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Summary

The bone tissue regeneration induced by biomimetic biomaterials is a very
promising and alternative method to treat the fractures caused by a trauma or
disease such as osteoporosis compared to the clinical methods normally adopted.
The overall goal is the design of nanostructured bioactive scaffolds that are able to
reproduce the morphology and physiological features of the native tissue to guide
the cells during the regeneration process. In this scenario, collagen-based
scaffolds represent a promising tool to mimic the physico-chemical and nano-
structural characteristics of bone extracellular matrix (ECM), moreover, the
electrospinning (ESP) process can support the design of complex structures with
the final shape and porosity similar to the ECM. Moreover, also mesoporous
bioactive glasses (MBGs) or nano-hydroxyapatite (nano-HA) can be combined
with collagen for the production of multifunctional therapeutic scaffolds; in
particular, MBGs have high exposed surface area and pore volume that can be
exploited for a surface grafting of different biomolecules, and both MBGs and
nano-HA composition can be enriched by the incorporation of therapeutic
elements (i.e., Sr). However, ESP require a complex optimization of biomaterial
formulations to preserve its high biocompatibility without the loss of the native
protein structure.

In this context, the research activities conducted during this PhD, were
focused on the design of collagen-based constructs for bone tissue engineering,
starting from the development of Sr containing MBGs grafted with a biomolecule
to reversibly inhibit osteoclast activity (ICOS-Fc), followed by the optimization
and characterization of the material formulations for the ESP process and the most
suitable crosslinking strategy.

Concerning MBGs, two synthesis routes were selected for their production
with a binary composition based on SiO2 and CaO enriched with Sr therapeutic
ions, a base-catalyzed sol-gel method and an aerosol assisted spray-drying
approach. These two syntheses allowed to produce nano-sized particles and
micro-sized particles, respectively, with different characteristics. Then MBGs



surface were functionalized with amino groups, and the subsequent grafting of
ICOS-Fc was performed with a coupling method to link carboxyl groups of ICOS-
Fc to the amino groups of MBGs, in order to obtain a multifunctional material that
can reversibly and specifically inhibit only the osteoclasts migration and
differentiation.

Then, the application of type I collagen was explored for the design of
biomimetic scaffolds using the ESP technology, where different collagen
concentrations and process parameters were indagated focalizing in particular on
the preservation of the protein structure. Subsequently, MBGs or nano-HA were
combined with the optimized solutions, and electrospun to obtain collagen-based
constructs with a nano-fibrous morphology and a well dispersed inorganic phase.
The effect of the acidic solvent used during the ESP on the grafted ICOS-Fc
activity was also studied, resulting in a significant loss of activity only for
nanoparticles. Finally, different chemical crosslinking methods were investigated
to enhance the mechanical properties of the collagen-based membranes: an N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide ~ (EDC)/ N-Hydroxysuccinimide
(NHS) coupling and a crosslinking with a photoinitiator (Rose Bengal), in order to
link the carboxyl and amino groups present in the collagen chains.
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Thesis goals

Bone tissue, after a fracture generally fully regenerate in 6-8 weeks, under normal
healing conditions[1], however, even if bone shows excellent regenerative
activity, 10-15% of fractures results in an unsuccessful healing with a delay or in
some cases also a non-union fracture[2]. In addition, there are some risk factors
such as aging and the related bone pathologies that increase the possibility of the
unsuccessful bone healing and, consequently, with the increasing of elderly
people, also the number of delayed or non-union fracture is expected to affect
more patients in the next future. These impaired healing outcomes are still a
critical clinical challenge in particular due to the patient clinical situation such as
age or osteoporosis, even if recent advancements in terms of biomaterials and
surgical strategies for the treatment of these types of fractures and the support of
the of the bone regeneration in compromised situations were studied[3-5].

In the last decades, many biomaterials have been studied and developed in
order to repair the damaged bone tissue or for the replacement of the tissue, with
the aim to overcome the clinical challenges associated to the compromised bone
healing. One of these types of biomaterials includes the bioactive ceramics widely
used for the excellent bioactivity for the ability to induce the formation of a
hydroxyapatite layer very similar to the natural bone component, that form a
chemical bonding between the bone tissues and the biomaterial[2]. The
morphological and textural characteristics of the bioactive ceramics were studied
and modified over the years, with the objective of improve the biological
performances, also for the delivery of therapeutic agents in order to enhance the
unsuccessful healing of the compromised bone tissue[l1]. With this idea, the
combination of the bioactivity of bioactive ceramics and the release of therapeutic
agents to obtain specific biological effects is a key challenge to consider for the
development of biomaterials[6].

Considering the natural composition of bone[7], the hydroxyapatite particles
are often exploited in the bone tissue engineering, thanks to the ability to release
calcium ions as dissolution product, moreover, in the hydroxyapatite particles
therapeutic species such as Sr (similar to Ca) can be incorporated in order to
obtain biological functions, in particular influence the osteoblast activity[8—10].



A considerable attention in this scenario is focused on mesoporous bioactive
glasses (MBGs), that are used as multifunctional biomedical biomaterials since
the proposal by Prof Zhao in 2004[11] and Prof. Vallet-Regi in 2006[12], these
nano-structured bioactive glasses based on the composition SiO2-CaO-P20s shows
optimal textural properties characterized in terms of very high surface area and a
regular porosity typical of silica based mesoporous materials. As for
hydroxyapatite, also for MBGs, through the incorporation of specific therapeutic
species, the composition of MBGs can be enriched in order to obtain different
biological functions. Moreover, MBGs were used in the development of different
variety of scaffold for the tissue engineering and in particular for bone
regeneration due to their peculiar characteristics, in order to create scaffold with
hierarchical porosity and enhanced biocompatibility and osteoconductivity[13], as
well as nanocarriers thanks to the very accessible mesoporous structure and high
surface area. In particular, in bone tissue regeneration conventional administration
routes (i.e., injection or oral administration) are characterized by low therapeutic
tissue levels and several side effects due to the non-efficient delivery to the
pathological site[14]. Based on these issues, biomaterials were used to achieve a
sustained drug release that enhances the delivery efficiency and maintaining the
therapeutic dose over the time near the pathological site. For these reasons, the
design of new systems able to exert multiple and combined effects to overcome
the compromised bone healing is considered a critical issue[15]. However, some
drawbacks have limited the practical use and the clinical translation of MBGs, in
particular the difficulty of their administration at the pathological site in the
powder form (i.e., in the bone fracture cavity), thus their combination with
polymers has been widely explored to enlarge their clinical potential and to
further reproduce the complex structure of bone at multiple scale levels.

For this purpose, type I collagen is a natural polymer that is present in the
bone extracellular matrix; collagen has excellent biological properties due to the
high density of amino acid sequences that positively influence the cells
recognition and adhesion[16, 17]. However, the use of collagen in bone tissue
engineering is highly limited by its low biomechanical properties[18-20], to
overcome these problems, the stability of collagen can be improved after the use
of different strategies of crosslinking[21].

Besides the different physico-chemical characteristics, a scaffold that mimic
the architecture of the native bone at different scales may represent a promising
tool in the bone tissue engineering for directing the bone tissue regeneration[16,
22]. One of the most used techniques to achieve this characteristic is the



electrospinning, this technique was typically used in order to process polymers
due to the ability to design constructs that can mimic the submicrometric fibrous
structure of the natural extracellular matrix[23—25]; moreover, the constructs
obtained from this technique consist in flexible membranes that can be adapted to
different zones, in particular in the pelvis zone. Nevertheless, several issues
deriving from this technique consist in natural polymers processing (such as
collagen) that should preserve the physico-chemical and structural characteristics
of the native protein, and the reaching of high concentrations of inorganic phases.

In this scenario, the research conducted in this PhD was focused on the design
and development of multifunctional biomimetic scaffolds able to reproduce the
best native features and that can guide the healing and the restoration of the
natural tissue balance in pelvis zones. Therefore, the use of type I collagen and the
development of an inorganic phase (MBGs) with both pro-osteogenic and anti-
osteoclastogenic effects were explored.

Most of the research activities were conducted in the frame of the GIOTTO
European Project (Active aGelng and Osteoporosis: The next challenge for smarT
nanobiOmaterials and 3D technologies; NMBP-22-2018, GA 814410) aimed at
designing biomimetic scaffolds for osteoporotic fractures, also able to provide
biochemical and structural stimuli to rebalance the osteoblast and osteoclast
activities in the case of osteoporosis.

In particular, the first aim of this PhD thesis was to produce MBGs particles
with a binary composition (based on SiO:2 and CaO) with therapeutic ions
incorporated into the silica framework and grafted with a biomolecule able to
reversibly inhibit the osteoclasts activity. To this purpose, the Sr type of
therapeutic ions and the amount added during the synthesis were selected by
following the idea to exert pro-osteogenic effects, since Sr ions are well-known
for their pro-osteogenic properties[26, 27]. Moreover, two types of particles
production were explored to obtain nano- and micro-sized samples with different
morphology, size, and structural features since and, since the method to obtain the
microparticles is a process that can be easily scalable, I traveled to Porto, Portugal
to perform trials to scaling-up this type of synthesis in collaboration with
FLUIDINOVA company (a partner involved in the GIOTTO project) by using the
industrial spray drier located in FLUIDINOVA facility. In the second step, the
grafting of ICOS-Fc biomolecule (a recombinant molecule developed by
NOVAICOS company[28], a partner involved in the GIOTTO project) was
explored in order to enrich the therapeutic potential of the MBGs and to obtain a



synergistic effect (results reported in chapter 3). ICOS is a T-cell co-stimulatory
surface receptor is normally expressed in T cells that can bind its ligand (ICOSL)
expressed by several type of cells including osteoclasts, the bond between ICOS
and ICOSL is also involved in the bone turnover and the administration of the
soluble form of recombinant ICOS (ICOS-Fc) proved to reversibly inhibit the
human osteoclast activity in vitro and in vivo in mice can inhibit the development
of experimental osteoporosis[29]. The grafting of ICOS-Fc was carried out in two
steps: first, an amino modification of the MBGs surface was performed by
exploiting the numerous silanol groups present, while in the second step, the
grafting was performed by using a carbodiimide-mediated coupling reaction to
link the amino groups on MBGs surface and the carboxyl groups of ICOS-Fc
molecule; moreover, since the carboxyl groups are present only in the Fc domain
of ICOS-Fc[28], this approach also allows a right orientation of ICOS-Fc¢ when
grafted on MBGs surface. The biological evaluation of the obtained samples was
carried out in collaboration with NOVAICOS company.

The second goal consisted in the fabrication of fibrous collagen-based
constructs enriched with an inorganic phase: strontium containing nano-
hydroxyapatite (Sr-nano-HA) provided by FLUIDINOVA company or the Sr
containing MBGs grafted with ICOS-F¢ (MBGs-Sr-ICOS-Fc). To achieve this
aim, the first step consisted in testing different protein concentration in the
solvent, an acetic acid solution selected as greener solvent compared to other
solvents generally used for the electrospinning process, to obtain a fibrous
membrane with the right feature to mimic the extracellular matrix. The
preservation of the physicochemical and structural properties of the protein,
alongside the morphological features of the resulting scaffolds were investigated.
Then, the second goal was the incorporation of the inorganic phase in the
constructs; this goal was achieved by suspending the inorganic phase in the
collagen solution prior to the electrospinning at different concentration in order to
study the best concentration that can be electrospun to obtain a scaffold with a
good morphology of collagen fibers and with a well dispersed inorganic phase.

Finally, in order to improve the stability and the properties of the collagen
constructs, two different chemical crosslinking methods were explored. In details,
the crosslinking with  1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) and the chemical
crosslinking using a photoinitiator called Rose Bengal (RB) were investigated.
The EDC/NHS coupling is a “zero length” crosslinking that can connect amino
groups with carboxyl groups in order to form amide groups; while RB is a



photoinitiator already used in clinical applications, even if the exact mechanism
involved in the crosslinking with RB remains to be clarified[30], a possible
mechanism where amide groups were formed is reported in literature[31]. The
related results of the scaffold design and production are reported in chapter 4.



Chapter 1

State of the art

1.1 Introduction

In this PhD research work was developed a collagen-based scaffold for
stimulating and supporting bone tissue regeneration in pelvis osteoporotic
fractures. The developed is required to be flexible, in order to fit in the pelvis
zone, and to stimulate the bone tissue regeneration and the restoration of the
natural tissue balance through the combination of the following biomaterials: type
I collagen, mesoporous bioactive glasses (MBGs) and strontium substituted nano-
hydroxyapatite (Sr-nano-HA). Moreover, in addition to these materials, the ICOS-
Fc biomolecule was exploited for its anti-osteoclastogenic effect.

