this way, the liquid
quickly fills the pores by capillarity and the drug is adsorbed to the surface of the
material . The low volume of the employed solution makes this method quite
suitable in the case of expensive drugs since it allows minimal quantities of the
active principle to be used '°.

Given the absence of references in the literature where the impregnation of
mesoporous silicas with tranexamic acid is reported, other cases of impregnation of
TXA in different materials were analyzed 1216, From the analysis of the literature,
it was found that the amount of loaded TXA ranged from 0.5 to10 % (w/w) and that
most frequently amount of drug loaded in a solid carrier was equal to 2-3-%.
Therefore, an intermediate value of 5 % (w/w), which is higher than the most
frequent one, was chosen for investigating the loading of TXA into MSM-
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15°C/min. For the impregnation, 15 mg of TXA were dissolved in 0.36 ml of water,
then the solution was added dropwise to 285 mg of MSM so that the final drug
content was equal to 5 % (w/w). The slurry was mixed vigorously using a spatula,
and the sample was kept drying at room temperature overnight. The achieved
material was named TXA@MSM-15°C/min.

4.2.2 Characterization

Thermogravimetric analysis (TGA) was carried using a SETARAM 92 instrument
(Caluire, France) from 25 °C to 800 °C with a heating rate of 10 °C/min in air flow.

Nitrogen adsorption-desorption analysis was performed using a Micromeritics
ASAP 2020 Plus Physisorption analyzer (Micromeritics, Norcross, GA, USA).
Before the adsorption measurement, the TXA@MSM-15°C/min sample was
outgassed at 70 °C for 2 h. the specific surface area was calculated using the Barret-
Emmett-Teller (BET) method in the relative pressure range of 0.099 - 0.179. Pore
size distribution was achieved through the density functional theory (DFT) method,
and the average pore size was determined from the distribution. The total pore
volume was determined at a relative pressure of about 0.99.

X-ray diffraction (XRD) patterns were obtained with a PANalytical X Pert
diffractometer (Malvern Panalytical, Almelo, The Neatherlands) using Cu Ka
radiation (wavelength = 1.54187 A). The data were collected from 5° to 60° (20)
with a step size of 0.026° (20).

The FT-IR analysis was performed using a Bruker Equinox 55 spectrometer
(Bruker, Billerica, MA, USA) on self-supported pellets, prepared
by pressing the powder with a hydraulic press. For TXA, the powder was diluted in
KBr. The samples were outgassed in high vacuum (residual pressure equal to 0.1
Pa) at room temperature for 1 h. The spectra were obtained from 4000 cm™' to 600
cm! with a resolution of 2 cm!.

To evaluate if the presence of TXA molecules on the surface of MSM-
15°C/min had any effect on its hemostatic ability, a CBT test was performed as
described in Chapter 3 (subsection 3.2.4).
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4.2.3 Preliminary in vitro release test

To understand the release behavior of TXA, a simple dissolution test was carried
out using an isotonic solution (NaCl 0.9 % w/v) as the receiving medium. 10 mg of
TXA@MSM-15°C/min were soaked in 10 ml of the isotonic solution. At
predetermined time intervals (30 and 60 minutes), 0,75 ml of the receiving phase
was withdrawn and replaced by an equal amount of fresh solution to maintain a
constant volume. After 60 minutes, the powder was recovered by filtration, dried
upon complete evaporation of the solvent, and analyzed by FT-IR spectroscopy.
The analysis was performed on a self-supporting pellet, prepared
by pressing the powder with a hydraulic press. Before the measurement the sample
was outgassed in high vacuum (residual pressure of 0.1 Pa) at room temperature for
1 hour. Then, the obtained spectrum was compared with the spectrum of
TXA@MSM-15°C/min, i.e., the sample before the dissolution test.

To further confirm the released amount of TXA, the receiving solution was
analyzed for the TXA content after its derivatization with a ninhydrin solution by
means of a spectrophotometric method based on the detection of the Ruhemann’s
purple. Derivatization was performed according to the procedure reported by Ansari
et al. '7 as follows: 1 ml of a phosphate buffer (pH 8) and 2 ml of a ninhydrin
solution (0.2 % in methanol) were added to 0.5 ml of the release medium. The
mixture was heated for 20 min at 90 °C using paraffin oil. Then, the mixture was
cooled and transferred into a 10 ml flask and the volume was made up to the mark
with the isotonic solution. Absorbance was measured at 570 nm using a Lambda 25
Perkin Elmer spectrophotometer (the calibration line was obtained by applying the
above cited method to TXA solutions with concentrations in the range of 1-5

ug/ml).

4.3 Results and Discussion

4.3.1 Characterization of TXA@MSM-15°C/min

The material was characterized after TXA loading by means of TGA, nitrogen
sorption analysis, XRD, and FT-IR Spectroscopy. The results of the
characterization are here discussed.
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TGA curves of the unimpregnated (MSM-15°C/min) and impregnated
(TXA@MSM-15°C/min) sample are reported in figure 4.2. The unloaded MSM-
15°C/min sample shows an initial weight loss of 1.9 % up to 150 °C, which can be
assigned to the loss of the water physically adsorbed on the material surface. The
gradual and small weight loss (about 0.3 %) observed at temperatures higher than
200 °C could be ascribed to surface dihydroxylation !®. The TGA curve of
TXA@MSM-15°C/min shows an initial weight loss of about 1.4 % probably due
to the presence of adsorbed water. A further weight loss can be observed from 200
°C to 800 °C, which can be ascribed to the TXA removal. The TXA amount in the
TXA@MSM-15°C/min sample was determined from the weight loss between
200°C and 800°C after subtracting the weight loss measured in the same
temperature range for MSM-15°C/min. This was found to be equal to about 4.7 %
w/w, which can be considered in fair agreement with the TXA nominal content (5
% wiw).
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Figure 4.2 TGA curves of MSM-15°C/min and TXA@MSM-15°C/min.

The nitrogen adsorption-desorption isotherms of the MSM-15°C/min before
and after the loading of TXA are shown in figure 4.3 (section a). The isotherm of
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the drug loaded sample, TXA@MSM-15°C/min, is similar to that of MSM-
15°C/min as such. The SSApgr decreased from 342 m?/g, for the as synthesized
material, to 325 m?/g after the loading of TXA, while the pore volume decreased
from 1.27 to 1.22 cm?®/g. The pore size distributions obtained from the nitrogen
adsorption-desorption isotherm are reported in figure 4.3 (section b). As far as
TXA@MSM-15°C/min sample is concerned, no significant change could be
observed when compared to MSM-15°C/min; the system still possesses a narrow
pore size distribution with an average pore diameter of 25 nm. The above results
suggest that TXA molecules are well dispersed and homogeneously distributed on

the surface of the mesopores and that no pore occlusion occurred due to the presence
of the drug molecules.
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Figure 4.3 (a) Nitrogen adsorption-desorption isotherms and (b) PSD of MSM-
15°C/min and TXA@MSM-15°C/min.

To investigate the physical state of TXA inside the pores, XRD analysis was
carried out on the TXA@MSM-15°C/min sample. The XRD patterns of MSM-
15°C/min, TXA@MSM-15°C/min and pure TXA are reported in figure 4.4. The
XRD pattern of pure TXA presents well-defined peaks of the crystalline phase. The
XRD patterns of MSM-15°C/min and TXA@MSM-15°C/min are typical of
amorphous silica and no peaks due to crystalline TXA are observed in the
TXA@MSM-15°C/min sample, so suggesting the presence of the amorphous form
of TXA.
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Figure 4.4 XRD patterns of MSM-15°C/min, TXA@MSM-15°C/min and pure
TXA.

To characterize the TXA molecules in the sample, FT-IR spectroscopy was
performed on TXA@MSM-15°C/min sample. The FT-IR spectra of MSM-
15°C/min, TXA@MSM-15°C/min and pure TXA are shown in figure 4.5. As far
as the spectrum of TXA@MSM-15°C/min is concerned, a reduction of the intensity
of the peak associated to isolated silanols is observed. Moreover, a new broad
absorption peak appears in the range 3500-2500 cm’!, to which two narrower bands
are superimposed. The decrease in the intensity of the peak ascribed to isolated
silanols suggests that in TXA@MSM-15°C/min these are perturbed, probably by
the H-bonding interaction with the TXA molecules, so forming the new broad
absorption below 3500 cm™'. The narrower bands at 2934 cm™ and 2858 cm ! are
attributed to the vibrations of the -CHz- groups present in the alkyl ring of TXA,
respectively '°. Other several characteristic bands of TXA can be observed in the
1300 -1600 cm-' range. In particular, an intense band at about 1541 cm™ is
observed, which is ascribed to the symmetric deformation mode of protonated
amine groups -NH3" 1%, A second intense band appears at about 1400 cm™!, which
can be attributed to both the bending vibrations of -CH,- groups 2! and the
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symmetric stretching vibration of carboxylate -COO™ species '**2. The
antisymmetric stretching vibration of the same COO™ groups, which is expected to
appear in the spectrum above 1500 cm™, more likely contributes to the band
observed between 1600 cm™ and 1500 cm™'. These results suggest that TXA is
present on the silica surface in the zwitterionic form .

yi
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Figure 4.5 FT-IR spectra of MSM-15°C/min, TXA@MSM-15°C/min, and pure
TXA.