In this chapter a brief overview of the fracture healing process and the
osteoporosis disease is reported, as well as the limitations of the current but not
very effective treatments available for osteoporotic fractures. Moreover, a more
detailed overview of the various biomaterials used in this thesis for the treatment
of osteoporotic fractures is reported, in particular the natural polymer type I
collagen, hydroxyapatite, and bioactive glasses were detailed in sections 1.5.3,
1.5.4 and 1.5.5, respectively. Finally, the electrospinning methods of collagen and
collagen with inorganic phases and its open issues were described as well, also
focusing on crosslinking methods to improve the membrane properties in section
1.6.



1.2 Bone fracture healing process and osteoporosis disease

Bone is a tissue with the intrinsic capacity to self-regenerate and self-repair after
suffering an injury[32], moreover, during the skeletal development and
throughout the adult life this tissue undergoes a continuous remodeling[33]. Bone
regeneration comprehend many biological events involving different types of cells
and intracellular and extracellular signaling pathways[34, 35]. The bone fracture
healing can be classified into primary and secondary healing[32], where primary
healing occurs in total absence of motion and consequently fractured bone should
be fixed, and in secondary healing there is a limited motion in the site promoting a
formation of a callus leading an internal immobilization of the fractured bone[32,
36]. Bone healing process is divided in three overlapping phases: inflammatory
phase where there is an influx of primitive mesenchymal stem cells (MSCs) into
the fracture site, reparative phase in which MSCs differentiate into fibroblast,
chondrocytes and osteoblasts and start the ossification and the formation of hard
and soft callus then replaced with woven bone; finally, the last phase called
remodeling phase involves the substitution of the woven bone with lamellar bone
by osteoblasts and osteoclasts and can last up several years[32].

Despite the intrinsic self-healing properties, under normal conditions 10-15%
of fractures manifest delay or non-union situations[1, 2, 32] and, additionally,
with the increase of elderly people and the related pathological conditions the
number of unsuccessful healing phases is expected to rise in the future[37]. One
of the most known of this type of pathological conditions is osteoporosis, defined
as a skeletal disorder in which a compromised bone strength causes an increased
risk of fracture[38], that generally increase steeply with the age of the patient (in
fact, most of the people affected by osteoporosis are over 75[39, 40]). The World
Health Organization (WHO) defined osteoporosis on the basis of bone mineral
density (BMD) measurements obtained on dual energy X-ray absorptiometry
when the standard deviations result 2.5 or more below the normal peak bone
mass[41, 42]. People affected by osteoporosis show a low bone mineral density
and microarchitectural deterioration of the bone tissue[37, 42, 43], this condition
occurs when there is an altered balance between osteoblast bone formation and
osteoclast bone resorption leading a net loss of bone, as opposed to the normal
conditions where the amount of bone lost is the same of the bone formed[37].
Moreover, the causes of this disease can be categorized into primary causes
further subdivided into Type I associated with menopause or estrogen deficiency
and Type II that are age-related or senile osteoporosis, and secondary causes
including medications, chronic renal disease, endochrine, hematopoietic,



connective tissue and nutrition and gastrointestinal disorders, immobilization, and
inflammatory arthropathy[42]. In addition, there are several osteoporosis risk
factors categorized by the National Osteoporosis Foundation into nonmodifiable
risk factors including personal and first-degree relative history of fractures,
Caucasian race, advanced age, female gender, dementia, and poor health or
frailty; and potentially modifiable including the lifestyle in general (smoking,
alcoholism, recurrent falls, inadequate physical activity, and low life-long calcium
intake) and other risk such as low body weight, estrogen deficiency, and early
menopause[42]. This disease leads to several consequences of people affected in
particular the pain, physical limitations, lifestyle and skeletal changes, if
untreated, that cause also psychologic effects like depression, social isolation and
low self-esteem[44—46]; an example are vertebral fractures that leads to an
increased thoracic kyphosis and decreased size of the thoracic and abdominal
cavities[42].

Additionally, osteoporosis can also be associated with an increased morbidity
and mortality[41], as demonstrated Kado et al. where the age adjusted mortality
rate in women with one vertebral fracture was increased to 1.23x and with five or
more wertebral fractures to 2.3x[47]. Moreover, osteoporosis disease entails also a
high economic burden worldwide due to both direct and indirect costs[38].

1.3 Current treatments of osteoporosis and their
limitations

Nowadays, the effects of osteoporosis can be prevented with non-pharmacologic
treatments such as maintenance of an adequate dietary calcium intake and normal
vitamin D status, balance and exercise training, posture training supports, and hip
protectors; or treated with pharmacological interventions[41, 42]. Some
pharmacological interventions include the administration of bisphosphonates, the
most potent class of drugs in the prevention and treatment of osteoporosis that are
pyrophosphate analogues which strongly bind the hydroxyapatite of bone
inhibiting osteoclast activity; calcitonin that increases the BMD decreasing the
vertebral fracture risk; strontium ranelate that reduces vertebral and non-vertebral
fractures including hip fractures in postmenopausal women with osteoporosis; and
parathyroid hormone that increase bone resorption and formation increasing the
BMD and enhancing the bone architecture and integrity[41, 42]. Neer et al.
showed that the administration of the parathyroid hormone in postmenopausal
women with vertebra fractures resulted in an increase of 10% and 2.8% in lumbar
and hip spine BMD, respectively, decreasing the risk of new vertebra fractures of



65% and non-vertebra fractures of 54% even if only after a 10-months
treatment[48]. Unfortunately, despite the number of effective drugs to treat
osteoporosis is increasing, they present some limitations. The two most important
limitations are the associated side-effects and the decrease of the long-term
efficacy; the side effects concern in particular the risk of atypical femur fractures
and the osteonecrosis of the jaw, even if they are extremely rare and associated
only with the use of bisphosphonates, in addition the risk of side-effects increases
with duration of the therapy influencing the long-term efficacy of the
treatment[49].

1.4 Surgical solutions for osteoporotic fractures

The well-orchestrated bone healing process resulted to be impaired in the
osteoporotic bone such as the delayed expression of estrogen receptor during the
healing that correlated to impairment in callus formation capacity; angiogenesis
and vasculogenesis during the early to mid-phase of healing; the capacity of
extracellular matrix (ECM) production and callus formation; and in particular the
cell recruitment, differentiation, and proliferation during the early phase of
fracture healing[50]. All these defects in the osteoporotic bone led difficulty to
regenerate the bone tissue after an injury, thus, due to the current limitations of the
pharmacological interventions, the design and development of new strategies to
enhance the bone tissue regeneration in osteoporotic fractures are strongly needed.
Moreover, generally the treatments for osteoporotic fractures occur after the
injury, and are ineffective or not very effective especially in some zones like the
pelvis fractures; in fact, the absence of optimal solutions, due to the difficult
location of intervention, currently treated only by invasive surgery and bed rest,
results to an urgency to develop ad hoc devices and personalized treatments that
can be specifically adapted for the positioning in these fracture types, such as
flexible devices that fit in this zone, and capable to stimulate the tissue
regeneration by different and specific combined effects promoting the restoration
of the natural tissue balance.

Generally, pelvis fractures can be treated in two methods based of the type of
fracture derived by Fragility Fracture of the Pelvis (FFP)[51]. Isolated anterior
pelvic ring fractures (FFP type I fractures) are stable, thus can be treated
conservatively and with the use of analgesic, also nondisplaced fracture of the
posterior pelvic ring (FFP type II fractures) can be treated conservatively but
render the patient immobile for long periods, and finally, fractures characterized
by a marked unilateral or bilateral instability of the posterior pelvic ring (FFP type



IIT and IV fractures) rarely heal spontanecously and surgical treatment using
screws and plates is necessary[51, 52] (Figure 1.1). However, as mentioned
above, these methods comport invasive surgery and patient immobility for long
periods.

Figure 1.1:Surgical fixation of a pelvis fracture[52].

Moreover, due to the low number of possibilities for the treatment of pelvis
fractures and the deleterious effects from osteoporosis disease, a device should
help the healing of the osteoporotic bone fracture to achieve a diminution of the
immobilization time of the patient. In order to face this unmet clinical gap and to
overcome the different issues previously described such as the prolonged
regeneration time or the total inhibition of the bone regeneration after the fractures
in patients affected by clinical pathologies (i.e., osteoporosis), or the adaptation of
the scaffold in the pelvic zone, the development of a new typology of scaffold is
necessary. In this context, the tissue engineering is a discipline which exploit a
combination of cells, materials, methods, and both biochemical and
physicochemical factors in order to improve, restore, or replace different types of
biological tissues. Therefore, this scientific area involves the use of these material
combinations in the repairment or replacement of portions of tissues. Moreover,
the tissues involved require different mechanical and structural properties; in fact,
by exploiting the different biological, mechanical and structural properties,
materials and methods of production were used to fabricate multifunctional
scaffolds able to achieve different function for the repair or replacement of the
tissue.

In this thesis work, a scaffold to treat pelvis osteoporotic fractures was
designed and developed exploiting different natural and inorganic materials, and
methods to obtain a thin and flexible membrane in order to better fit to the pelvis
bone location.
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1.5 Biomaterials for the bone tissue engineering

Since osteoporotic fractures does not heal due to the poor regeneration capacity of
the affected bone and their number are increasing in fragile patients, this disease is
the major source of both morbidity and cost of fractures especially in elderly
people[53]. Consequently, the design and development of new types of scaffolds
able to facilitate the bone healing and the restoration of the natural tissue balance
is a critical issue. Many materials and solutions are investigated for the
development of these types of scaffolds in order to improve the life of patients,
such as bone grafts, biomaterials including metallic biomaterials, polymers, and
ceramic biomaterials, as well as different fabrication techniques are examined.

1.5.1 Bone grafts

A common surgical method in order to improve bone regeneration in orthopedic
practice is bone grafting[54, 55]. However, this method shows some issues based
on the type of grafts; specifically, in autografts in which bone tissue from another
part of the patient’s own body is taken and integrated into the host bone rapidly
and completely in terms of revascularization and remodeling[56], in order to
promote bone regeneration, a problem is encountered in case of the donor site
morbidity (such as in osteoporotic fractures) with some several problematics that
can prevent the final successful outcome, moreover, large vessels or visceral
lesions may occur when the bone tissue was taken from other parts of the body.

Instead, in allografts the bone tissue derives from a donor and in this case,
there are significant risks due to immune reactions and infection carrying,
moreover, the bone grafted is low osteoinductive and has no bone cells because it
is devitalized and irradiated or freeze-dried, and finally, there is a restricted donor

supply.
Finally, xenografts consist in taking bone tissue from a different species than

the recipient, but also this method can cause immune reaction besides a rare risk
of transmission of zoonotic diseases[54, 55].

1.5.2 Biomaterials

Biomaterials can limit the use of bone grafts by engineered scaffolds created
exploiting the tissue engineering approach. Biomaterial scaffolds placed in the
injured site can stimulate bone fracture healing and ensure certain recovery of the
natural potential of repair, remodeling, and self-regeneration of the bone tissue[4,
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5], moreover, a biomaterial scaffold should also have the properties to be
osteoinductive by stimulating of the immature cells (MSCs) to differentiate into
preosteoblasts and finally in osteoblasts, osteoconductive to easily integrate with
the adjacent bone tissue, and osteointegrative for direct structural and functional
integration between bone cells of the host and the scaffold[55, 57]. To assure
these effects, scaffolds should be engineered with specific and multifunctional
features[5], including biocompatibility, appropriate mechanical properties and
architecture to promote the diffusion of both nutrients and waste products as well
as cellular penetration, and finally should be bioresorbable and act as delivery of
bioactive agents (Figure 1.2).

“In depth”

Dalivery capahility osteointegration

Biocompatibility Scaffold requirements _ Biodegradability

Mechanical properties Manufacturing technology

Scaffold architecture

Figure 1.2: Requirements of a biomaterial scaffold[54].

The biocompatibility enables the biomaterial scaffold to reduce the immune
reaction that can lead a reduced healing or cause rejection by the body; to
achieves this requirement cells should adhere to the biomaterial scaffold surface,
as well as migrate through the scaffold and proliferate. A biodegradable scaffold
is necessary to let the space to the new native bone tissue formed, with the rate of
degradation that shall be not too fast because this would hinder bone tissue
regeneration and repair with the consequent scar formation, in addition, the
degradation rate of the scaffold should not be too prolonged to avoid a
suppression of extracellular matrix production and cell proliferation. The
appropriate scaffold mechanical properties, such as the shear stresses (the ratios of
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the loaded parallel forces divided by the same face area) that physiological are
usually in the range of thousands of Pa, the strain (the fractional change in length
of a loaded body) commonly measured in microstrain and with a physiological
value usually ranging between 1500 and 3000 microstrain, the Young’s modulus
which represents the ratio between the stress applied and the strain occurring to a
sample with a value between 15 and 25 GPa, and the Poisson’s ratio ( the negative
ratio of the transverse strain component to the longitudinal strain component) that
for bone it is usually between 0.1 and 0.33[58], need to operate from the
implantation until the completion of the formation of new bone tissue. The final
mechanical competence and the porous architecture should be balanced to allow
the cell infiltration and the vascularization, in fact, the architectural features of the
biomaterial scaffold play an essential role in osteoinduction; for example, the
controlled porous microstructure and the high porous interconnectivity facilitate
the penetration, proliferation, and differentiation of cells and, in particular, the
two most important parameters of the porous microstructure are the pore size and
the interconnective porosity, with pores that must be in the range of 50 pm to a
maximum of 150 um for the tissue ingrowth (large enough to allow the cells to
penetrate inside but not too large to lose mechanical properties) and with a
porosity ranging between 50% and 90%][54]. The interconnection between pores
helps the loading of cells into the biomaterial scaffold due to the large internal
surface area; and an adequate pores interconnection permits the diffusion of
oxygen, metabolites, and growth factors, and also the waste products of the cells
as well as the biomaterial can be diffused better out of the scaffold[54].
Biomaterial scaffolds should also have a delivery capability due to the release of
biologically active agents that can induce different properties such as faster
healing[59, 60]; and finally, another important aspect of biomaterial scaffolds to
consider is the manufacturing technology used to its production that must be of
low cost-effective production and with the scale-up of the material production
process easily feasible from laboratory scale to industrial scale in order to be
clinically and commercially viable[54, 61]. To achieve all these features in a
scaffold, different biomaterials can be chosen for the fabrication, based on the
characteristics each of them.

Biomaterials can be classified in three different classes based of the type of
material: metal, polymers which can be further classified into natural or synthetic
polymers[54], and ceramics (Figure 1.3).
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Figure 1.3: Different classes of biomaterials[54].

Metallic biomaterials

Metallic scaffolds comprise a long story of use in the field of bone repair,
such as stainless steel, titanium-alloy, aluminium, and silver because they show
excellent mechanical properties, either in strength and fatigue resistance besides
the ability to rehabilitate the load-bearing bone defects, although they are non-
degradable and require a secondary surgery for their removal or they remain in
situ for the entire lifespan of the implant[55]. However, there are also several
biodegradable metals with similar mechanical properties to the bone tissue, and in
addition, the release of metallic ions could enhance the regeneration of the
tissue[62]. For example, iron has excellent mechanical properties but also a very
slow rate of biodegradation in vivo[63]; contrastingly, magnesium has more
ductile properties, similar to bone, but a fast degradation rate as was found in a
scaffold produced by Cheng et al.[64]. Anyway, metals can be enriched with ions
like strontium or calcium to adapt the mechanical and corrosive properties and
gain bone regeneration properties[65, 66].

Polymers

Natural polymers show a low immunological potential and bioactive
behaviour[67]. There are many polymers investigated for bone tissue engineering,
including polymers naturally presents in humans such as collagen, fibrin, and
elastin but also other natural polymers like silk, chitosan, and alginate. Collagen is
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the most present component of the ECM and provides structural and mechanical
support for the cells, this polymer is principally extracted from animal sources and
processed into hydrogels, foams, or fibers to mimic the native ECM; collagen is
one of the most used biomaterials for its fast biodegradability, poor antigenicity,
very good biocompatibility, and cell adhesion. Collagen scaffolds also showed the
potential to induce vascularization[68—70], but on the other hand, collagen has
poor elasticity and poor mechanical strength, and in fact collagen scaffolds require
the adoption of methods for improve the mechanical properties such as
crosslinking or blending with other polymers[71, 72].

Among the natural polymers, silk is highly used in the field of biomaterials
because it can easily absorb and release water, has an excellent mechanical
strength and it is resistant to UV and oxidation; silk is also highly processable
(can be used to fabricate sponges, films, hydrogels, and mats), and many
characteristics can be controlled via its crystallinity such as its mechanical
strength and degradation rate[55]. Moreover, the structure of the silk presents a
protein called sericin that must be removed in a process to avoid immunological
responses[55]. Ribeiro et al. developed a composite hydrogel consisting of silk
fibroin and nano-hydroxyapatite (a mineral component of the natural bone tissue
with a chemical composition of Ca?"10(OH")2(PO4>)s) with the inorganic particles
uniformly dispersed within the silk fibroin matrix showing macro and
microporous interconnected pores, this composite silk/nano-hydroxyapatite
hydrogel showed a decrease in swelling properties and an increase in the
compression modulus. Moreover, the authors demonstrate that the incorporation
of nano-hydroxyapatite in the silk fibroin matrix improves the cellular metabolic
and alkaline phosphatase (ALP) activities, resulting as a promising material for
bone tissue engineering[73]. Instead, Li et al. studied properties of the silk fibroin-
based nanofibrous scaffold produced by electrospinning incorporated with the
growth factor bone morphogenetic protein 2 (BMP-2) and/or nano-
hydroxyapatite, observing a significant enhance in the bone formation based on
measures of mineralization and transcripts for the genes involved in the
osteogenesis[74]. Finally, Mobini et al. developed a novel 3D composite scaffold
with silk fibers embedded in a porous fibroin matrix prepared by freeze-drying
improving the compressive moduli and stress, in addition this scaffold resulted to
support attachment, proliferation and osteogenic differentiation of human
mesenchymal stem cells[75].

Chitosan is a polymer extracted from chitin, a natural polymer found in
invertebrates, it has antibacterial and biodegradable properties, and is
biocompatible; importantly, biodegradation rate of the chitosan is inversely
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related to the polymer crystallinity that is strongly dependent to the deacetylation
degree: when the degree of acetylation is 0% or 100% the crystallinity reaches the
maximum, in contrast when the deacetylation degree has an intermediate value the
crystallinity decreases[55, 76]. Despite the good properties, chitosan is
mechanically weak and need to be blended with other polymers or inorganic
phases to improve its mechanical stability[55, 77]; in fact Zhang et al. developed
scaffolds consisting in a hydroxyapatite scaffold with chitosan sponges nested
(HC1) or chitosan scaffold incorporated with hydroxyapatite powders (HC2) to
study the effects in vitro, cells in contact with HCI1 scaffolds showed a
significantly higher ALP level and osteocalcin (OC) production, while cells in
contact with HC2 scaffolds exhibited only lower activity in the ALP levels and
OC secretion compared to HC1 but with an increase in the ALP activity and OC
production if calcium phosphate glass were added in the scaffolds[78]. Also,
Thein-Han et al. successfully fabricated chitosan-based scaffolds with
hydrohyapatite incorporated by freezing and lyophilization resulting in a highly
porous structure, greater compression modulus, and slower degradation rate and
an improved cell adhesion, higher proliferation, and well spreading morphology
of pre-osteoblast cells, compared to pure chitosan scaffolds[79].

Finally, the last natural polymer widely used as biomaterial is alginate, a
polysaccharide displaying good biocompatibility and low toxicity when it is with
a high purity. Alginate can be gelated using divalent cations into three-
dimensional (3D) structure, but a negative aspect of alginate is the non-
degradability in mammalian body due to the lack of alginase enzyme. However,
ionically crosslinked gel can break down because of the release of divalent
cations, moreover, increasing the molecular weight of alginate, the mechanical
properties will be enhanced, but also its gelatinous viscosity can cause problems
during the processing. Another method to modulate the alginate mechanical
properties is by changing the level of methacrylation in photocrosslinkable
alginate[55]. Different researchers worked with the alginate polymer, such as
Alsberg et al. that prepared an alginate hydrogel modified with a specific adhesion
ligand-containing peptide in order to promote the osteoblast adhesion and
spreading; the in vitro and in vivo studies demonstrated an increase rate of
adhesion, osteoblast proliferation, and new bone formation. In addition, they
found a limit in peptide density (resulted to be 15 femtomoles/cm?) above which
no further increase in cellular proliferation was observed[80]. Moreover, Li et al.
constructed a natural polymer-based complex scaffold formed by alginate and
chitosan that showed a significantly improvement in mechanical strength and
structurally stable due to the strong ionic bonding between the chitosan amine
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groups and alginate carboxyl groups compared to scaffolds made by only
chitosan. This new scaffold showed a porosity of 92% and a three times
compressive modulus and yield strength compared to the pure chitosan scaffolds,
moreover, scaffolds resulted to interact with osteoblast cells allowing the
attachment, proliferation, and deposition of minerals without an osteogenic
medium. In addition, these scaffolds can be produced in acidic, basic, or neutral
solutions providing an environment favourable to the incorporation of proteins
with less risk of denaturation, and in vivo studies showed a rapid vascularization
and deposition of connettive tissue and calcified matrix within the entire scaffold
structure[81].

Synthetic polymers are synthetized under controlled conditions leading a
more reproducible mechanical and physical properties. The mechanical properties
and the degradative rate can be adapted by controlling the molecular weight,
crystallinity, molecular groups, and the co-polymerization of aliphatic
polyesters[55]. The most synthetic polymers type used are polyesters, which
different types can be distinguished; in particular, poly(e-caprolactone) (PCL),
polylactide (PLA) and polyglycolic acid (PGA) are widely utilized for bone tissue
engineering as well as their copolymers[82]. PCL is a biodegradable and non-
toxic highly processable ductile polymer as it has a low melting point and glass
transition temperature, but unfortunately, it presents some limitations like the
hydrophobicity and slow degradation rate (remains in situ up to 2 years).
However, by blending with different polymers or producing a composite material
these disadvantages can be partially fixed. An example is the composite material
PCL/calcium silicate and decellularized ECM that presents a reduced
hydrophobicity and excellent bioactivity in addition to enhanced -cellular
adhesion, proliferation, and differentiation[83—85]. In the other hand, PLAs are
composed by chiral molecules, and consequently, they include several
stereoisomers like poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA). This
group of synthetic polymers are exceptionally biocompatible and the lactic acid
(starting material for the final polymer) can be made by a fermentation process
using 100% annually renewable resources (for example from the lignocellulose
production by fermentation processes[86]), moreover, it is also a low-impact,
greenhouse gas polymer due to the balancing of the CO2 amount generated during
PLA biodegradation and the CO2 amount taken from the atmosphere during the
growth of plant feedstocks[87]. Also in this case, they have a slow degradation
rate (3-5 years[88]). PLAs properties can be improved by the combination with
several calcium phosphates as in an experiment of Tanodekaew et al. where they
realize a scaffold with enhanced hydrophilicity and osteoblasts activity[89].
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Ceramic biomaterials

Due to their very promising biocompatibility, bioactivity, mechanical
strength, and osteoconductivity, also ceramics and bioactive glasses find large
application for bone tissue engineering. The abilities to both enhance the scaffold
osteo-potential and promote new bone formation make ceramics a viable
candidate for the use in bone tissue regeneration[90]. The most used bioceramics
in this field are calcium phosphates, calcium sulphates and bioactive glasses; the
calcium phosphate more frequently used is hydroxyapatite (HA), however, it also
possesses some disadvantages such as the lack of osteoconductivity or the slow
resorption and remodeling rate. An approach to improve the properties is to use
nano-HA, in fact the nanostructured HA closely resembles the mineral size and
structure present in natural bone making easier its incorporation in a regenerating
bone tissue[55]. Other calcium phosphates used are tricalcium phosphates (TCP)
that showed faster resorption compared with HA; both TCP and HA can also be
combined to create biphasic calcium phosphates (BCP) and provide the material
with the ideal resorption rate and biocompatibility, with the best ratio of BCP for
the use in the bone tissue engineering founded to be 60:40 HA:TCP. Finally,
bioactive glasses are oxide-based glasses (typically SiO2, CaO, Na20O, and/or
P20s) with the ability to form amorphous or crystalline HA on the surface when
enter in contact with a simulated physiology solution, this formed calcium
phosphate establishes bonds with hard and soft tissues. Moreover, bioactive
glasses release ions (Na, Ca, Si and P) during their degradation that increase the
induction of osteogenesis and angiogenesis[91], and in addition, by adding
elements such as F, Mg, Sr or Zn to the bioactive glasses, their function can be
reinforced[92]. Unfortunately, bioactive glasses have low mechanical properties
because of their brittleness which make their use complicated in the bone tissue
engineering[55].

In conclusion, scaffolds capable to enhance the fast healing of the
osteoporotic bone fractures are of great importance in order to regenerate the bone
tissue. These biomaterial scaffolds can be replacing the use of the autografts,
allografts, and xenografts since they can be adapted based on the patient
specifications for stimulate osteogenesis and consequently the regeneration of
bone tissue.