The results of the CBT test for MSM-15°C/min and TXA@MSM-15°C/min
are reported in figure 4.6 and indicate that both samples exhibited good hemostatic
performance, and that the presence of TXA on the surface of the material did not
affect the ability of MSM-15°C/min in inducing the activation of the coagulation

cascade.
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Figure 4.6 CBT for MSM-15°C/min, TXA@MSM-15°C/min and control. Data are
represented as mean + SD (n=3). * Significant difference (p < 0.05) analysed by one-way
ANOVA.

4.3.2 A preliminary in vitro release test

The aim of the in vitro release study of TXA was to verify the possibility of a fast
release of the drug from the microspheres since a fast release represents an
important factor in bleeding control 3, as previously described.

The FT-IR spectrum performed on the powder recovered after the release test
(60 minutes) is reported in figure 4.7. The spectrum of TXA@MSM-15°C/min-60
min did not show any band related to TXA, so suggesting its complete release
within an hour. This result is very interesting since, as mentioned earlier, the
maximum efficacy is achieved when the administration of TXA occurs within the
first hour.
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Figure 4.7 FT-IR Spectra of TXA@MSM-15°C/min before and after release test.

To further confirm this behavior, a UV-Vis analysis was carried out on the
release solution. Figure 4.8 shows the release profile of TXA. Almost 70 % of the
loaded TXA was released during the first 30 minutes and the released amount did
not increase between 30 minutes and 1 hour. This result indicates a non-complete
desorption of TXA after 60 minutes, which appears in contrast with evidence gained
from the FT-IR analysis. This is ascribed to some uncertainty in the UV-vis analysis
method due to the derivatization reaction.
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Figure 4.8 Release profile of TXA@MSM-15°C/min. Data are represented as mean
+ SD (n=3).

In conclusion, the preliminary in vitro release test shows that MSM-15°C/min
could be considered a good candidate for TXA delivery as they are able to release
the drug in a rapid manner, which is suitable for its use for the management of
bleeding in first aid situations.

4.4 Conclusions

A novel hemostatic material which combines the hemostatic ability of mesoporous
silica with the antifibrinolytic activity of tranexamic acid, to be used for the control
of hemorrhages in emergency, has been obtained. MSM (with particle sizes ranging
from 1 pum to 5 pm and an average pore diameter of 25 nm) were for the first time
loaded with TXA (with a final content of 4.7 %w/w) through incipient wetness
impregnation technique by using water as a solvent. The XRD analysis revealed
that TXA was distributed inside MSM in a non-crystalline form. The FT-IR analysis
showed that TXA molecules were dispersed on the mesopore silica surface in the
zwitterionic form. A CBT test performed on both unimpregnated and impregnated
MSM indicated that both systems were able to activate the coagulation cascade.
The preliminary in vitro release of TXA showed that the material was able to deliver
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TXA to the release medium within one hour, as desired on the basis of CRASH-2
(Clinical Randomization of an Antifibrinolytic in Significant Hemorrhages-2) trial
in order to achieve maximum efficiency.

Based on the above results, it can be concluded that the proposed systems are
quite promising for the development of new hemostats for bleeding control in
emergency situations.
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Chapter 5
Adsorption of arginine on
mesoporous silicas

5.1 Introduction

Amino acids (AAs) are the fundamental building blocks of body proteins, and they
serve as the nitrogenous backbones for many compounds such as neurotransmitters
and hormones. From a chemical point of view, amino acids are organic molecules
that contain a basic amino group (-NH>), a carboxylic acid (-COOH) functional
group (from here the name amino acid), and an organic variable side chain group
(R-group), which determines the unique properties of each amino acid . AAs are
widely used in the food industry as nutritional supplements and ingredients in
parenteral solutions, as well as building blocks for the production of pharmaceutical
and agrochemical compounds **.

To make them useful in the above-mentioned fields, AAs generally need to be
placed in the form of well-ordered layers on the surface of a solid through
adsorption *. In the last decades, the adsorption of AAs on the surface of metals or
oxides has attracted a lot of attention since it is of great importance for various
applications, such as solid-phase peptide synthesis, development of organic mass
spectrometry, medical implants, and biomedical sensors. Besides that, the study of
peptide bond formation mechanism and chain elongation on silica, alumina, or clay
may contribute to a better understanding of the prebiotic chemical evolution. In fact,
the above cited materials were abundant on the prebiotic earth crust after the
formation of the hydrosphere and may have played an important role in the process
of chemical evolution 3. Furthermore, AAs are also interesting as model adsorbates
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owing to their molecular size and zwitterionic nature 2. In this context, the
adsorption of AAs on the surface of different materials such as mesoporous carbon
5. zeolite ®, hydroxyapatite ’, zirconium phosphate ®

investigated in the literature.

, and silica ° has been

Among the different materials, mesoporous silicas have been studied as
adsorbents for AAs as their unique chemical and physical properties make them
suitable for such application. Besides that, mesoporous silicas have many silanol
groups, which could interact with the functional groups of amino acids in different
ways (i.e. H-bonding and electrostatic interactions) %!, In the literature, various
researchers investigated the adsorption of amino acids from solutions with different
pH values on MS particles. O’Connor et al. * studied the adsorption of lysin, a
divalent basic amino acid, onto MCM-41 under different solution conditions. They
found that the extent of the adsorption process depended on the pH and ionic
strength of the adsorbate solution. This was due to a combination of ion exchange
and electrostatic interactions, which both govern the adsorption process. Vinu et al.
12 investigated the adsorption of L-histidine (His) over various porous adsorbents
such as CMK-3, SBA-15, and activated carbon. The results of their study indicated
that His adsorption was pH dependent, and the maximum adsorption was achieved
near the isoelectric point of the amino acid (pI =7.59). In particular, CMK-3
adsorbed a larger amount of His with respect to the other materials. The different
adsorption capacity was ascribed to stronger hydrophobic interactions between the
non-polar side chains of the amino acids and the hydrophobic surface of the
mesoporous carbon when compared to mesoporous silica. Similar results were
obtained by Goscianska et al. '° who studied the adsorption of l-phenylalanine onto
ordered mesoporous silicas such as SBA-3, SBA-15, SBA-16 and KIT-6. The
authors observed that the maximum sorption capacity was obtained at pH 5.6,
which is close to the isoelectric point of I-phenylalanine (pI = 5.48). Moreover, the
adsorption capacities of the different ordered silica samples decreased in the
following order: KIT-6 >SBA-15 >SBA-16 >SBA-3. The lowest sorption
capacity was found for SBA-3 may be due to that fact that part of its pores can be
inaccessible to l-phenylalanine molecules. Gao et al. !! studied the adsorption of
five amino acids on a SBA-15-type mesoporous materials. The results of their study
showed that for both acidic and basic amino acids the adsorption on SBA-15 was
mainly driven by electrostatic interactions. On the other hand, the adsorption of
neutral amino acids was mainly driven by hydrophobic interactions, and thus their
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adsorption amounts could be enhanced by improving the hydrophobicity of the
mesoporous materials.

Since a part of this PhD activity aimed at investigating the use of MS as a carrier
for ARG for future wound healing applications, the present chapter provides an
overview on ARG and on its role in wound healing. Moreover, the chapter also
focuses on the adsorption of ARG on MS.

5.2 Arginine

2-amino-5-guanidinovaleric acid, also known as L-arginine (ARG), is a natural
amino acid present in the proteins of mammalians and all life forms. It was first
isolated in 1886 by E. Schulze and E. Steiger. ARG presents an amino group (-
NH>), a carboxylic acid group (-COOH) and a guanidine group (H2NC(=NH)NH>)
in its side chain (figure 5.1), which confers basic properties to the amino acid 3.
ARG has an important role in several cellular processes, which include protein
synthesis, cell proliferation, vasodilation, immunity, and wound healing. Moreover,
it acts as a precursor for the synthesis of several biomolecules such as nitric oxide,
urea, ornithine, proline, creatine phosphate and polyamines, which have
pharmacologic effects on multiple systems in the body and, specifically, on wound
healing '*13,
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Figure 5.1 The chemical structure of L-arginine (ARG) '°.

The importance of ARG on wound healing was first noted by Seifter et al. in
1978 7. ARG and its metabolites have been recognized as important mediators for
tissue repair of acute and chronic wounds. In wound healing, ARG is mainly
metabolized through two different pathways (figure 5.2): the arginine-NO pathway
and the arginine-arginase pathway. Both pathways act in a sequential manner.
During the early phase of the wound healing process, ARG is converted into nitric
oxide (NO) and citrulline via the arginine-NO pathway by the action of NOS. NO
is a free radical which plays an essential role in the different phases of the wound
healing process. As a radical, it acts as a protective agent by creating a cytotoxic
wound environment for pathogens in order to maintain a sterile wound space. In
addition, NO increases the blood flow to the wound site and stimulates the
proliferation of endothelial cells and the re-epithelialization. It also enhances the
angiogenesis and the collagen deposition at the wound site and affects wound
contraction. In the second pathway, which occurs after 72 hours of the beginning
of the process, ARG is converted into ornithine by the arginase I and II enzymes.
Ornithine is the precursor polyamines and proline, molecules involved in the wound
healing process. Proline is an important amino acid for the synthesis of collagen, a
major component that acts as a matrix to promote cell growth and differentiation.
On the other hand, polyamines are important for blood vessel formation '>!8,
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Figure 5.2 Arginine metabolism in wounds '°.