In the following paragraphs are described more in detail the biomaterials used
in this research work, namely collagen, hydroxyapatite and mesoporous bioactive
glasses.
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1.5.3 Type I collagen (structure and advantages)

Collagen is a triple-helix structure with the ability of initiate and maintain the
interactions with cells and matrix, nowadays 28 different types of collagens were
discovered[93]. The biocompatibility, hydrophilicity, and the low antigenicity
makes collagen a good candidate material in the bone tissue engineering,
moreover its high biocompatibility and bioactivity derive from the mechanism of
remodeling, removal, and replacing of the collagen that are at the basis of several
tissue homeostasis. More precisely, there is a recognition by cells of a specific
amino acids sequence that binds the integrin receptors enabling the adhesion,
furthermore cells can secrete specific enzymes for the degradation of the collagen
matrix and subsequently, the collagen matrix is replaced by new collagen
produced and released in the ECM[17, 94, 95]. Type I collagen is the most
common in the human body, and it is present also in the bone tissue[96], its
molecular mass is 300,000 Dalton and the structure consists in a hierarchical
configuration that give tensile strength and stiffness properties to the protein[18,
94]. The primary structure of type I collagen is represented by a sequence of
amino acids in the form of G-X-Y, where glycine (G) is an amino acid that remain
constant in the structure, while X and Y are usually occupied by proline and
hydroxyproline[97, 98]; these three amino acids appear as repeated units and the
stability depends on the hydrogen bonds formed from the presence of the 4-
hydroxyproline[99]. For the formation of the a-chain structure (secondary
structure), the glycine is essential[94, 100], moreover, the non-helical domains are
at the end of the structure where the C-terminus initiate the formation of the triple-
helix and the N-terminus regulate the primary fibril diameters, covalent crosslinks
link the short non-helical telopeptides between collagen molecules or between
collagen and other ECM molecules[17]. The tertiary structure is the triple-helix
where, especially for type I collagen, is formed as heterotrimer (two ai-chains and
one az-chain linked by hydrogen bonds) having about 1000 amino acids, 300 nm
length, and 1.5 nm of diameter, the three a-chains form a left-handed, rod-like
helix with the glycine residue around a central axis and the other amino acids
occupy the external positions[101]. Finally, the quaternary structure are the
collagen fibrils, this supramolecular structure is formed by many triple-helix due
to the ability of self-assembling of the type I collagen[17]: the molecules of
collagen self-package in highly oriented with 67 nm D-periodic banding structure
that additionally self-assemble in micro-fibrils, then in fibrils, and finally in fibers
with a scale ranging from micrometers to millimeters[16, 17, 94] (Figure 1.4).
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Figure 1.4: Hierarchical structure of collagen.

This process in vitro occurs when collagen solution is maintained at
physiological conditions (pH, ionic strength, and temperature)[102], and in fact, in
a pH in the range of 6.5-8 the protonation of the amino groups is inhibited, and the
lysine reactivity is enhanced promoting the structured native-type fibrils
reconstitution[ 16, 102].

1.5.4 Hydroxyapatite

As earlier specified, HA is the most used ceramic for bone tissue engineering, in
fact, a lot of works has employed HA or nano-HA combined to other materials to
create a scaffold for the healing of bone fractures[103—106]. In the next
subsections, HA and Sr substituted nano-HA will be detailed.

1.5.4.1 Hydroxyapatite structure and properties

HA is a member of calcium phosphate ceramics and its structural and functional
similarity to the bone mineral composition makes HA a very suitable material for
bone tissue engineering. In fact, in the human bone HA constitutes up to 70% of
the bone composition[7]. HA is composed by crystals with the chemical formula
Ca®"10(OH)2(PO4+>)s and a hexagonal unit, in the structure four Ca ions are
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encircled by nine O atoms at M1 crystallographic position, while the other six Ca
ions are encircled by six O atoms in the M2 crystallographic position[107] (Figure
1.5).
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Figure 1.5: Structure of a hexagonal cell of HA.

Indeed, HA is widely used to create scaffolds for bone repair, although its
characteristics can show some crystal, chemical, and micro-structural differences
due to the synthesis process compared to bone HA[10], but unfortunately, it also
possesses some disadvantages such as low resistance to fracture, fatigue failure,
and brittleness, as well as the high Ca/P ratio and crystallinity that hinder the
resorption rate by several years or decades[107]. To overcome the resorption rate
issue, nano-HA can be used rather than HA because it resorbs quickly after only
few weeks and is substituted by vital bone, moreover, it shows a good
biocompatibility and better bioactivity compared to HA.

HA can be obtained from synthetic route or from natural sources[7], the
synthetic process of the preparation consists in the combination of calcium and
phosphate precursors like calcium oxide and phosphoric acid with a pH-controlled
processing method; the HA obtained by these techniques has similar properties to
natural bone HA, but the manufacturing costs are high[7]. HA can also be
extracted from natural sources such as mammalian bones, eggshells, seashells,
fish bones, and some plants, the extraction methods providing ecofriendly and
cost-effective bone substituted[7, 108].

The bioactive behaviour of HA can also be improved by the introduction of
substituted in both cationic and anionic parts by several therapeutic ions such as
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iron, zinc, magnesium, strontium, manganese, silicate, and carbonate; that does
not disrupt the configuration of the HA framework but alter the crystallinity,
morphology, and solubility of HA.

1.5.4.2 Sr substituted nano-hydroxyapatite

Sr-nano-HA is commonly used in bone tissue engineering[8], in fact, strontium
ions released influence osteoblast and osteoclast activity (as described in section
1.6.3). Strontium ions preferably substitute the Ca(M?2) site at high concentrations,
but at lower concentrations also the Ca(M1) site can be substituted[9], in addition
the incorporation of Sr** ions in the HA framework reduce the crystallinity grade
and the crystal size of HA. Strontium ions can totally substitute the calcium in the
HA structure[10] and, since they have a larger radius than Ca ions (112 vs. 99
pm), can lead to an enlargement of the HA unit cell and the increase of cell
volume; this distortion can also favor the incorporation of anions such as
carbonate and HPO4* when the Sr substituted HA is synthetized with low
temperature methods[10]. Moreover, Sr substituted HA showed higher solubility
than HA, with the subsequent increasing of the bioactivity and can also release
Ca®" ions, able to activate calcium channels and stimulate cell response[9].
Harrison et al. developed strontium substituted HA pastes and gels with two
different methods (rapid-mix wet precipitation and sol-gel) where the
incorporation of strontium into the final product is consistent and predictable,
these materials showed a greater radiopacity proportional to its Sr content, a
property with specific clinical benefits for the detection of the material during
deployment and monitoring post-surgery, moreover materials can support the
osteoblastic-like cells growth both with direct and indirect contact, with a
biocompatibility comparable to the commercial bone graft substitute reference
material[109].

1.5.5 Bioactive glasses

Glasses are materials with high biocompatibility and mechanical strength;
however, a limited variety of these materials can bond directly to the bone tissue
avoiding the encapsulation by fibrous tissue. As previous mentioned, the group of
glasses materials that shows bioactivity is called bioactive glasses (BG)[110, 111],
defined as a glass designed to elicit specific physiological responses[112], and are
a group of synthetic silica-based bioactive materials[113]. The preparation of BG
providing surface reactive silica, calcium, and phosphate groups, with a moderate
alkaline interfacial pH promotes the chemical bonding with bone[114], improves
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their chemical and physical properties, the microstructure, and the binding
properties to bone tissue; moreover, BG can be synthetized with different
compositions[110, 111]. BG has been studied principally in particulate form,
although few other variants have been developed (for example glass fibers[114]),
besides, some works suggested that biological properties of BG may be dependent
on granule size[114]. The first BG named 45S5 developed by Hench was
synthetized using a melt-quenching technique with a composition of SiO2 of less
than 60%, high content of CaO, NaxO, and P20s (with a high CaO: P20s
ratio)[115]; this BG showed the ability to create a HA layer on the surface after
soaking in a solution without calcium or phosphates, comparable to the HA
crystals observed in vivo[116]. This discovery has opened doors for new studies
to understand the mechanism of these reactions, in fact, by exposing BG with
simulated body fluid (SBF) a dissolution of this material is observed leading to
the subsequent deposition of the HA layer.

BG can have different material compositions with different characteristics:
one type of BG is the silica BG, this glass includes the 4555 mentioned above and
is a silicate glass with a three-dimensional glass forming SiO2 network where the
atom of Si is coordinated with four atoms of O; another kind of BG is the borate
BG that shows lower chemical durability resulting in a very fast degradation and
conversion in a HA-like material[117—-119]. Moreover, borate BG can support the
proliferation and the differentiation of the cells, but the boron released as borate
ions in the solution is an issue due to its toxicity[ 120]. The last type is a phosphate
BG in which the glass forming network is composed by P20s and CaO and NaxO
as modifiers[121-125], these glasses possess chemical affinity with bone tissue
and their solubility can be controlled by the modification of their
composition[126].

BG are also used in different shapes such as plates, granules, bulk, and
powder for many medical and dental applications. Some examples of this
applications are the reconstruction of defects of facial bone, filling frontal sinuses,
augmentation of maxillary sinus floor, middle ear surgery, and very important, in
the bone tissue engineering[116, 127-132]. In order to obtain a BG scaffold with
the desired characteristics, different methods of production can be used to form a
porous construct from particles of a melt-derived BG, the techniques can fabricate
scaffolds with different critical parameters like pore architecture, porosity, pore
size and interconnectivity[126]. One of the simplest methods is the thermal
bonding where the scaffold is formed by thermally bonding a random and loose
packing of particles or fibers in a desired geometry mold[133], some limitations
of this methods concern the narrow porosity range and a constricted connectivity.
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To create a more interconnected porosity scaffold can be used the polymer foam
replication where a foam that can be synthetic or natural is immersed in a ceramic
suspension obtaining a uniform coat on the foam, then the coated foam is dried
and heat-treated at 300-600 °C and the glass struts are sintered at 600-1000 °C.
The microstructure resulting is similar to the dry human trabecular bone, but the
strength of the scaffold is low[133]. Another production method is the freeze
casting of suspensions in which the solvent of a frozen colloidally suspension is
subjected to sublimation and the particles are then sintered, with this technique,
the scaffold obtained have an oriented microstructure with a higher strength in the
direction of the orientation, but a disadvantage is the pore width in the range 10-
40 um that is too small to support the tissue ingrowth[133]. The sol-gel
processing involve the foam formed by a surfactant of a solution, followed by
reactions of condensation and gelation, used to the preparation of a hierarchical
porous scaffold with a microstructure similar to the dry human trabecular
bone[133], the hierarchical structure obtained simulates a physiological
environment and facilitate the interaction with cells[134]. The last group of
production methods are defined as solid freeform fabrication (SFF) and can used
to manufacture objects layer-by-layer from a computer-aided design (CAD) file
without the use of dies or molds; the structure of these scaffolds can be easily
controlled and optimized to obtain the desired characteristics such as mechanical
response or accelerate as well as guide the process of bone regeneration[133].
Recently, nanofibrous BG fabricated with electrospinning gained interest, in this
process the electrospinning step consists in a spinning of a mixture such as
tetraethyl ortosilicate (TEOS) and calcium nitrate and the fibers are obtained by
the sol-gel reaction. After this step, the fibers are heated to 600-700 °C to
decompose residual organic or inorganic groups and the obtained scaffold
presents a rapid degradation rate due to the fine fibers diameter, and consequently
in a high surface area, resulting in a rapid conversion to HA; this electrospun BG
scaffold can be applicated in the regeneration of non-loaded bone defects and in
the healing of soft tissue[133].

1.5.5.1 Bioactive glasses in bone healing application

As anticipated in the previous sections, the ability of BG to dissolve and form HA
layer play a central role in the bonding the bone, the reaction starts on the surface
of the glass and move inward, moreover, the Ca/P ratio of the HA deposited can
vary between the external surface and the interior of glass[126]. The mechanism
that leads the HA deposition is composed from different stages[114] (Figure 1.6).
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Figure 1.6: Surface reaction stages involved in forming a bond between bone and a
bioactive glass[91].

In the first stage, several ion exchange reactions occur between the glass
network modifiers that are replaced by hydronium ions from aqueous
surroundings, the absorption of this type of ions increases the interfacial pH[126].

Si—0—-Na*"+H" - Si—0H+ Na*(aq)[126]

Then, the increasing of the pH causes the silica dissolution in the form of
silicic acid Si (OH)4 and the continuous formation of silanol groups on the glass
surface[126].

Si—0—-Si+H,0->Si—0OH+HO —Si

In the third stage the condensation and repolymerization form a silica gel rich
layer on the material surface[114, 126] in which there is the chemisorption,
nucleation, and growth of amorphous calcium phosphate (ACP) due to the further
dissolution coupled with the migration of Ca®>" and (PO4)* ions from the glass
through the silica rich layer[114, 126]. Finally, in the last stage the CaO-P20s
mineral incorporates both carbonate and hydroxyl species deriving from the
environment with the consequently crystallization of hydroxycarbonate apatite
(HCA)[114, 126].