ARG is classified as a semi-essential or conditionally essential amino acid for
adults as it can be synthesized by the body in sufficient amount to meet the
physiological needs. However, under certain conditions such as children growth,
stress, pregnancy, and wound healing, the body could not provide an adequate
amount of ARG to satisfy all the metabolic needs, making ARG supplementation
essential for wound treatment 315,

Table 5.1 reports an overview of different studies that show the benefits of ARG
supplementation during wound healing.
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Table 5.2 Summary of studies showing the effect of arginine supplementation on
wound-healing '°.

. . Effect of arginine supplementation
Combined with other =

Supplemental  therapies on wound Collagen Wound

Reports Samples and model arginine healing Healing rate formation breaking Remark

Maria B.  Diabetic Sprague-Dawley 1 g kg™ " twice  Polyvinyl alcohol (PVA) Improved Enhanced NO pathway

Witte et al., rats daily sponges

2002

Han Ping Lewis rats under 1gkg *d? PVA sponges Improved Enhanced

Shi et al., trauma/hemorrhagic 40% 29%

2007 shock

S. Brewer  Spinal-cord-injured 9gd* Improved

et al., 2010 patents

Xiaodjun  New Zealand white 124 g kg tdt Increased DNA synthesis

Zhang rabbits

et al.,, 2011

Kouji Pediatric patients with 100 to Negative pressure Improved Decreased the infection

Masumoto wound dehiscence 150 mg kg ' d ¥ wound therapy

et al., 2011 caused by surgical site

infection

Brooke K. Pressure uleers in 9gd* Additional protein, zine 2.5-Fold

Chapman  patients with spinal and vitamin C greater rate

et al., 2011 cord injuries of healing

B. Leigh  Inpatients with pressure 9 gd ' 2-Fold Decrease in pressure ulcer

et al., 2012 ulcers improvement severity

Lori A NOS™'” C57BL/6 mice Improved Improved colon weight and

Coburn with dextran sulfate reduced colonic perme-

et al., 2012 sodium colitis ability and inflammatory
reaction

D. A. De  Postsurgical cancer 189 g perd™’ Improved Decreased length of hospi-

Luis et al,, patients tal stay and fistula wound

2015 complications

Ferhan Rats with a calvarial 1.81 gkg "of  Silicate inositol complex Improved bone tissue

Yaman defect arginine (arginine 49.5%, silicon healing

et al., 2016 8.2%, and inositol 25%)

Various studies demonstrated the beneficial effect of ARG on the healing of
both acute and chronic wounds in animals as well as in humans'®?*. Varedi et al.
19 studied the effect of local administration of ARG on the healing of cutaneous
excisional wounds in rats. The results of their study indicated that wounds treated
with ARG showed an increase in the rate of wound closure. Regarding the influence
of ARG on the treatment of chronic wounds, Ski et al. *° studied the effect of ARG
supplementation on the healing of diabetic wounds and showed that ARG could
improve both normal and diabetic wound healing. In another study, the contribution
of the oral or topical route of administration of ARG in a surgical wound healing
process was evaluated by Jerénimo et al. *'. The authors suggested that either the
oral or the topical administration of ARG could be considered an important factor
in restoring the tissue integrity after injury. Moreover, the topically applied ARG
seemed to be more effective in accelerating the wound healing process.

As mentioned earlier, ARG is involved in different phases of the healing
process and its concentration could significantly decrease in the wound site as it is
rapidly metabolized by NOS and arginase enzymes. Low ARG levels limit the NO
production so hindering the formation of new tissues and consequently wound
healing '8. Furthermore, the half-life of NO is extremely short (0.009 to 2 seconds)
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24 Therefore, the exogenous administration of ARG becomes necessary to

compensate its deficiency at the wound site. To obtain an enhanced therapeutic
effect, a controlled release of ARG is required in order to avoid its rapid metabolism
and an excessive synthesis of NO, which could impair the healing process . One
approach is based on the use of suitable carriers for the delivery of ARG. These
arginine-loaded systems represent a good strategy since they can supplement ARG
in situ and control its release in the wound site.

Many studies suggested the use of nano-systems based on lipids, polymers, and
inorganic materials for the delivery of ARG for different applications. Yazdani-

Arazi et al. *°

studied the encapsulation of ARG into a nanostructured lipidic carrier
(NLC) for the treatment of alopecia, showing that topically applied ARG-loaded
NLC had a more efficient performance than an ARG aqueous solution. Kim et al.
?7 studied the formulation of ARG loaded biodegradable poly(lactide-co-glycolide)
nanospheres as a local sustained delivery system for the prevention of restenosis,
showing that the ARG release was sustained and reduced vascular smooth cell

proliferation.

As far as wound healing applications are concerned, Matsumoto et al. >

investigated the effect of wound dressings composed of Hyaluronic acid and ARG
on wound healing. Different spongy sheets, which were based on high-molecular-
weight hyaluronic acid (HMWHA), were prepared and then immersed in an
aqueous low-molecular-weight HA solution without or with different amounts of
ARG. The final materials were divided into five groups: the HMWHA (group 1),
the HMWHA/LMWHA (group II) and the HMWHA/LMWHA/ARG (group III-
group V). In vivo tests performed on a surgical wound showed that all sheets
improved wound healing when compared to the control (commercial polyurethane
film dressing). This suggests that both HA and ARG are essential for a fast and
successful healing process (figure 5.3).
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group Il group IV group V

Figure 5.3 Macroscopic appearance of the surgical wound surface after 2 weeks 5.

In another work, Reesi et al. developed a gel, which was based on lignin
nanofibers (lig-NFs) and modified with ARG molecules via electrostatic
interaction, for the treatment of both acute and chronic wounds. The results of the
study suggested that the gel could be a good candidate for the treatment of wounds
as it can sustain the release of ARG, accelerate wound closure and increase re-
epithelialization, collagen deposition, and angiogenesis (figure 5.4) %°.
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Figure 5.4 The release profile of arginine from Arg-Lig-NF (F5) gel in phosphate
buffer pH 7.4 (a) and (b) Photographs of macroscopic appearance of wounds treated with
Arg-Lig-NF gel (F6), Lig-NF gel (F5), arginine solution, and normal saline; on the
surgery day (0), 4 and 9 days %

In a recent work, Shikida et al. *° prepared arginine-conjugated chitosan
nanoparticles (CHITARG) and loaded them with ARG, to achieve a system that
combines the antimicrobial properties of the matrix and may sustain the release of
ARG. The in vitro release profile showed an initial burst release of ARG after the
first 2 h, which was ascribed to the release of the amino acid molecules adsorbed
on the nanoparticles surface. This was followed by a slow and constant release,
probably related to the encapsulation of ARG in the form of clusters which appear
to have more affinity for the matrix than for the release medium (figure 5.5).
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Figure 5.5 ARG in vitro release profile from ARG-loaded CHITARG *°.

5.3 The adsorption of arginine on mesoporous silica

Only a few studies can be found the literature on the adsorption of ARG on silica.
Viasova et al. *! studied the interaction of ARG with the surface of highly dispersed
silica particles in an aqueous suspension. Considering that when the pH of the
solvent medium is varied ARG may present different forms (cations, zwitterions or
anions, figure 5.6a), the adsorption of ARG on the surface of silica was performed
at different pH values (in the 2-8 range). The result of the adsorption study showed
that the adsorption of ARG began at pH > 5, and it increased with the pH value.
The largest extent of ARG adsorption was observed at pH = 8. Moreover, after the
addition of a background electrolyte (i.e. a 0.01 M or a 0.1 M NaCl aqueous
solution) the adsorption of ARG decreased significantly (figure 5.6b). The authors
suggested that the formation of a complex between the silanol groups of the silica
surface and ARG was driven by electrostatic interaction. In fact, at pH > 5 the
amount of negatively charged SiO~ groups on the silica surface increase and a lot
of ARG particles with a positive charge can be found in the water suspension.
Therefore, electrostatic interactions between the dissociated silanols and ARG
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molecules are favored so resulting in an increased adsorption of ARG on the silica

surface.
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Figure 5.6 (a) Distribution of different protonated forms of ARG, and (b) adsorption
of ARG on the surface of highly dispersed silica from (/) water, (2) 0.01 and (3) 0.1 M
NaCl solutions 3'.

A similar result was found by Gao et al. ''. In their work, the adsorption
behavior of ARG on SBA-15-type mesoporous materials was investigated in
aqueous solutions with adjustable amino acid concentration, ion strength, and pH
to understand the main interaction between ARG and the silica surface. The results
of the study showed that the amount of adsorbed ARG monotonously increased
throughout the investigated pH range (figure 5.7a). At pH < 2.5, the adsorption
amount of ARG was negligible because both ARG and the surface of SBA-15 were
all positively charged. However, by increasing pH, the adsorption amount of ARG
quickly increased because while ARG was still positively charged the SBA-15
surface became more and more negatively charged. Based on these observations,
the authors concluded that the adsorption of ARG was mainly driven by
electrostatic forces. To investigate the influence of the ionic strength of the solution
on adsorption, a set of experiments was performed at pH 10 by gradually increasing
the concentration of NaCl. The results of the experiment indicated that the amount
of'adsorbed ARG strongly decreased when the concentration of NaCl was increased
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(figure 5.7b). The poor adsorption of ARG was ascribed to the electrostatic
shielding of Na" ions towards the charged SBA-15 surface. This result further
confirms that the electrostatic interactions have an important role in the adsorption
of ARG on silica surface.
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Figure 5.7 (a) Adsorption amounts of ARG on SBA-15 at different pH, and (b) ARG
adsorption on SBA-15 at pH 10 with different added NaCl concentrations !!.

In another work, Solanki et al. 3* reported the encapsulation of different
amounts of ARG into MCM-48 by incipient wetness impregnation and investigated
its release behavior in simulated body fluids under different pH conditions (pH 1.2
and pH 7.4). The study showed that at pH 1.2 the release of ARG was slow while
at pH 7.4 the release was fast (figure 5.8).
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Figure 5.8 The release profile of ARG/MCM-48 at pH 1.2 and 7.4 3.

Similar results were obtained for the release of ARG from an MCM-41 support
functionalized with Tungstophosphoric acid, under different pH condition (pH 2
and pH 7.4). It has been found that the release of ARG was pH dependent. In acidic
conditions the release of ARG was slow while at pH 7.4 the release was fast (figure
5.9) %,
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Figure 5.9 The release profile of ARG/TPA-MCM-41 (a) at pH 7.4 and (b) pH 2 *2.
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5.4 Conclusions

This chapter has dealt with a brief overview of the role of arginine in wound healing
and the adsorption of this amino acid on mesoporous silica-based materials.
Moreover, data concerning the release of arginine from mesoporous silica-based
materials have been also summarized.

It has been found that the extent of adsorption of amino acids depends mainly
depends on the pH of the adsorbate solution probably due to electrostatic
interactions governing the adsorption process. Moreover, several studies suggested
that the maximum degree of adsorption of amino acids on mesoporous silicas is
achieved at a pH near their isoelectric point. Indeed, as far as ARG adsorption is
concerned, it emerged that the maximum amount was obtained at a pH of about 11.

Concerning the release of ARG, it has been found that its release rate depends
on the pH of the receiving medium. In acidic conditions (pH ~1.2) the release of
ARG was reported to be slower than in conditions close to neutrality (pH =7.4).

From the analysis of the literature, it has appeared that although several
research studies have been conducted with the purpose of understanding the
mechanisms involved in the adsorption of ARG from aqueous solution onto silica
particles, no specific studies have been conducted to investigate the stability of
these carriers during or after the loading process. In order to fill this gap, the
following chapters of this PhD dissertation are devoted to understand how the
impregnation process may affect the structure of two different types of mesoporous
silica particles.
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Chapter 6

Impregnation of spherical
mesoporous silica particles with I-
arginine: the effect of the pH of the
impregnating solutions on the
stability of the carrier

Part of the information reported in this chapter has been previously published
in Mohamed et al. 2021, Journal of Molecular Sciences, 22, 13403 .

6.1 Introduction

The present chapter concerns the development of a system based on spherical
mesoporous silica particles for the delivery of ARG for future applications in
wound healing. As stated earlier, MS-based systems have gained much attention in
the field of skin care and dermal drug delivery due to their compatibility with skin
cells and their ability to enhance drug permeation through the skin 2. Indeed, they
have been proposed for the treatment of several skin disorders, such as skin cancer,
psoriasis, acne, photoprotection, and wound healing °. In the field of wound healing,
different scientists suggested the use of silica to manufacture more effective
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dressings for the treatment of wounds. On one hand, MS could act like a drug, by
releasing silicic acid which promotes wound closure. On the other hand, silica
particles can act like vehicles for the delivery of therapeutic molecules for wound
treatment *°. Therefore, based on these considerations, the aim of this work is to
develop a multifunctional material to be applied in devices for wound management,
which combines the physicochemical and biological properties of MS particles with
the pharmacological effect of ARG.

The loading of ARG on MS has been reported by various researchers® .
However, no information regarding the stability of these carriers during or after the
loading process could be found in the literature. This aspect should deserve more
attention as it is known that silica-based materials could dissolve under basic pH
conditions ! and ARG solutions are alkaline (pH about 11) 2. To fill this gap,
the present chapter focused on the impregnation of SMSP with aqueous ARG
solutions at different pHs. The main objective was to investigate the effect of the
different pH of the impregnating solutions on the structure of the carrier.

6.2 Experimental

6.2.1 Synthesis of spherical mesoporous silica particles (SMSP)

SMSP were synthesized through a base-catalyzed reaction by a sol-gel process
involving the use of hexadecyltrimethylammonium bromide (CTAB) as a
surfactant and tetraethyl orthosilicate (TEOS) as a silica precursor, according to the
procedure reported in chapter 3 (subsection 3.2.2).

6.2.2 The loading of ARG

The incorporation of ARG was performed using water as a solvent by the wet
impregnation method, according to the procedure reported by Solanki et al. °. For
this purpose, 200 mg of SMSP were impregnated with 2 ml of an aqueous solution
of ARG (10 mg/ml) so that the nominal ARG content was about 10 % w/w. The pH
of the solution was measured using pH-sensitive litmus paper and was about 11.
The material was then dried at 60 °C in an oven till complete evaporation of the
solvent. The achieved material was designed as ARG-11@SMSP.
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The loading of ARG at different pH values was performed with the same
procedure. The pH of the ARG/H>O impregnating solutions was adjusted to the
desired value (5, 9 and 10) with the addition of HCI (1 % w/w).

The obtained materials were designed as ARG-x@SMSP, where x indicates the
pH value of the ARG/H>O impregnating solution.

6.2.3 Instrumental characterization

The characterization of SMSP loaded with ARG was performed using several
techniques.

Thermogravimetric analysis (TGA) was carried using a Linseis STA PT 1600
(TGA-DSC) instrument from 30 °C to 800 °C at the heating rate of 10 °C/min in
air.

Nitrogen adsorption-desorption analysis was performed using a Micromeritics
ASAP 2020 Plus Physisorption analyser (Micromeritics, Norcross, GA, USA).
Before the adsorption measurement, ARG-x@SMSP samples were outgassed at 70
°C for 2 h. The specific surface area was calculated using the Barret-Emmett-Teller
(BET) method in the relative pressure range of 0.099 - 0.179. The pore size
distribution was obtained, using the Barlett-Joyner-Halenda (BJH) method, from
the desorption branch of the isotherm. The total pore volume was determined at a
relative pressure of about 0.93.

FESEM images were recorded with a FESEM ZEISS Merlin instrument
(Oxford Instruments, Abingdon-on-Thames, UK). The samples were mounted on a
metal stub with double-sided adhesive tape and coated with platinum before the
analysis.

X-ray diffraction (XRD) patterns were obtained with PANalytical X Pert
diffractometer (Malvern Panalytical, Almelo, The Neatherlands) using Cu-Ka
radiation (wavelength = 1.54187 A). The data were collected from 5° to 60° (26)
with a step size of 0.026° (26).

FT-IR analysis was performed using a Bruker Equinox 55 spectrometer
(Bruker, Billerica, MA, USA). The FT-IR spectra of ARG-x@SMSP were obtained
on self-supported pellets, prepared by pressing the powder with a hydraulic press.
As far as ARG is concerned, the powder was diluted in KBr. All samples were
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outgassed in high vacuum (residual pressure 0.1 Pa) at room temperature for 1 h.
The spectra were obtained from 4000 cm™ to 600 cm™ with a resolution of 2 cm™.

6.2.4 Preliminary desorption test

A preliminary desorption test was performed by soaking the ARG-x@SMSP
samples in water at 35 °C under continuous stirring. Different batches were
prepared by soaking ARG-x@SMSP in water (1 mg/ml). At prefixed times (10 and
60 minutes), the samples were recovered by filtration, dried upon complete
evaporation of the solvent, and analyzed for ARG content. The pH of the solutions
was measured before the analysis and no modifications was observed due to the
ARG desorption.

To estimate the ARG content, samples recovered from the desorption test
(ARG-x@SMSP-ymin, where y indicates the time at which the powder was
collected) were analyzed by FT-IR spectroscopy. The achieved spectra were
compared with those of the ARG-x@SMSP samples, which allowed a semi-
quantitative analysis of the ARG content in the samples to be carried out. The
comparison was based on the detection of the most intense absorption band of ARG,
at 1670 cm™!, which corresponds to the stretching vibration of the guanidine group.
To estimate the amount of ARG inside the samples, the height of the band at 1670
cm’! was measured before and after desorption. Considering that before desorption
100 % ARG is present inside the carrier, the percentage of ARG still present in the
carriers at different desorption times was estimated through a proportion (Harg-
x@SMsP-ymin : HARGx@smsp =M : 100, where H is the height of the band and M is the
ARG amount). For a better comparison, the FT-IR spectra were normalized with
respect to the intensity of the bands at 2000 cm™ and 1860 cm™!, which relate to the
vibrational modes of Si04 tetrahedra present in the silica structure. After the amount
ARG still present in the samples was evaluated, the amount of desorbed ARG was
simply deduced from the complement to 100 %.
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6.3 Results and Discussion

6.3.1 Characterization of ARG-11@SMSP

The characterization of the SMSP after the loading of ARG, which was conducted
by means of TGA, nitrogen sorption analysis, FESEM, XRD, and Fourier
Transform Infrared Spectroscopy, is discussed in the present section.