The formation of this apatite layer is necessary for the formation of the bond
with the bone[114], the mechanism of this bonding is believed to involve the
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adsorption of growth factors and the following attachment, proliferation, and
differentiation of osteoprogenitor cells[135]. Then, osteoblasts create the
extracellular matrix that mineralizes forming nanocrystalline mineral and collagen
on the glass implant surface while the degradation and conversion of glass in HA
continues over the time[136]. The product of the BG conversion commonly is a
mesoporous structure of nanophase particles having a high surface area. Also, the
presence of silanol groups is important for the formation of a bond with the
bone[137], in fact, some investigations suggested that the existence of both silanol
groups and negative charge on material surface can induce the formation of
apatite and manifests bone bonding[138]. Since the formation of HCA on material
surface is required to form the bone bonding, the silanol repolymerization in the
BG surface is essential, besides, the surface reactions can be influenced by the
crystallinity of the BG in fact[114], when the crystallization exceeds 60% the
formation rate of HCA is slower[139]. In addition, the presence of calcium ions
incorporated in the BG can have a beneficial effect, high concentration of calcium
ions near the regenerative site can contribute to the osteogenesis by the
stimulation of osteoblast proliferation, differentiation, and activity[140, 141].
Furthermore, also silica can show effects on the surface activity of BG, in fact,
Bielby et al. demonstrate the increased proliferation of murine and human
osteoblasts when the culture media contains 200 ppm of silica[142], moreover,
Zhong et al. demonstrated that the formation of bone nodules increases in a silica-
rich medium, probably because the soluble silica present in the solution can act as
nuclei for the crystallization of apatite[143]. Thus, the bioactivity of BG strongly
depends on their composition, macroscopically the product of this reaction can be
partially converted in which there is a HA layer and an uncovered core, or fully
converted to HA. Generally, silica-based BG result in a partial converted product,
while borate-based BG are totally converted in HA; this activity is a consequence
of the faster degradation rate of borate materials, causing a new bone formation
that is almost twice respect to silica glass. Despite this promising effect, the
degradation means a release of borate ions in the environment that are toxic to the
cells above a threshold value[126], moreover, the microstructure can affect the
ability of BG to form new bone tissue. In fact, oriented microstructure manifests
more tissue infiltration than trabecular scaffolds, this happens despite the higher
porosity of trabecular scaffolds compared to oriented structure, and in addition,
differences in the surface roughness can change the amount of tissue infiltration.
Finally, particles size can affect the BG regenerative properties, in fact, the
particle size and shape may determine the compaction of the material and the
interstitial spaces present between the particles, a study of Wheeler et al.
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demonstrated that particles with a smaller diameter exhibit better biomechanical
properties compared to larger diameter particles[144].

However, glass scaffold materials have several limitations, starting from the
difficulty to process the glass into porous 3D structure, porous BG scaffolds are
frequently prepared by sintering to bond particles in a strong glass phase with an
interpenetrating network of pores; the difficulties encountered in this process lead
to a resulting low strength. Moreover, the biological microenvironment can be
influenced by the degradation of BG, with increasing of ions concentration and
change in the pH, therefore, the biological effects from in vitro experiments are
very difficult to predict[126].

A member of the BG family is the MBG developed by Zhao’s team and
Vallet-Regi’s group in 2004[11, 145].

1.5.5.2 Mesoporous bioactive glasses

MBGs rapidly gained interest for their peculiar properties like a very high specific
surface area (>100 m*/g) and the high pore volume[146], they exhibit also
exceptional bioactive properties[147]. The synthesis method of MBGs involves
the incorporation of supramolecular chemistry to the sol-gel process, and the
combination of these two strategies lead to obtain a highly ordered mesoporous
arrangement resulting in a five times higher surface and porosity compared than
those obtained by conventional methods. According to IUPAC (International
Union of Pure and Applied Chemistry) classification, mesoporous materials
category regards materials with a pore size between 2 and 50 nm[148], the
ordered mesoporous structure allows the incorporation of different biomolecules
and drugs to treat degenerative bone tissue and infections[149, 150]. Moreover,
the synthesis of these materials requires the use of surfactants as structures that
direct the assembly and the subsequent condensation of inorganic silica
precursors[ 147], surfactants are amphiphilic molecules with both hydrophilic and
hydrophobic properties due to the presence of polar and nonpolar domains; three
different categories of surfactant can be distinguished: cationic (when the polar
head group shows a positive charge), anionic (when the polar head group shows a
negative charge), and nonionic (when the polar head group does not present
charge). In aqueous solutions, surfactants can spontaneously assemble into
structures called micelles, where the hydrophilic groups are in contact with the
external aqueous solution and the hydrophobic groups are inside the micelle
structure[151].
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Synthesis of MBGs has some advantages as the fact that it requires lower
temperatures compared to BG conventional production methods, an easy powder
technology production with improved homogeneity and purity, a larger range of
bioactive compositions (up to 90 %mol Si02), and the porosity is tunable[146]. In
fact, after the remotion of the surfactant by calcination or extraction, MBGs
obtained present some features: a stable mesoporous structure, a high specific
surface area and large pore volume, homogeneous pore morphology, and a high
amount of silanol groups on the surface that can be chemically
functionalized[147]. As mentioned above, MBGs can be used as delivery systems
because the molecules can be loaded on the material using an adsorption
mechanism (impregnation method) and subsequently released via a diffusion-
controlled mechanism[152].

MBGs synthesis comports some structural and textural properties that are
similar to conventional sol-gel BG consisting in a vitreous network of SiO2-CaO-
P20s, consequently, they are analogous at atomic level, but in addition MBGs
show highly ordered mesoporous arrangement of cavities[147]. As earlier
specified, the MBG synthesis combine the sol-gel strategy with the
supramolecular chemistry of a surfactant as structured directing agent[147],
however, this type of synthesis also requires strategies to include the presence of
CaO in a multicomponent inorganic system[147] and it is based on an
evaporation-induced self-assembly (EISA) process (Figure 1.7).
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Figure 1.7: Combination of sol-gel and supramolecular routes used for the synthesis
of MBGs[147].

This mechanism starts with a solution of a glass precursor and the surfactant
prepared in ethanol/water with an initial concentration minor of the critical
micellar concentration (CMC), the surfactant concentration progressively
increases due to the evaporation of the ethanol causing the self-assembly of the
surfactant in micelles and the further organization into a liquid crystalline
mesophase. The EISA process is used for two reasons: gel aging and dried stages
during the synthesis of SiO2-CaO-P20s that involve temperatures of about 100 °C,
incompatible with an ordered micellar phase, and the second reason concerns the
use of much diluted precursor solution that overcome the not compatibility of the
classic hydrothermal preparation with a multicomponent system, because the CaO
can hinder the interactions between surfactant and silica[147]. In fact, EISA
process consists in the gradually evaporation of a volatile solvent at room
temperature until the surfactant reaches their CMC, with the following self-
assembly of the micelles, the synthesis entails numerous advantages in the final
characteristics of the material also including the bioactive response; moreover,
based on the type of surfactant used during the synthesis (such as Pluronic® P123
and Pluronic® F127), different supramicellar mesophases structures can be
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obtained. Consequently, the final pore size and volume strongly depend to the
chain length and the charge of the surfactant[153, 154]. For example, the use of
Pluronic® P123 leads the formation of 2D hexagonal structures consisting in
unidirectional opening channels in both directions distributed in a hexagonal
arrangement; however, is possible to modulate the 2D hexagonal structure to a 3D
bicontinuous cubic structure, consisting in a body-centered structure with
multidirectional mesoporous network, using the same surfactant but changing the
CaO amount in the silica system. This behaviour can be explained by the
influence of Ca?’ ions that act as network modifiers with the subsequent decrease
in the connectivity of the silica network, and thus, the inorganic/organic ratio of
the surfactant increase with the Ca content, decreasing the curvature of surfactant
micelles and contributing to form hexagonal phases rather cubic structures[147].
Also, the temperature can influence the micelle structure, in fact, when the
temperature rises, the micelle size system increases for the reduced micelles and
water hydrogen interactions[155] and, for instance, 2D hexagonal structure is
formed at lower temperature compared to 3D cubic structures[147].

Due to the high surface area and porosity derived by the synthesis method,
MBGs have a better bioactivity than conventional BG, this behaviour can be
explained by considering the composition of BG and MBGs, where the latter
exhibit two domains: an amorphous SiO2-CaO-(Na20) phase, and calcium
phosphate clusters embedded inside the amorphous phase. The amorphous phase
is principally formed by a network of SiOs4 thethaedra, while the calcium
phosphate clusters break the Si-O-Si linkage provoking a decreasing in the
network connectivity[156—158], even if the decrease of the network connectivity
does not explain the accelerated bioactivity of these materials, but on the contrary,
the calcium phosphate clusters can act as nucleation sites that increase the HCA
layer formation kinetics. Studies showed the presence of ACP domains in the
pores wall of the MBGs, and the highest surface area of MBGs provides a great
accessibility of these nuclei giving a superior bioactivity compared with BG[159,
160].

In this PhD work, two different strategies were used to synthetize MBGs with
a controlled morphology: the first strategy consists in a conventional base-
catalyzed sol-gel method in order to produce spherical nanoparticles with a
diameter in the range of 100-400 nm, and the second approach require an aerosol
assisted spray drying procedure, where a similar solution of the starting solution
in EISA approach is sprayed using a heated gas producing spherical micrometric
particles in form of dried powders and decreasing the evaporation time required in
the EISA method. Moreover, the automatic process of the aerosol assisted spray
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drying procedure increases the repeatability of the particles morphology because
avoid variables that can be changed by external parameters or the operator.
Finally, the final composition of both nano- and microparticles was enriched by
the incorporation of Sr element to confer several therapeutic properties, and
synthetized MBGs were then grafted with a novel recombinant biomolecule called
ICOS-Fc with the aim to further widen the ability of the particles to regenerate the
osteoporotic bone fractures since ICOS-Fc proved to inhibit osteoclastogenic
activity[28].

The synthesis of these type of MBGs will be discussed in the following
chapter.

1.5.5.3 MBGs containing therapeutic ions

In the recent years, interest to expand the biological properties of MBGs is
increased, to achieves this goal, the incorporation of metallic ions in the silica
framework was studied, moreover, several metallic ions proved to exert different
biological function, and in addition contrary to the use of biomolecules such as
growth factors or recombinant proteins, metallic ions result less expensive[161,
162]. metallic ions are more stable and not susceptible to high temperature,
solvent or pressure that can be involved during the synthesis, some ions can also
be implicated in cellular functions by activating ion channels or the interaction
with macromolecules or other ions, resulting in the induction of secondary cell
signals[163].

Based on the type of metallic ion incorporated in the MBGs framework,
different therapeutic effects can be obtained (Figure 7). Thus, incorporation of
metallic ions leads to produce multifunctional platforms that can be used in
different applications, even if the possible cytotoxic effects should be considered
during the design of a biomaterial based on ion containing MBGs. An
uncontrolled release, both in terms of concentrations and kinetics, can result
undesired effects, in fact, the challenge for create a platform that can release
inorganic ions in the bone tissue regeneration is to determine their therapeutic
window. As shown in figure 1.8, different inorganic ions can exert different
biological effects such as antibacterial function, anti-inflammatory function,
osteogenesis activity or stimulate the angiogenesis[27].
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Figure 1.8: The different biological effects exerted by inorganic ions incorporated in
MBGs structure[27].

As showed in the figure 7, several metallic ions have a role in the
osteogenesis, in particular, the importance of the strontium in the bone healing
will be discussed.

Effect of strontium (Sr)

Strontium is present in trace in human body, and in particular in bone[164], it
is in the second group of the periodic table along with calcium and magnesium
and due to this similarity in size and behaviour, strontium shows biological effects
usually induced by calcium. In fact, Sr has the potential to stimulate bone
formation due to enhancing of the osteoblast-related genes, as well as promoting
osteogenic differentiation of mesenchymal stem cells, and the up-regulation of
some osteogenic genes like alkaline phosphatase and osteocalcin[26]. Indeed, Sr
is able to activate the calcium sensing receptor (CaSR) present in osteoblast cells,
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stimulating different cell pathways and promote osteoblasts proliferation and
differentiation[27], the activation of CaSR also leads to the osteoclast apoptosis.
Other effects of Sr concern the inhibition of osteoclast differentiation, by the
modulation of the RANK/RANKL pathway: RANKL (Receptor Activator of
Nuclear Factor k B Ligand) binds RANK (Receptor Activator of Nuclear Factor
B) inducing the osteoclastogenesis activity; moreover, osteoprotegerin (OPG), a
molecule implicated in the regulation of bone density and bone mass regulation
can be overexpressed by the strontium ions, and the OPG overexpression inhibits
the expression of RANKL and consequently the osteoclastogenesis[165—-168].
Huang D. et al. proved that strontium ions can also disrupts the RANKL-activated
p38 and NF- « B signaling pathways[169], p38 and NF- k B are molecules that
can stimulate the NFATcl (a transcription factor of osteoclast genes), and NF- k
B is activated by the I k B-o degradation; Sr ions can directly inhibit the
phosphorylation of p38, and simultaneously, can also inhibit the degradation of I ¥
B-a and thus the activation of NF- « B (as shown in Figure 1.9) with the result of
the repression of the osteoclastogenesis activity.
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Figure 1.9: Mechanism proposed by Huang D. et al. of the Sr ion inhibition of
RANKL-induced osteoclastogenic differentiation pathway[169].