A TGA was performed on the SMSP before impregnation and on the ARG-
11@SMSP sample (figure 6.1). SMSP shows an initial weight loss of 8.2 % up to
150 °C, which can be assigned to the loss of water physically adsorbed on the
material surface. The gradual and small weight loss observed at temperatures higher
than 200 °C (about 2.6 %) could be ascribed to surface dihydroxylation '*. The TGA
curve of ARG-11@SMSP shows an initial weight loss of about 7.1 % due to the
removal of adsorbed water. Further weight loss is observed from 200 °C to 800 °C,
which can be ascribed to ARG removal. The ARG content in the ARG-11@SMSP
sample was determined from the weight loss between 200°C and 800°C after
subtracting the weight loss measured in the same temperature range for the
unimpregnated SMSP. The measured ARG content in the ARG-11@SMSP sample
resulted to be about 9.1 % w/w, which can be considered in good agreement with
its nominal content (10% w/w).
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Figure 6.1 The TGA curves of SMSP (black curve) and ARG-11@SMSP (purple

curve).

Figure 6.2 shows the nitrogen adsorption-desorption isotherms and pore size
distributions of SMSP before and after the ARG loading at pH=11 (ARG-
11@SMSP). The values of the SSAget and pore volume are summarized in table
6.1. As far as sample ARG-11@SMSP is concerned, the isotherm (figure 6.2a)
presents a type H2 hysteresis loop at relative pressures p/p° above 0.4, which is
characteristic of materials with disordered porosity and ink-bottle pores 4. A
significant change can also be observed in the pore size distribution (figure 6.2b)
when compared to SMSP as such. After impregnation the original family of pores
with a diameter of 2.4 nm dramatically decreased in volume and its average pore
size shifted to 2.0 nm, Moreover, a new family of larger pore with an average
diameter of about 3.6 nm appeared. These changes suggest that the exposure to an
alkaline solution (i.e., the ARG solution at pH 11) during the impregnation process
had a remarkable effect on the textural properties of the carrier.
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Figure 6.2 (a) The nitrogen adsorption-desorption isotherms and (b) The PSD of
SMSP (black curve) and ARG-11@SMSP (purple curve).
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A similar effect was previously observed for different silica-based materials
after treatment with basic solutions or after immersion in aqueous media '>7'%,
According to the authors, the variation of porosity was caused by the dissolution of
the silica walls between the pores (figure 6.3), which led to the formation of larger
pores and the generation of soluble silica species that redeposited on the material
so resulting in a decrease of the diameter of the pores 1318,

Figure 6.3 Schematic representation of the dissolution process of MSP in aqueous

solution "°.

The results of the nitrogen sorption measurement suggest that a similar
phenomenon could have occurred during the loading process in this work since the
ARG solution was alkaline, as expected '2. During the impregnation step, a gradual
dissolution of the silica walls may have occurred so leading to the opening of the
interconnections between the pores, which resulted, then, in the formation of new
pores with an average diameter of 3.6 nm. Besides that, the decrease of both the
volume and the size of the original pores of the as-synthesized material (2.4 nm)
may be associated to the redeposition of soluble silica species on the pore surface
and at the pore mouth. However, the pore size reduction as well as the decrease of
the SSAgeT and pore volume (Table 6.1) may partially be due also to the presence
of ARG molecules on the silica surface.
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Table 6.1 SSAger and Pore volume of SMSP and ARG-11@SMSP

Sample SSABET (m?/g) Pore volume (cm?’/g)
SMSP 1143 0.82
ARG-11@SMSP 786 0.51

In order to verify that the change in the textural properties was due to the
exposure to the alkaline pH during impregnation, an as-synthesized SMSP sample
was simply treated both with distilled water and a basic solution (i.e. an NH4OH
solution at pH~11) following the same procedure used for impregnation. After,
nitrogen sorption analysis was carried out on both samples. As far as the sample
treated with water is concerned (named SMSP-H;0), the isotherm (figure 6.4) was
type IV without hysteresis as observed for the untreated SMSP. Instead, a
significant change in the isotherm of the sample treated with NH4OH (named
SMSP-NH4OH, figure 6.4) was observed, with the appearance of a type H2
hysteresis. These results suggested that the degradation of SMSP depends on the
pH of the impregnated solutions.



134 Chapter 6

600 T T T

Volume (cm¥/g) STP

SMSP
SMSP-H,O (pH 7)

SMSP-NH ,OH (pH 11)

0 01 02 03 04 05 06 07 08 09 I
p/p’

Figure 6.4 The nitrogen adsorption-desorption isotherms of SMSP (black curve),
SMAP-H,0 (sky-blue curve) and SMSP-NH4OH (brown curve).

The FESEM images of SMSP and ARG11@SMSP are reported in figure 6.5.
As far as the ARG-11@SMSP sample (figure 6.5b) is concerned, no remarkable
changes were observed in the morphology when compared to the as-synthesized
material (figure 6.5a), i.e., the particles appeared spherical. However, a rough
surface was observed, which was not present in the unimpregnated SMSP. This
evidence is consistent with those obtained through the nitrogen sorption analysis,
indicating that SMSP are unstable to the loading process and suffer degradation.
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(2) (b)
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Figure 6.5 The FESEM images of SMSP and ARG-11@SMSP (magnification
250.00 K X).

To investigate the pysical state of ARG inside the SMSP pores, an XRD
analysis was performed on the ARG-11@SMSP sample. The XRD patterns of
SMSP, ARG-11@SMSP and pure ARG are reported in figure 6.6. The XRD pattern
of pure ARG presents well-defined peaks of the crystalline phase. The XRD
patterns of SMSP and ARG-11@SMSP are typical of amorphous silica and no
peaks due to crystalline ARG are observed in the ARG-11@SMSP sample,
indicating the presence of ARG in its amorphous form.
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Figure 6.6 The XRD patterns of SMSP (black), ARG-11@SMSP (purple) and pure
ARG (blue).

To confirm the successful loading of ARG, FT-IR spectroscopy was carried out
on the ARG-11@SMSP sample. Figure 6.7 reports the FT-IR spectra of SMSP as
such, ARG-11@SMSP and pure ARG. The spectrum of the as-synthesized SMSP
is typical of amorphous silica, with the narrow band at 3746 cm™' due to the isolated
silanols and a broad absorption at about 3530 cm™ due to the H-bonded silanols .
As far as the spectrum of ARG-11@SMSP is concerned, a reduction of the intensity
of the peak associated to the isolated silanols is observed. Moreover, a new broad
absorption band appears in the 3500-2500 cm™' range, to which several narrower
bands are superimposed. The lower intensity of the peak due to the isolated silanols
suggests that in ARG-11@SMSP these are perturbed, probably by the H-bonding
interaction with the ARG molecules, so forming the new broad absorption band
below 3500 cm™. The narrower bands in the 3500-3100 cm™! range and below 3000
cm’! are ascribed to the NH stretching and CH stretching modes of the ARG
molecules, respectively. Other several bands due to the adsorbed ARG molecules
are observed in the 1700-1300 cm™! range. In particular, the two bands at 1670 cm™
"and at 1630 cm™ correspond to the antisymmetric and symmetric stretching of the
guanidine group, respectively 2!. A shoulder is observed at about 1560 cm™', which
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can be assigned to the antisymmetric stretching of the COO carboxylate groups 2.
The above results suggest the presence of the zwitterionic form of ARG in the ARG-
11@SMSPsample, which is in accordance with the ionization state of the amino
acid (figure 6.8) in the impregnation solution at a pH value of about 11 7.
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Figure 6.7 The FT-IR spectra of SMSP (in black), ARG-11@SMSP (in purple) and
pure ARG (blue).
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Figure 6.8 Ionization States of ARG in aqueous solution (adapted from 7).
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6.3.2 Characterization of ARG-x@SMSP

In order to understand the effect of the pH of the impregnating solution in the
degradation of the SMSP, the loading process was performed at different pH values
with the same amount of ARG.

Figure 6.9 shows the nitrogen adsorption-desorption isotherms and pore size
distributions of all samples. By decreasing the pH of the impregnating solution, the
shape of the isotherms (figure 6.9a) changes and the hysteresis loop disappears. The
isotherm of the sample impregnated at acidic pH (ARG-5@SMSP) is similar to that
of SMSP as such. The SSAger decreased from 1143 m?/g, for the as-synthetized
material, to 792 m?/g, after the ARG loading, instead the pore volume decreased
from 0.82 cm?/g to 0.46 cm?/g, and this is ascribed to the presence of the loaded
ARG molecules.

Also, the pore size distribution (figure 6.9b) changed after decreasing the pH
of the impregnating solution. The family of pores with a diameter of 3.6 nm almost
disappeared for ARG-9@SMSP and the pore size distribution of ARG-5@SMSP
was unimodal with an average pore size of 2.2 nm. As stated earlier for the SSAger
and pore volume values, the lower average pore size of the ARG-5@SMSP sample
(2.2 nm) with respect to the SMSP as such (2.4 nm) can be ascribed to the presence
of ARG molecules inside the mesopores or at the pores mouth.



139 Chapter 6

(a)

600 : . | | |
SMSP
ARG-5@SMSP
ARG-9@SMSP 4_____/
500 | ARG-10@SMSP |
ARG-11@SMSP

400

300

Volume (em¥g) STP

200

100

0 0.1 02 03 0.4 05 0.6 0.7 0.8 09 1
p/p?
1.8 T T T
SMSP
Lol ARG-5@SMSP | |
: ARG-9@SMSP
ARG-10@SMSP
Lab ARG-11@SMSP | |
1.2 1
Bl
=
o 1
g
8
E08 1
2

=2

i
T

0.2

e

2.5 3 35 4 4.5 5
Pore Width (nm)

]
3
Ln

Figure 6.9 (a) The nitrogen adsorption-desorption isotherms and (b) PSD of SMSP
(black curve), ARG-5@SMSP (green curve), ARG-9@SMSP (red curve), ARG-
10@SMSP (yellow curve) and ARG-11@SMSP (purple curve).
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All results indicate that the degradation of SMSP is due to the pH of the ARG
solution employed for the impregnation process and is not related to the interaction
of the silica with ARG. In particular, this degradation, which affects the porosity,
occurs at pH values included between 9 and 11. The SMSP are not inert towards
the ARG loading process by means of wet impregnation when water is used as a
solvent. This occurs even though only a small amount of solution is employed as it
happens in the present case, where about 2 ml of impregnating solution are in
contact with 200 mg of silica support. On the other hand, the impregnation at pH 5,
which occurs at the same ARG concentration, allows the integrity of the SMSP
carrier to be maintained.

The FESEM images of SMSP and ARG-5@SMSP are reported in figure 6.10.
Contrary to what observed for the ARG-11@SMSP sample (figure 6.5b), neither a
morphology change nor an increase in roughness of the particle surface can be
observed for the ARG-5@SMSP sample (figure 6.10b) when compared to SMSP
as such (figure 6.10a). This result further confirms that the impregnation process
performed using an acidic ARG solution does not cause any degradation of SMSP.
This agrees t with the results obtained from the nitrogen sorption analysis (figure
6.9) and data reported in the literature regarding the stability of mesoporous silica
in acidic solutions %11,

(a) (b)

Figure 6.10 The FESEM image of SMSP and ARG-5@SMSP (magnification 250.00
K X).
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Figure 6.11 compares the XRD patterns of SMSP, ARG-5@SMSP, ARG-
9@SMSP and ARG-10@SMSP. In all the patterns, no peaks ascribed to crystalline

ARG are observed, revealing the presence of ARG in its amorphous form, as
observed for ARG-11@SMSP.
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Figure 6.11 The XRD patterns of SMSP (black), ARG-5@SMSP (green), ARG-
9@SMSP (red) and ARG-10@SMSP (yellow).

Figure 6.12 shows the FT-IR spectra of SMSP, ARG-5@SMSP, ARG-
9@SMSP and ARG-10@SMSP. In the spectra of ARG-5@SMSP, ARG-9@SMSP
and ARG-10@SMSP the low intensity of the band due to the isolated silanols at
3746 cm™! and the broad absorption band between 3500 cm™ and 2500 cm™! reveal
the occurrence of H-bonding interactions between the silica surface and the ARG
molecules. For the ARG-9@SMSP and ARG-10@SMSP samples, the spectra in
the 1700 -1300 cm™! range are very similar to that reported for ARG-11@SMSP
(figure 6.7), suggesting the presence of the zwitterionic form of ARG. Instead, in
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the spectrum of ARG-5@SMSP the antisymmetric stretching of COO™ at about
1560 cm™! disappeared, revealing the protonation of the carboxylate groups in the

sample impregnated at pH 5, as expected for the ARG molecules dissolved in an
aqueous solution in the 4-8 pH range (figure 6.8) ’.
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Figure 6.12 The FT-IR spectra of SMSP (in black), ARG-5@SMSP (in green),
ARG-9@SMSP (in red) and ARG-10@SMSP (in yellow).

6.3.3 Preliminary desorption test

The desorption test aimed at evidencing if the partial degradation of the carrier and
the modification of its porosity could affect its release capability. To this purpose,
the tests were performed on the ARG-11@SMSP and the ARG-5@SMSP samples.
ARG-11@SMSP was selected because the carrier underwent significant
degradation, while in the ARG-5@SMSP no evidence of degradation was observed.

The FT-IR spectra of the powders recovered after the desorption test (10
minutes and 60 minutes) are reported in figure 6.13. The FT-IR spectra of ARG-
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5@SMSP-10 min and ARG-5@SMSP-60 min (figure 6.13a) did not show any band
related to ARG, so confirming its total desorption. Instead, the characteristic bands
ascribed to ARG were still observed for ARG-11@SMSP-10 min and ARG-
11@SMSP-60 min (figure 6.13b), which confirms the presence of residual ARG in
the carrier. The results of the analysis are summarized in table 6.2.
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Figure 6.13 The FT-IR Spectra of (a) ARG-5@SMSP and (b) ARG-11@SMSP at
different desorption times.
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Table 6.2 Results of the desorption test of ARG-5@SMSP and ARG-11@SMSP.

Sample Time ARG in the carrier ARG desorbed
(min) (%) (%)
0 100 0
ARG-5@SMSP 10 0 100
60 0 100
0 100 0
ARG-11@SMSP 10 66 34
60 48 52

The desorption of a significant lower amount of ARG from the ARG-
11@SMSP sample may be ascribed to a slower diffusion of the ARG molecules
from the SMSP carrier to the receiving solution due to the presence of a disordered
porosity with ink-bottle pores. Moreover, the interaction of the ARG molecules
with the silica surface in ARG-11@SMSP may also contribute to this behavior. It
may be speculated that the zwitterionic form of ARG present in ARG-11@SMSP,
which is characterized by the delocalized negative charge of the carboxylic groups,
may establish stronger dispersion interactions with the silica surface with respect to
the protonated form of ARG (which is positively charged) 7 present in ARG-
5@SMSP. Indeed, dispersion interactions have already been found to play a crucial
role, together with H-bonding, in the interaction strength of drug molecules with
the silica surface »*.

Moreover, H-bonding interactions between silanols and negatively charged
carboxylate groups are expected to be stronger than those between silanols and
carboxylic groups (present in the protonated ARG). This could also contribute to a
stronger interaction between ARG molecules and the silica surface in ARG-
11@SMSP than in ARG-5@SMSP.

In conclusion, the desorption tests revealed that ARG could be desorbed in
water by both systems, i.e., SMSP impregnated at pH 11 and at pH 5. A complete
desorption was observed from the SMSP impregnated at pH 5, whereas the
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desorption appeared to be less extensive from the silica impregnated at the original
basic conditions.

6.4 Conclusions

SMSP (with particle sizes ranging from 0.15 um to 0.80 um and average pore
diameter of 2.4 nm) have been loaded with ARG (with a final content of 9.1 %w/w)
through the wet impregnation technique by using water as a solvent. From the
nitrogen sorption and FESEM analyses it can be concluded that the impregnation
performed at the original basic pH of the ARG solution (i.e., pH = 11) induced a
significant modification of the porosity and of the surface of the particles, due to
degradation ascribed to partial silica dissolution and reprecipitation. Instead, the
impregnation performed by adjusting the pH of the ARG solution to acidic
conditions (about 5) did not affect the carrier. The ARG was present in the SMSP
carrier in its amorphous form in all samples. From the FT-IR analysis, it emerged
that the ARG molecules were present as zwitterionic species in the samples
impregnated at basic pHs and as positive protonated species in the sample
impregnated at acidic pH.

The preliminary desorption tests showed that, despite the degradation of the
carrier, also the SMSP impregnated at the original basic pH of the ARG solution
were able to desorb ARG. Nevertheless, the desorption appeared less extensive than
that observed for the carrier impregnated at acidic pH. This suggests that the
desorption was inhibited by the disordered porosity with ink bottle pores formed by
degradation and, possibly, also by the stronger interactions between the zwitterionic
ARG molecules and the silica surface.
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Chapter 7
Impregnation of Mesoporous Silica
Microspheres with l-arginine

7.1 Introduction

In this chapter the work presented in Chapter 6 is extended to a second type of
mesoporous silica particles as carriers for ARG. As stated in chapter 6, SMSP
suffered from degradation during the loading of ARG. The degradation could be
favored by the fact that SMSP probably present thin pore walls, on the basis of the
preparation process carried out at room temperature and due to the template used in
the synthesis . Thin pore walls could, in fact, be more vulnerable to degradation
after their exposure to an alkaline environment. Indeed, MCM-41-type mesoporous
silicas usually present wall thickness of about 1 nm ',

In the attempt to overcome this limitation, MSM was considered for
impregnation with ARG solution. As described in Chapter 3, MSM were prepared
using Pluronic as the template and a hydrothermal treatment during the synthesis,
similarly to the procedure used for the synthesis of SBA-15 3. It is known that SBA-
15 type silica present higher stability due to their thicker walls (3.1 to 6.4 nm) as
well as larger pores (from 4.6 to 30 nm) when compared to MCM-41 silicas *.