Some experiments also reported the role of Sr in the angiogenesis by
enhancing the basic fibroblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF) expression[170, 171], while other studies presented the
effect of Sr to reduce the expression of pro-inflammatory factors like TNF-a,
interleukin 6 (IL-6), and cytokines[172—174].
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1.5.5.4 Functionalization of MBGs surface with biomolecules

As previously mentioned, the idea behind this work is to exploit both Sr ions
release, and the activity of a biomolecule grafted on MBGs surface to obtain a
synergistic effect in which osteoblast differentiation and activity are stimulated
and at the same time osteoclast differentiation and activity are inhibited.

MBGs were used for delivering bioactive molecules (such as proteins or
recombinant biomolecules), or other cargoes in a very large number of
works[175-177], in fact, the high surface area and pore volume leads to an
enhanced drugs adsorption, and the pores diameter can act as size selective
modulator for the confinement of the bioactive molecules in the pores and limit
their diffusion in the surrounding medium. Nevertheless, a disadvantage to use
MBGs as carriers is an initial burst release and a not long sustained release of the
loaded bioactive molecule when in contact with body fluids[175, 177]. Usually,
the bioactive molecule loaded on MBGs by an impregnation method is adsorbed
on the surface and not in the pores due to the pores small size that impedes the
access of the molecule[149] and the interaction of the bioactive molecules and
MBGs are mainly governed by the presence of a very large number of silanol
groups. However, the interactions between the adsorbed molecule and the Si-OH
groups are weak interactions such as Van der Waals forces or hydrogen bonds,
frequently, this type of interaction is not enough to obtain a long-time release
needed. To overcome this problem, it is possible to graft several bioactive
molecules using different strategies where usually two steps are required: initially,
the functionalization of MBGs surface by alkoxysilane chemistry to obtain a
surface with different chemical properties, then, the bioactive molecule can be
grafted utilizing a coupling reaction; the first step consists in a functionalization of
the silanol-containing mesoporous surface with different organic groups[178, 179]
(Figure 1.10).
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Figure 1.10: Different organosilica compounds usually functionalized on MBG
surface.

To achieve the functionalization of organic groups, two main routes can be
used: one-pot synthesis (co-condensation) and post-synthesis (silylation or
grafting)[178], where the co-condensation method involves the simultaneous
condensation of silica and organosilica precursors in the presence of the surfactant
during the mesoporous synthesis, and in this case, all the functionalization process
is performed at the same time during the synthesis in one step[178, 180], resulting
in organic groups grafted both in the outer and in the inner part of the silica
structure with consequently the degree of the mesoscopic order decreasing with
the increasing of the organosilica precursors concentration in the synthesis. Due to
this problem, the maximum content of organic compound does not normally
exceed 40 mol%. In the other hand, in the functionalization process an
organosilica precursor is grafted under anhydrous conditions on the previous
formed MBG, with this method, the organic functions are located on the outer
surface of MBGs obtaining a higher functionalization degree. This type of
functionalization modifies the chemical properties of silica walls such as the
polarity of the surface and the absorption capability, in fact, the new functional
groups exposed can interact with the bioactive molecule to be adsorbed,
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increasing the ability of MBGs to be loaded by it. In addition, the interaction
between the functional groups and the molecule to be loaded can affect the release
rate for the increasing of the diffusion resistance, but unfortunately this process
leads to a reduction of textural properties such as pore diameters, pore volume and
specific surface area, although dependent from the size of the organic
residue[178].

However, in most cases the interaction does not prevent the burst release of
the adsorbed bioactive molecule because the interactions are still not strong
enough[181], and as mentioned before, the ideal MBGs carrier should not have a
premature release of the bioactive molecule. To prevent it, another strategy to
incorporate the bioactive molecule to MBGs surface can be used consisting of
covalently linking the molecule to the modified surface of MBGs, this type of
grafting can be achieved using several methods: carbodiimide-mediated coupling,
maleimide/thiol coupling, disulfide bond formation, epoxy opening with amines,
and diethyl squarate coupling[182] (Figure 1.11).
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Figure 1.11: Different covalent link between MBGs surface and the active molecule.
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In particular, carbodiimide-mediated coupling reaction consists in several
steps to link a primary amino group with a carboxyl group, it is defined as a “zero
distance” coupling since the carboxyl and amino groups are directly linked to each
other. East et al. proposed a mechanism of action in which, in the first step the 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) group is protonated by the
water molecules, the consequence of the protonation is an accumulation of OH"
ions in the solution that causes the deprotonation of the carboxyl group forming a
carboxylate ion. Then, the carboxylate ion reacts with the N=C=N group of the
EDC molecule with the formation of an isoacyl urea intermediate, and when a
primary amine group encounters this structure, they react and form the amide
bond between the carboxyl and amine group|[183].

In this PhD work, MBGs were functionalized with amino groups on the
surface using the post-synthesis method, then carbodiimide-mediated coupling
reaction was used to covalently link the amino groups with the carboxyl groups
present on the bioactive molecule, the selected bioactive molecule is a
recombinant molecule called ICOS-Fc and it will be described in the next section.

1.5.5.5 ICOS biomolecule and its recombinant form ICOS-Fc¢

As specified, for this PhD work a recombinant molecule covalently linked to the
MBGs surface was used to inhibit osteoclasts activity, this biomolecule named
ICOS-Fc is a recombinant form of the ICOS receptor.

ICOS is a T-cell co-stimulatory surface receptor which belongs to the CD28
family receptors and is normally expressed in T cells, it can bind the inducible
costimulatory ligand B7h, also known as ICOS binding ligand (ICOSL),
constitutively expressed by several type of cells like B cells, macrophages,
dendritic cells, and also in osteoclasts. The bond between ICOS and ICOSL is
involved in the regulation of the bone turnover, and the administration of the
soluble recombinant form of ICOS (ICOS-Fc) proved to reversibly inhibit the
human osteoclast activity in vitro. Furthermore, the administration of ICOS-Fc in
vivo in mice can inhibit and possibly reverse the development of experimental
osteoporosis[28, 29].

Moreover, ICOS-Fc presents carboxyl groups in the Fc domain, allowing a
right orientation when grafted on MBGs surface by the carbodiimide-mediated
coupling[28].
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Once ICOS-Fc was grafted on MBGs, my PhD focused on the
electrospinning technique in order to fabricate the oprimal device for the
treatment of the pelvis osteoporotic fractures.

1.6 Fabrication techniques

A lot of scaffolds properties were influenced by their fabrication process, in fact, a
key property is the scaffold architecture based on the tissue to be replaced. Bone
tissue is classified in two types: cortical bone with a porosity of 5-10%, and
trabecular bone with a higher porosity that varies between 50% to 90%, with
different mechanical characteristics from each other; the mechanical properties of
the bone are dependent from the subject, vary from one bone to another and
within different region of the same bone[126]. Indeed, to obtain a designed
scaffold with good features for bone or cartilage after the fabrication is a great
challenge, thus there are different techniques of fabrication of biomaterial
scaffolds in order to obtain the desired characteristics. Mainly, processes can be
divided into additive manufacturing and conventional methods; where additive
manufacturing comprises all three-dimensional (3D) printing methods such as
inkjet printing, extrusion printing, stereolithography, selective laser sintering
(SLS), and bioprinting, while conventional methods include solvent casting and
particulate leaching (SCPL), thermally induced phase separation (TIPS) methods,
gas foaming, and electrospinning[55] (Figure 1.12).
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Figure 1.12: Different biomaterial scaffolds fabrication techniques[54].
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The additive manufacturing techniques aims to produce scaffolds with a
certain wanted pattern tailored for patient specifications, in fact, the process builds
structures with macro- and microarchitecture from the bottom-up corresponding
to the properties of the tissue to be replaced[55, 184].

The inkjet printing use droplets as individual building blocks to build a
structure, the ejection of droplets can be driven by thermal or piezoelectric
processes. Inkjet printing is a fabrication technique with low-cost, simple, and
with a high speed and cell viability, but unfortunately, it also has disadvantages
like the low concentration of the inks that can influence the integrity of the
structure[55].

Extrusion bioprinting is the most used technique that extrudes polymers or
hydrogels through a micro-nozzle, the extrusion occurs by a pressure-based
mechanism that can be a pneumatic system using compressed gas and working
better with highly viscous materials or piston-driven apparatus where a more
direct control of the flow makes it a more precise process[184]. In general,
extrusion bioprinting has a fast fabrication time and most physiologically relevant
mechanical properties, but it has lower resolution compared to the other
techniques[185—187].

Stereolithography (SLA) consists in the photopolymerization of a
photosensitive resin layer by layer, the crosslinking is performed every layer on a
downwards moving platform after each layer deposition. Unfortunately, this
technique can be used only with limited materials because require the
photosensitivity of the deposited material[184].

Finally, selective laser sintering (SLS) involves a laser beam that melts a
compacted powder set in a platform into a pre-defined shape the sinterization
occurs in each layer[184]. In this technique, the size and the morphology of the
powder are very important[188]. Unfortunately, also in this method there is a
limited choice of materials and of the design of the structure, moreover, because
of the high temperature used, natural polymers and biomolecules cannot be
used[55].

In the other hand, conventional methods are simpler and widely used.
Generally, these methods start with a polymeric solution or a suspension of a
polymer and inorganic phase.

The SCPL consists in the dissolution of a polymer with salt/polymer particles
in a solvent, and after evaporation of the solvent, the particulates were leach out
by the submersion of the matrix in water for the creation of a porous
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structure[ 189]. Despite the simple cost-effective procedure and the controllability
of pore size and porosity, this method has disadvantages like the use of organic
solvents, the difficult to control the pores interconnectivity, and the low control of
the spatial geometry[55, 190].

In TIPS the thermal energies of a homogeneous solution of a polymer are
changed to separate it in polymer and solvent phases, and then, freeze-drying is
performed to evaporate the solvent with the resulting scaffold that shows a
microporous structure[ 191]. Although this method produces large volumes of size
and morphology-controlled pores, one of the major disadvantages is the relatively
higher temperatures used and consequently the impossibility to incorporate
natural polymers or biomolecules during the process.

Gas foaming in a technique where polymer discs are exposed to high-pressure
inert gases to create foams, the pressure is then dropped to ambient pressure to
cause the nucleation of bubbles and the growth of pores is promoted by the gas
diffusion through the pores. This process is fast and simple, but the resulting
structure lack in interconnectivity, and in addition, it is not cost-effective because
require molds to form complex structures of scaffolds[55].

Electrospinning has great possibilities for the use in bone tissue engineering
because creates fibers by the use of electrostatic forces, fibers are then
accumulated on a collection plate with the formed fibrous structure that mimics
the ECM natural tissue. The used precursor can be a polymer solution or a molten
polymer; the method is versatile, simple, and inexpensive and performed at low
temperatures (therefore, also biomolecules can be incorporated); but some
disadvantages regard the lack of mechanical properties, even if a way to enhance
the mechanical properties and bioactivity of the electrospun scaffolds is to
incorporate bioceramics particles at low concentrations[54, 55], and the
requirement to perform the process under a well-controlled atmosphere.

Since macro- and microarchitecture are fundamental parameters to produce
these scaffolds, the manufacturing processes used to the scaffold construction are
important because can influence the structural properties like porosity degree, size
of the pores and also the interconnectivity between the pores[54, 55].

In the following paragraphs were described more in detail the electrospinning
(the chosen technique used in this research work), in order to obtain a device for
stimulate bone tissue regeneration in pelvis osteoporotic fractures. Finally, two
different crosslinking strategies to improve the mechanical properties of the
electrospun scaffolds were described.
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1.6.1 Electrospinning of polymers

Electrospinning is one of the most versatile techniques to produce nanofibers, in
particular the scaffolds obtained by the electrospinning consist in a flexible
membrane showing micro- and nanofibrous mats[192, 193], which can then be
adapted in the pelvic zone, moreover the produced construct therefore can mimic
the ECM at micro- and nanoscale. The interest of this method increased after
2000[194], and uses the electrostatic principle where a polymer solution or a
melted polymer is pumped through a syringe needle when a high voltage is
applied. The voltage leads a charge movement in the polymer solution causing a
deformation and stretching of the drop, forming a Taylor cone, subsequently the
electric field cause the prolongation of this cone and the successive viscoelastic jet
formation that are pulled away from the needle; the process is accompanied by the
solvent evaporation that cause a whipping of the filament, and finally fibers are
deposited on a metallic collector (Figure 1.13).
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Figure 1.13: Electrospinning technology (left), and formation of Taylor cone (right).