For this purpose, sample MSM-1°C/min was chosen for the loading of ARG as
it presents higher surface area and pore volume. The ARG loading was performed
through the wet impregnation method at different pH values of the impregnating
solution, as described in Chapter 6 for SMSP. The characterization of the
physicochemical properties of the material after ARG incorporation was carried out
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using the same techniques used for SMSP, i.e. nitrogen sorption analysis, Field
Emission Scanning Electron Microscopy (FESEM), X-ray diffractometry (XRD)
and Fourier transformed infrared spectroscopy (FT-IR). Furthermore, a preliminary
desorption test was performed in water to investigate the effect of the pH of the
impregnation process on the desorption ability of the carrier.

7.2 Experimental

7.2.1 MSM synthesis and ARG loading

The synthesis of MSM-1°C/min sample was performed following the procedure
reported in chapter 3 (subsection 3.3.2). The loading of ARG was carried out at pH
5 and pH 11 according to the same procedure described in Chapter 6 (subsection
6.2.2) of this thesis. The obtained materials were named ARG-x@MSM-1°C/min,
where x indicates the pH value of the ARG/H20 impregnating solution.

7.2.2 Instrumental characterization

The nitrogen sorption analysis was performed using a Quantachrome AUTOSORB-
1 instrument. Before the adsorption measurements, MSM-1°C/min was outgassed
for 2 h at 150 °C, while the samples loaded with ARG were outgassed at 70 °C for
2 h. The BET specific surface areas (SSAger) were calculated in the relative
pressure range of 0.04 - 0.1. Pore size distribution was achieved by the DFT method
from the desorption branch of the isotherm and the average pore size was
determined from the distribution. The total pore volume was determined at a
relative pressure of about 0.99.

The FESEM images were recorded with a Fei Quanta 200F instrument. The X-
ray diffraction (XRD) patterns were obtained with a PANalytical X’Pert
diffractometer (Cu Ko radiation, wavelength = 1.54187 A). The data were collected
from 5° to 60° (20) with a step size of 0.026° (20).

The FT-IR analysis was performed using a Bruker Equinox 55 spectrometer.
The FT-IR spectra of materials were obtained on self-supported pellets, prepared
by pressing the powder with a hydraulic press. All samples were outgassed in high
vacuum (residual pressure equal to 0.1 Pa) at room temperature for 1 h. The spectra
were obtained from 4000 cm™! to 600 cm™ with a resolution of 2 cm™.
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7.2.3 Preliminary desorption test

A preliminary desorption test was performed by soaking the ARG-x@MSM-
1°C/min samples in water at 35 °C and under continuous stirring. Different batches
were prepared by soaking 10 mg of ARG-x@MSM-1°C/min in 10 ml of water. The
final pH of the medium was about 7 and it remained constant during the test.

At prefixed times (10 and 60 minutes) samples were recovered from the
desorption test (ARG-x@MSM-1°C/min-ymin, where y indicates the time at which
the powder was collected) and analyzed by FT-IR spectroscopy. The obtained
spectra were compared with the spectra of ARG-x@MSM-1°C/min and a semi-
quantitative analysis of ARG content present in the samples was carried out
considering the most intense absorption band of ARG, at 1670 cm', which
corresponds to the stretching vibration of the guanidine, as described in chapter 6
(subsection 6.2.4).

7.3 Results and Discussion

7.3.1 Characterization of ARG-x@MSM-1°C/min

Figure 7.1 shows the nitrogen adsorption-desorption isotherm of MSM-1°C/min
and pore size distribution before and after the loading of ARG. The values of
SSAgeT and pore volume are summarized in table 7.1.

The isotherms (figure 7.1a) of the samples loaded with ARG (i.e. ARG-
5@MSM-1°C/min and ARG-11@MSM-1°C/min) are both similar to that of MSM-
1°C/min as such. In addition, no significant change could be observed in the pore
size distribution (figure 7.1b) for both sample ARG-5@MSM-1°C/min and sample
ARG-11@MSM-1°C/min when compared to the as synthesized material (MSM-
1°C/min).

At variance with what previously observed for sample ARG-11@SMSP, where
a significant change in the adsorption-desorption isotherms occurred upon ARG
loading at basic pH (Chapter 6 subsection 6.3.1), these results suggest that the
impregnation process did not affect the porosity of the carrier.
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Figure 7.1 (a) The nitrogen adsorption-desorption isotherms and (b) PSD of MSM-
1°C/min, ARG-5@MSM-1°C/min and ARG-11@MSM-1°C/min.
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As illustrated in table 7.1 a decrease in the SSAggt and pore volume could be
observed for samples ARG-5@MSM-1°C/min and ARG-11@MSM-1°C/min with
respect to the as-synthesized MSM. This is ascribed to the adsorption of the ARG
molecules on the surface of the MSM-1°C/min material.

Table 7.1 SSAger and Pore volume of MSM-1°C/min, ARG-5@ MSM-1°C/min and
ARG-11@ MSM-1°C/min.

Sample SSABET (m?/g) Pore volume (cm?/g)
MSM-1°C/min 674 1.64
ARG-5@ MSM-1°C/min 515 1.54
ARG-11@ MSM-1°C/min 433 1.62

FESEM images of MSM, ARG-5@MSM-1°C/min and ARG-11@MSM-
1°C/min are reported in figure 7.2. No remarkable changes in the morphology or
roughness of particles surface can be observed for both samples ARG-5@MSM-
1°C/min (figure 7.2b) and ARG-11@MSM-1°C/min (figure 7.2¢) when compared
to the MSM-1°C/min (figure 7.2a) as such. As far as sample ARG-11@MSM-
1°C/min is concerned, connections and junctions between the spheres are visible in
the FESEM image (figure 7.2c), which may be due to partial dissolution and
reprecipitation of silica. Nevertheless, the above result suggests that MSM-1°C/min
are more stable toward the loading of ARG than SMSP (Chapter 6), in accordance
with the results obtained from the nitrogen sorption analysis (figure 7.1). This
behaviour may be ascribed to a higher stability of MSM-1°C/min in alkaline
environment, as expected for an SBA-15-type silica when compared to an MCM-
41-type one.
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(2)

(b) (©)

Figure 7.2 The FESEM images of (a) MSM-1°C/min, (b) ARG-5@ MSM-1°C/min
and (c) ARG-11@ MSM-1°C/min (magnification 20.00 K X).

In order to characterize the physical state of ARG inside the MSM-1°C/min
pores, an XRD analysis was performed on samples ARG-5@MSM-1°C/min and
ARG-11@MSM-1°C/min. The XRD patterns of MSM-1°C/min, ARG-5@MSM-
1°C/min and ARG-11@MSM-1°C/min and pure ARG are shown in figure 7.3. The
XRD patterns of MSM-1°C/min (for comparison), ARG-5@MSM-1°C/min and
ARG-11@MSM-1°C/min are typical of amorphous silica and no peaks due to
crystalline ARG are observed in ARG-5@MSM-1°C/min and ARG-11@MSM-
1°C/min samples, suggesting the presence of ARG in its amorphous form.
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Figure 7.3 The XRD patterns of MSM-1°C/min, ARG-5@MSM-1°C/min, ARG-
11@MSM-1°C/min and pure ARG.

The characterization of the ARG molecules inside ARG-5@MSM-1°C/min
and ARG-11@MSM-1°C/min was carried out by means of FT-IR spectroscopy.
Figure 7.4 reports the FT-IR spectra of MSM (for comparison), ARG-5@MSM,
ARG-11@MSM and pure ARG. As previously discussed (Chapter 3 subsection
3.3.1), the spectrum of the MSM-1°C/min as such is typical of amorphous silica,
with the narrow band at 3740 cm™ due to the isolated silanols and a broad
absorption band at about 3500 cm™ due to H-bonded silanols °. As far as samples
ARG-5@MSM-1°C/min and ARG-11@MSM-1°C/min are concerned, a decrease
in the intensity of the band due to the isolated silanols at 3740 cm™ and a broad
absorption band between 3500 cm™ and 2500 cm™! are observed, revealing the
occurrence of H-bonding interactions between the silica surface and the ARG
molecules, as for the ARG-x@SMSP samples. For sample ARG-11@MSM-
1°C/min, the spectrum in the 1700-1300 cm™! range is very similar to that reported
for ARG-11@SMSP (Chapter 6 subsection 6.3.1): two bands at 1670 cm™ and at
1630 cm™, which correspond to the antisymmetric and symmetric stretching of the
guanidine group, respectively, and a shoulder at about 1560 cm™ ascribed to the
antisymmetric stretching of COO™ carboxylate groups can be observed, suggesting
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the presence of the zwitterionic form of ARG %’. Instead, in the spectrum of ARG-
5@MSM-1°C/min the antisymmetric stretching of COO™ at about 1560 cm’
disappeared, indicating the protonation of the carboxylate groups in the sample

impregnated at pH 5, as observed for sample ARG-5@SMSP (Chapter 6 subsection
6.3.2) 8.
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Figure 7.4 FTIR spectra of MSM-1°C/min, ARG-5@MSM-1°C/min, ARG-11@
MSM-1°C/min and pure ARG.

7.3.2 Preliminary desorption test of ARG

The aim of the desorption test was to evidence if the pH of the impregnating
solution could affect the desorption of ARG as previously observed for the ARG-
x@SMSP samples (Chapter 6 subsection 6.3.3). The FT-IR spectra of the powders
recovered after the desorption tests (10 minutes and 60 minutes) are reported in
figure 7.5. As far as sample ARG-5@ MSM-1°C/min is concerned, a complete
release within 10 minutes was observed. On the other hand, about a half of the
original ARG amount was released in the same time interval by the ARG-
11@MSM-1°C/min sample. A similar behavior was also observed for samples
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ARG-5@SMSP and ARG-11@SMSP (Chapter 6 subsection 6.3.3). The results of
the analysis are summarized in table 7.2.
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Figure 7.5 FT-IR Spectra of (a) ARG-5@MSM-1°C/min and (b) ARG-11@MSM-
1°C/min at different desorption times.
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Table 7.2 Results of the desorption test of ARG-5@MSM-1°C/min and ARG-
11@MSM-1°C/min.

Time ARG in the carrier ARG desorbed
Sample

(min) (%) (%)
0 100 0
ARG-5@MSM-1°C/min 10 0 100
60 0 100
0 100 0
ARG-11@MSM-1°C/min 10 42 58
60 35 65

From the analysis of the data obtained from the desorption tests, it could be
concluded that the desorption behavior is affected by the pH of the ARG solutions
used for the impregnation. Indeed, both silica samples (SMSP and MSM-1°C/min)
impregnated at acidic pH (i.e. ARG-5@SMSP and ARG-5@MSM-1°C/min),
showed a complete desorption of the ARG molecules within 10 minutes. On the
other hand, the samples impregnated at pH 11 (i.e., ARG-11@SMSP and ARG-
11@MSM-1°C/min) still contain some ARG molecules after 1 hour of contact with
water. Due to the large pores present in the MSM carrier, this difference is
eventually ascribed to the different interaction between the ARG molecules and the
silica surface.

Generally, three kinds of interactions may arise between amino acids and a
silica surface: (1) electrostatic forces between the amino acid ions and charged
SiOH" and SiO; (2) hydrogen bonds between the amino acid molecules and/or ions
and SiOH; (3) hydrophobic interactions between the side chain of the amino acid
and the Si-O-Si groups *.

As discussed in Chapter 6 (subsection 6.3.3) it may be speculated that the
zwitterionic form of ARG present in ARG-11@SMSP and ARG-11@MSM-
1°C/min, which is characterized by the delocalized negative charge of the
carboxylic groups, may establish stronger dispersion interactions with the silica
surface with respect to the protonated form of ARG (which is positively charged
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and is present in ARG-5@SMSP and ARG-5@MSM-1°C/min). Indeed, dispersion
interactions have already been found to play a crucial role, together with H-
bonding, in the interaction strength of drug molecules with the silica surface °.

Moreover, H-bonding interactions between silanols and the negatively charged
carboxylate groups are expected to be stronger than those between silanols and
carboxylic groups (present in the protonated ARG). This could also contribute to a
stronger interaction between ARG molecules and the silica surface in the samples
impregnated at basic pH.

Besides all the above considerations, a certain degree of occlusion of the ARG
molecules in both mesoporous silicas impregnated at basic pH, due to the partial
dissolution and reprecipitation of silica, cannot be ruled out, so accounting for the
desorption of only a fraction of the loaded arginine molecules.

7.4 Conclusions

MSM (with particle sizes in the 2 - 5 um range and average pore diameter of 12
nm) were loaded with ARG through the wet impregnation technique by using water
as a solvent. The nitrogen sorption analysis and FESEM analysis evidenced that the
impregnation process carried out at acidic pH (i.e., pH = 5) and basic pH (i.e., pH
=~ 11) did not induce any significant change in the porosity and in the surface of the
particles. Nevertheless, a certain degree of dissolution and reprecipitation of silica
cannot be ruled out, since evidence of connections and junctions among MSM
particles loaded at basic pH was revealed by the FESEM images.

The XRD analysis revealed that ARG was present in the carrier in its
amorphous form in all samples. FT-IR spectroscopy showed that the ARG
molecules were present as zwitterionic species in the samples impregnated at basic
pHs and as positive protonated species in the sample impregnated at acidic pH.

The preliminary desorption tests showed that both samples were able to desorb
the loaded ARG. The desorption of ARG from the sample impregnated at basic pH
(ARG-11@MSM-1°C/min) was more limited than that observed for the carrier
impregnated at acidic pH (ARG-5@MSM-1°C/min) so evidencing that the
desorption was affected by the pH of the impregnating solutions. In particular, the
results of the tests revealed that the sample impregnated at pH 5 released the total
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amount of the loaded ARG within 10 minutes while the sample impregnated at pH
11 released a smaller amount (about 58 %) in the same time interval.
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Conclusions and Outlooks

During the last decades, mesoporous silica (MS) has gained much interest in
the dermatological field owing to its unique physicochemical properties and its
ability in promoting blood clotting as well as wound healing.

In this PhD thesis MS spheres were chosen as materials to develop novel drug
carriers for the delivery of therapeutic molecules for the treatment of wounds.

The first part of this research project focused on the development of a novel
hemostatic material based on mesoporous silica (MS) loaded with tranexamic acid
(TXA), which can exploit the hemostatic ability of the carrier (i.e. MS) and prevent
any possible dissolution of the clot by releasing the TXA. TXA was chosen as a
drug in this research activity due to its antifibrinolytic effect. To the best of my
knowledge, this was the first attempt to use MS as a carrier for TXA. For this
purpose, the hemostatic ability of two mesoporous silica materials with different
physicochemical properties was investigated and TXA was then loaded into the
carrier with the best hemostatic performance.

In particular, MSM (with an average pore diameter of 25 nm and particle size
ranging from 1 to 5 um) and SMSP (with an average pore diameter of 2.4 nm and
particle sizes ranging from 0.15 to 0.80 um) were synthesized, characterized and
their hemostatic ability was assessed through a clotting blood time test. The
hemostatic performance of the materials was successfully confirmed, suggesting
their potential use during the management of bleeding. In particular, the study
evidenced that the MSM-15°C/min sample, characterized by the largest pores and
the most hydrophilic surface possessed the best hemostatic ability, in accordance
with the literature. Moreover, the hemolysis assay showed that all the samples
presented good hemocompatibility.

TXA was loaded into MSM-15°C/min sample, which presented the best
hemostatic ability, through an incipient wetness impregnation technique. The
clotting blood time test confirmed that the presence of TXA on the surface of the
material did not affect its ability in inducing the activation of the coagulation
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cascade. A preliminary in vitro release test showed that the material was able to
deliver TXA to the release medium within one hour, which makes this carrier
suitable to control hemorrhages during emergencies as requested by the CRASH-2
(Clinical Randomization of an Antifibrinolytic in Significant Hemorrhages-2) trial.

In conclusion, the achieved results evidence that the prepared material is
promising for the development of new topical hemostats for bleeding management
in emergency. However, future outlooks should consider:

e an insight into the safety of mesoporous silica-based materials in the
hemostasis field, since the literature offers variable data and
interpretations on this issue;

e therelease of TXA in more complex systems mimicking the application
conditions;

e in vivo test on animal models.

The second part of this PhD thesis focused on the study of the impregnation of
mesoporous silica with arginine (ARG), with the goal to develop a multifunctional
material for wound treatment, which combines the beneficial action of both MS and
ARG. ARG, in fact, is an amino acid that may have a beneficial role in tissue repair
of acute and chronic wounds.

In particular, the research work focused on the effect of the pH of the
impregnating solution on the stability of the MS carrier. To this purpose, SMSP
were loaded with ARG through the wet impregnation technique at different pHs
(i.e., 5,9, 10 and 11). From the results it emerged that the impregnation performed
at the original basic pH of the ARG solution (i.e., pH = 11) induced a significant
change in the porosity and in the surface of the particles, probably due to
degradation ascribed to partial silica dissolution and reprecipitation. On the other
hand, the impregnation performed adjusting the pH of the ARG solution to acidic
conditions (about 5) did not affect the carrier.

In order to overcome this degradation issue, MSM, which should present
higher stability when compared to SMSP, was considered as an alternative carrier
for the impregnation with ARG solutions (at pH 5 and 11). The results revealed that
the impregnation process performed at both acidic (i.e., pH = 5) and basic pH (i.e.,
pH = 11) did not induce any significant modification of the porosity and of the
surface of the particles. However, a low degree of dissolution and reprecipitation of
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MSM impregnated at basic pH cannot be excluded, since the FESEM images
evidenced the formation of connections and junctions between the particles.

Finally, the release of ARG was studied from both carries (i.e. SMSP and
MSM) impregnated at acidic pH (i.e., pH = 5) and basic pH (i.e., pH = 11). The
desorption tests carried out in water evidenced that ARG could be desorbed in water
by all systems. A complete desorption was observed from both samples (SMSP and
MSM) impregnated at pH 5, whereas the desorption appeared to be less extensive
from the samples impregnated at basic conditions.

In conclusion, the outcomes indicate that MS spheres are not inert toward the
loading of ARG. However, the integrity of the carrier can be controlled by
controlling the pH of the impregnating solution. Future research should consider:

e the study of the in vitro release of ARG from the different carriers in
more complex systems mimicking the application conditions;

e the investigation of the dissolution of SMSP and MSM and the delivery
of orthosilicic acid Si(OH)s in simulated physiological conditions;

e the study of the ability of ARG loaded SMSP and MSM in improving
the wound treatment with suitable cellular models.