Generally, the deposition of the fibers occurs randomly[194-196], however,
several methods were developed to obtain ordered structures such as a rotating
mandrel collector[197, 198]. With the electrospinning technique the production of
fibers having few nanometers to micrometers in diameter can obtained by varying
different parameters[199], in which the process results depend on: environmental
parameters like solution temperature, humidity, and air velocity in the chamber;
solution properties such as elasticity, viscosity, conductivity, and surface tension;
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and governing variables for example the distance between the needle and the
collector, electrical potential, and flow rate[200, 201].

A large variety of polymers can be electrospun by this technique as previously
described, but for this PhD work the natural polymer type I collagen was chosen
due to its biocompatibility, hydrophilicity, low antigenicity and the large presence
in ECM as well as the large use in bone tissue engineering.

1.6.2 Electrospinning of type I collagen: current processes and
related issues

The electrospinning method is generally chosen by the type of polymer that will
be electrospun, due to the low denaturation temperature of the collagen the melt-
spinning method cannot be used, thus collagen is commonly processed via
solution-based methods[202]. Moreover, collagen can be extracted from different
sources including mammalians, amphibians, birds, fish, marines, and human
recombinant collagens[96, 203], but generally, collagens from bovine and calf
dermis sources are the most used for the electrospinning, followed by collagen of
rat origin. The great use of these two sources is principally due to their abundance
and the commercially availability of the isolated collagen[203] but unfortunately,
approximately 3% of the human population has proven to be allergic to the bovine
collagen[96], therefore an alternative is the collagen from rat tail sources that is
readily available and easy to extract, even if it must be treated with a high level of
purification protocol and, additionally, it is easy to contaminate it[96]. Another
solution is the use of recombinant technologies to produce collagen, in fact Stein
H. et al. modified the tobacco plants with two genes that encode the recombinant
heterotrimeric type I collagen and the human prolyl-4-hydroxylase (P4H) and
lysyl hydroxylase 3 (LH3) enzymes resulting in the formation of rhCOL1 that is
then extracted, this extract forms a thermally stable triple helical structure[204].

In order to solubilize and electrospinning the collagen, often some level of
denaturation occurs that is commonly associated with the type of solvent used, for
example the fluoroalcohol family such as 1,1,1,3,3,3-hexafluoro-2-propanol
(HFP) or the 2,2,2-trifluoroethanol (TFE)[192]. Thus, the use of HFP or other
fluoroalcohol solvents is conventionally thought to denature the collagen with
little to no recovery of the structure during fabrication[203], but other solvents can
be used to solubilize the collagen polymer like aqueous acidic solvents that
showed improvement in the structure, but with some disadvantages, indeed, the
slower evaporation rate of the solution compared with fluoroalcohols results in a
slower flow rate during the electrospinning limiting the fiber size and the
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collection over time. Moreover, electrospun fibers are more wet when deposited
causing a union with other fibers around them with the possibility to decrease the
porosity and the mechanical behaviour.

1.6.3 Electrospun collagen-inorganic phases scaffolds

As previously described, bioactive ceramics exhibit the ability of bond formation
directly with living tissues, in particular of bone tissue, once they are implanted
into the body. In the other hand, collagen scaffolds show biocompatibility and low
antigenicity, but have poor mechanical strength. Therefore, to increase mechanical
properties and osteogenic characteristics of the collagen scaffolds can be produced
a composite material by mixing the collagen with a ceramic phase[55], and the
idea behind this PhD work is to combine in a collagen scaffold the properties of
both bioactive ceramics (MBGs and HA) and crosslinked electrospun collagen.

A composite scaffold for bone tissue engineering should be mimic the bone
ECM constituted mainly of collagenous fibers embedded with HA
nanocrystallites[205], thus the incorporation of an inorganic phase such as HA in
the final scaffold can provide the stiffness and strength of bone, while type I
collagen can be responsible to give flexibility and resilience[206]. Different works
studied the effects of create composite materials: Venugopal et al. created a
composite electrospun collagen scaffold loading crystalline HA founding an
increase in the mineralization of osteoblast cells compared to pure collagen, due
to the HA presence that acts as a chelating agent and induces the
mineralization[207]. Other workers investigated the activity of HA in gelatin
electrospun scaffolds concluding that they can enhance the cell attachment,
proliferation, and ECM production, moreover, by improving the fiber orientation,
also mechanical properties were increased, in addition they founded the presence
of some nanoscale interactions between gelatin and HA[208]. Other studies
showed an increasing of osteogenesis in vitro for HA/core-shell based electrospun
scaffolds[209, 210]: Song et al. use a co-precipitation processing to obtain a very
well dispersed inorganic phase in the collagen matrix, with this method they were
able to implement 20 wt% of HA in the organic matrix without beads and the
produced scaffolds can stimulate osteoblastic differentiation and support good cell
adhesion[211]. Moreover, Zhou et al. electrospun and crosslinked collagen with
HA as inorganic phase with a new method, results of this experiment showed HA
particles well dispersed and with an oriented alignment. Furthermore, scaffolds
showed 40 times higher tensile strength compared to previous scaffolds and
promoting cell viability without showing in vitro cytotoxicity[212]. While many
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works describe the incorporation of HA in collagen electrospun scaffolds, not
many reported the incorporation of BG in collagen, however some researchers
studied the incorporation of BG in other natural polymers: Saatchi et al.
incorporated cerium substituted BGs in polyethylene oxide (PEO) electrospun
fibers with the result of an increased wettability and cell viability[213]; Talebian
et al. studied the effects of the incorporation of sol-gel BGs in core-shell PEO
fibers, noting an increase in the mechanical strength probably due to the formation
of ionic and hydrogen bonds between BGs and polymers, these scaffolds showed
the ability to form a plate-like hydroxyl-carbonate apatite layer and displayed the
potential to induce the osteogenic differentiation in human MSCs[214]. Finally,
Chen et al. investigated three-layer composite scaffolds, the loading of 5 and 10%
of Bioglass® increased the mechanical properties and in vivo studies showed a
positive effect on promoting cell proliferation and the expression of bFGF, VEGF
and collagen I[215].

Despite the many studies with the promising results, combining natural
polymers with bioactive inorganic materials during the course of electrospinning
remains a considerable challenge. For example, when HA nanopowder is mixed
directly with a polymer solution, electrospinning into nanofibers is impeded
significantly creating a large number of beads, moreover inorganic nanoparticles
generally agglomerate easily and cannot be homogenized with the polymer
solution[205].

Furthermore, as previously described, the collagen scaffolds produced by
electrospinning lack in mechanical properties; in order to enhance these
properties, membranes can be crosslinked. In the following section, a general
overview of the main methods to crosslink was described, then the two
crosslinking strategies used in this work was described more specifically.

1.6.4 Strategies for collagen crosslinking

As already mentioned, collagen materials are very good choice in the field of
tissue engineering due to the very high biocompatibility, hydrophilicity, and low
antigenicity, unfortunately, collagen scaffolds result in poor mechanical strength,
reduced elasticity, rapid degradation rate, and low resistance to external factors
such as the presence of enzymes[202, 216]; an approach to improve these
properties can be the use of chemical, physical, and enzymatic crosslinking
methods.

In the case of chemical crosslinking, chemical agents can be used to interact
with collagen functional groups (carboxyl- and amino groups), this leads to the
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formation of crosslinks between collagen molecules[217]. There is a large number
of chemical crosslinking: the use of glutaraldehyde (GA) compound crosslinks the
amine groups of lysine or hydroxylysine of the collagen by the reaction with the
aldehyde group of GA[218, 219], however, the exact mechanism of this reaction
still is not completely elucidated[220]; the GA 1is principally selected for its low
cost, high reactivity, and high solubility in water solution[216, 221-224], but
some studies reported the toxicity of GA for human health[220, 225]. Another
method is the use of genipin, a chemical compound obtained from a
glucoside[226] that possesses antimicrobial, antitumor, and anti-inflammatory
properties, it is also less toxic than GA and can interact with amino acids or
proteins in a reversible chemical attachment[216, 227], but unfortunately genipin
results cytotoxic for concentration above of 5 mM[216]. According to Yan et al.
in vitro studies on collagen/chitosan scaffolds crosslinked with genipin show an
improved biostability and an elasticity modulus increased with the increasing of
genipic concentration, in addition scaffolds showed a good biocompatibility,
moreover condrocyte’s adhesion, spread, and viability can be supported by the
fabricated scaffolds as in vitro studies demonstrated[228]. The EDC/ (N-
Hydroxysuccinimide) NHS method is a “zero length” crosslinking process that
chemical activate the molecules, this process crosslinks the amino- and carboxyl
groups present in the collagen molecules[229, 230], this method is widely used
because increase stability to the enzymatic digestion[216]. The dialdehyde starch
(DAS) is a macromolecular aldehyde produced in the reaction between native
starch and periodic acid[231] that shows low toxicity, biodegradability, and
antiviral activity[232, 233], but materials crosslinked with this compound tends to
age as Langmaier et al. described[234]. Finally, chitosan is a linear polysaccharide
with its hydroxyl and amino groups can covalently bond other reagents[235].
Chitosan is biocompatible, biodegradable, non-toxic, and exhibits antibacterial
and antifungal properties[76, 236, 237], the combination with collagen can
enhance the mechanical and biological properties of the scaffold[238], however it
has low solubility in water solutions and only the addition of an acidic medium
can increase its solubility[216] and in addition, since it is a natural-based
compound, chitosan can be contaminated by organic or inorganic impurities[216].

Also, the physically induced crosslinking can improve the collagen scaffold
properties, to perform this process two types of methods are commonly used:
temperature and UV irradiation[216]. The method using the temperature is called
dehydrothermal (DHT) method and in this case, collagen is exposed to elevate
temperature (higher that 90 °C) under vacuum conditions[239], a study confirms
that the crosslinking using DHT did not change the fibers diameter or the
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interfiber distance and improved the mechanical strength[240] and in addition, the
process is not cytotoxic and provides sterilization[241], nevertheless, during the
process collagen denaturation occurs, with the rearrangement of the tertiary
structure in a less ordered structure, due to the high temperature involved resulting
in a loss of the protein bioactivity[242]. The UV light crosslinking methods is
faster and more effective compared to DHT treatment, during the process, using a
UV light at 254 nm free radicals are formed on the aromatic groups of tyrosine
and phenylalanine that interact with each other to form chemical bonds[243]. The
procedure does not require additional reagents but causes a partial
denaturation[244], however the technique sterilizes the material because UV light
at 254 nm damages the microorganism genetic material[245], but unfortunately
the UV light alone not produce a high density of crosslinking[246]. More recently,
combined methods in which a reaction between UV light and a photo-activable
reagent produce intra- and intermolecular crosslinks were developed and these
methods appear more effective than UV light only, such as riboflavin and UV-A
crosslinking or UV-EDC/NHS-induced crosslinking[216].

Finally, enzyme induced crosslinking provides the use of enzymes to
crosslink the collagen molecules, collagen fibrils are stabilized with enzymatical
post-translational modifications in physiological conditions[247]. In the past, lysyl
oxidase (LOX) enzyme was used to crosslink collagen molecules, this enzyme
modifies the amino groups of lysines and hydroxylysines of the collagen into
aldehyde groups that consequently interact with the unmodified amino
groups[248], but nowadays a microbial transglutaminase (MTG) is widely used,
the MTG crosslinking improves the collagen stability and enhances the
mechanical properties, moreover the resulting material showed good
cytocompatibility and a not changed morphology of collagen fibrils[249].

In this PhD work, two types of crosslinking to enhance the electrospun
collagen matrices were investigated: a chemical crosslinking using the “zero
distance” EDC/NHS method and a UV crosslinking with a photo-activable
compound called Rose Bengal (RB).

1.6.4.1 Crosslinking by EDC/NHS coupling

EDC/NHS coupling is a “zero length” crosslinking able to connect an amino
group with a carboxyl group, as described in 1.4.5.4 section, the formed link is a
covalent bond that enhance the physicochemical properties of the collagen matrix.
This method is able to mimics the enzymes that stabilize the collagen structure in
vivo[250], in fact, the use of this methods reported to increase five-sixfold the

46



tensile modulus of collagen matrices[251] and the resulting crosslinked collagen
shows a more ordered 3-dimensional structure that increase the thermal stability
and facilitates the cell attachment and proliferation[251-253], creating an
adequate environment for cell viability (including osteoblast-like cells[252]).
Moreover, this crosslinking reaction also increase the stability to enzymatic
digestion by bacterial collagenase, probably because collagenase cannot recognize
the cleavage sites covered in the crosslinking[216]. However, even if this method
has numerous advantages, some disadvantages are also present: the topographic
cues of the collagen could be altered by the use of ethanol present during the
crosslinking reaction and the reaction is principally limited to the collagen surface
due to the slow penetration of EDC and NHS caused by the high-ethanol
environment[254].

1.6.4.2 Crosslinking by Rose Bengal

RB is a halide derivative of fluorescein[255] (Figure 1.14) widely used in clinical
applications both for enhance the visualization of corneal lesions as well as in the
inhibition of microorganisms’ growth such as bacterial and fungal infection by a
photochemical mechanism[255, 256].
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Figure 1.14: RB structure.

Nevertheless, this molecule can also be used to crosslink collagen materials
improving their properties; although the exact mechanism involved in the binding
and interaction between RB and collagen remains to be clarified[30], an
hypothesis of Redmond and Kochevar suggests that RB through aggregates rather
than individuals monomers binds the collagen positively charged groups (amines
and lysines) mainly via hydrogen bond, since RB have two negative charges, and
proline via hydrophobic forces, and then amino acids in collagen act as electron
donors to donate an additional negative charge to RB with a subsequent de-
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iodination and a formation of amino acid radicals that can form covalent
crosslinks between collagen chains. But also, a mechanism involving oxygen can
occurs where RB reactive oxygen species (singlet oxygen) were generated by
energy transfer[31]. Eckes et al. demonstrate that when RB is used to crosslink
collagen sheets, the resulting materials show reduced swelling degree and a huge
increase in the resistance of mechanical pressure, moreover, the crosslinked sheets
showed an increase collagen rigidity leading to an improvement of primary
osteoblasts and muscle cells proliferation[257]. Another work of Chan and So
demonstrated the improvement in the physicochemical properties of a collagen gel
after the crosslinking with RB[258], however, these authors used a method in
aqueous conditions that can results in a loss of topographic cues for collagen
electrospun fibers. Liu T. et al. overcome this problem by modifying this protocol,
they founded a well-maintained morphology of the scaffolds loaded with at least
0.1% (w/v) of RB[30], moreover, they exposed the collagen electrospun fibers
encapsulated with RB to water or ethanol before the laser irradiation to avoid the
fast loss of fibrous morphology. This probably is due because water and ethanol
provide ground state oxygen able to interact with RB producing reactive singlet
oxygen to oxidize surrounding molecules. Finally, Liu T. et al. demonstrated that
these scaffolds provide a beneficial environment for proliferation and
differentiation of cells[30].
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Chapter 2

Materials and methods

List of acronyms

AA: Acetic Acid

APST: (3-aminopropyl) silanetriol

BET: Brunauer-Emmett-Teller

COL: Rat Type I Collagen

CTAB: Cetyltrimethylammonium Bromide
DFT: Density Functional Theory

ddH20: Double Distilled Water

DMEM: Dulbecco’s Modified Eagle’s Medium
DPBS: Dulbecco’s Phosphate-Buffered Saline
ECM: Extracellular Matrix

EDC: N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide

EDS: Energy Dispersive Spectroscopy
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ELISA: Enzyme-Linked Immunosorbent Assay

FBS: Fetal Bovine Serum

FESEM: Field Emission Scanning Electron Microscopy

FTIR: Fourier Transform Infrared

HA: Hydroxyapatite

HFP: Hexafluoroisopropanol

HRP: Horseradish Peroxidase

ICP-AES: Inductively Coupled Plasma Atomic Emission Spectroscopy
MBGs: Mesoporous Bioactive Glasses

MBGs-Sr: Strontium containing Mesoporous Bioactive Glasses
MDOCSs: Monocyte-Derived Osteoclasts

NHS: N-Hydroxysuccinimide

OD: Optical Density

PBS: Phosphate-Buffered Saline

RB: Rose Bengal

SBF: Simulated Body Fluid

SD-Sr: Strontium containing Mesoporous Bioactive Glasses microparticles

SD-Sr-ICOS-Fc:  Strontium  containing Mesoporous Bioactive  Glasses
microparticles grafted with ICOS-Fc

SD-Sr-NH2: Amino modified strontium containing Mesoporous Bioactive Glasses
microparticles

SDS-PAGE: Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis

SEM: Scanning Electron Microscopy
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SG-Sr: Strontium containing Mesoporous Bioactive Glasses nanoparticles

SG-Sr-ICOS-Fc:  Strontium  containing Mesoporous Bioactive  Glasses
nanoparticles grafted with ICOS-Fc

SG-Sr-NH2: Amino modified strontium containing Mesoporous Bioactive Glasses
nanoparticles

Sr-nano-HA: Strontium substituted nano-hydroxyapatite
SSA: Specific Surface Area

TEOS: Tetraethyl Orthosilicate

TGA: Thermogravimetric Analysis

TMB: Tetra-Methyl-Benzidine

TNBS: 2,4,6-Trinitrobenzene Sulfonic Acid

TRAP: Tartrate-Resistant Acid Phosphatase

XRD: X-ray Diffraction

XTT: 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carbox-anilide
2.1 Introduction

The general aim of the present PhD thesis was to develop a flexible
multifunctional scaffold that can be specifically adapted for pelvis location in
order to treat osteoporotic fractures, by exerting different therapeutic effects and
promoting overall bone tissue regeneration. In this chapter, the general scheme of
the synthesis procedures and technologies for the fabrication of the final scaffold
are reported (schematically outlined in figure 2.1).
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Figure 2.1: Materials and technologies for the scaffold development.

Firstly, MBGs and Sr-nano-HA inorganic phases able to stimulate the bone
fracture healing and promote the restoration of the normal tissue balance were
selected and synthetized. For MBGs two synthesis methods were explored that
allow to obtain nano- and micro-sized particles, whereas Sr-nano-HA were
produced by FLUIDINOVA company by a wet chemical precipitation method;
the amount of strontium as therapeutic ion added in the synthesis both for MBGs
and Sr-nano-HA was selected in order to exert the characteristic pro-osteogenic
effects of Sr ions.

Subsequently, the bone healing properties of MBGs have been enhanced by
grafting of ICOS-Fc biomolecule, in order to exploit both the pro-osteogenic
effects imparted by Sr ions and the anti-osteoclastogenic activity of ICOS-Fc, thus
achieving a synergistic effect. Prior to the grafting MBGs surface were modified
with amino groups, then EDC/NHS chemistry was exploited in order to link the
amino groups with the carboxyl groups present on the Fc domain of the
biomolecule to form an amide bond.

Thereafter, type I collagen was electrospun with and without the selected
inorganic phases in order to obtain flexible membranes with a morphology that
can mimic the human bone ECM.
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Since the collagen-based electrospun membranes result in poor mechanical
properties and fast degradation rate, two methods to crosslink membranes were
investigated. The first method implies the use of an EDC/NHS coupling to link
the amino and carboxyl groups both present in the collagen molecules, while the
second method used the Rose Bengal molecule as the photoinitiator.

2.2 Synthesis of nano-sized mesoporous bioactive glasses

Part of the work described in this chapter has been already published during the
PhD period[259].

The synthesis of nano-sized particles was conducted by using a modified
procedure of base catalyzed sol-gel method developed by Wu et al.[260], in order
to obtain particles with a composition of SiO2, CaO and SrO (ratio 85/5/10,
named SG-Sr) and a mesopore size ranging between 2-4 nm. The preparation was
conducted as follows: 6.6 g of CTAB (=98%, Sigma Aldrich, Italy) was dissolved
in 600 mL of ddH20 and 12 mL of NH4OH (Ammonium hydroxide solution,
Sigma Aldrich, Italy) for 30 min. Then, 28.2 g of TEOS (reagent grade 98%,
Sigma Aldrich, Italy) was added drop by drop, and 1.88 g of calcium nitrate
tetrahydrate (Ca(NO3)224H20, 99%, Sigma Aldrich, Italy) and 4.25 g of strontium
chloride hexahydrate (SrCl2*6H20 99%, Sigma Aldrich, Italy) were dissolved, and
the solution was vigorously stirred for 3 h. The formed powder was collected by
centrifugation (Hermle Labortechnik Z326) at 13000 rpm for 3 min and washed
two times with ddH20 and one time with absolute ethanol (Ethanol absolute =
99.8%, Sigma Aldrich, Italy). The collected particles were then dried at 70 °C
with a STF-F 52 stove (FALC INSTRUMENTS s.r.l.) for 12 h and calcined using
a FALC FM 8,2 furnace (FALC INSTRUMENTS s.r.1.) at 600 °C in air for 5 h
(heating ramp 1°C min™') in order to remove all the residual CTAB.

All the reagents were purchased from Sigma Aldrich, Italy, and used as
received.

2.3 Synthesis of micro-sized mesoporous bioactive glasses
Part of the work described in this chapter has been already published during the
PhD period[259].

In order to obtain micro-sized MBGs, a process based on an aerosol assisted
spray-drying approach under mild acidic conditions was exploited by modifying
the procedure reported by Pontiroli et al[261]. The major advantage of this
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technique is due to its good repeatability and the promising scalability to an
industrial level. The preparation to obtain particles with a composition of SiOz,
CaO and SrO (ratio 85/5/10, named SD-Sr) and a mesopore size ranging between
8-10 nm was carried out as follows: 2.03 g of the non-ionic block copolymer
Pluronic P123 (EO20PO70EO20, average Mn ~5,800, Sigma Aldrich, Italy) were
dissolved in 85 g of ddH:O for 3 h; in a separate batch 10.73 g of TEOS were pre-
hydrolyzed using 5 g of an aqueous HCI solution (pH 2) until the solution
obtained was transparent (about 3 h of stirring). The TEOS solution was then
added drop by drop into the Pluronic solution and 0.72 g of Ca (NO3)224H20 and
1.62 g of SrCl2*6H20 were dissolved in the final solution. The resulting solution
was sprayed (Biichi, Mini Spray-Dryer B-290) with nitrogen as atomizing gas
using the following parameters: nozzle diameter 0.7 mm, inlet temperature 220
°C, N2 pressure 55 mmHg and feed rate 3.5 mL/min. The obtained particles were
then collected and calcined using a FALC FM 8,2 furnace (FALC
INSTRUMENTS s.r.1.) at 600 °C in air for 5 h (heating ramp 1°C min™') in order
to remove the Pluronic P123 residual.

All the reagents were purchased from Sigma Aldrich, Italy, and used as
received.

2.3.1 Scaling-up to industrial scale of micro-sized mesoporous
bioactive glasses

Since the synthesis of SD-Sr is an easily scalable process, in this PhD thesis the
scaling-up from lab scale to industrial scale of this process was explored using an
industrial spray dryer located in FLUIDINOVA company in Porto, Portugal
(Figure 2.2).
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Figure 2.2: Industrial spray dryer used for the scaling-up trials.

To perform the scaling-up of the MBGs spray drying with a composition of
Si02, CaO and SrO (ratio 85/5/10) and a mesopore size ranging between 8-10 nm,
the protocol developed at laboratory scale was adapted in term of reagent amounts

(Table 2.1).
Table 2.1: Amounts of reagents for industrial scaling-up trials compared to lab scale
synthesis.
Lab scale Industrial scale
Reagents synthesis synthesis
quantities quantities
copolymer
solution ddH,0 85 g 12.75Kg
TEOS 10.73 g 1.61 Kg
Pre-hydrolyzation
solution ]
HCI solution (pH 2) S5¢g 750 g
Ca (NO:s)2+4H,0 072 ¢g 108 g
Ions precursors
SrCl*6H,O 1.62 g 243 g
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The optimization of the overall procedure required several step-by-step
adjustments. The procedure for preparing the surfactant solution consisted as
follows: 304.5 g of the non-ionic block copolymer Pluronic P123 were dissolved
in 12.75 Kg of ddH20 for 4.30 h. The complete dissolution required longer time
compared to TRL3 process due to the higher amount of the surfactant. The
procedure for preparing the solution of hydrolyzed silica precursor consisted as
follows: 3.219 Kg of TEOS were pre-hydrolyzed using 1.5 Kg of an aqueous HCl
solution (pH 2) until the solution obtained was transparent (about 4 h of stirring);
in the preliminary trials the silica precursor solution has reached high
temperatures (up to 64 °C) due to the exothermic hydrolyzation reaction of TEOS
hydrolysis, which involves the early curing of the solution, to overcome this
problem the solution was prepared in an ice bath in the subsequent trials. The
TEOS solution was then added into the Pluronic solution (flow rate of 7 L/h) and
108 g of Ca(NO3)224H20 and 243 g of SrClz were dissolved in the final solution.
The final solution was then sprayed by an industrial spray dryer with air as
atomizing gas with the following parameters: nozzle diameter 2 mm, inlet
temperature 220 °C, outlet temperature 115 °C, and air flow 90 L/h. The obtained
particles were then collected and calcined using a FALC FM 8,2 furnace (FALC
INSTRUMENTS s.r.1.) at 600 °C in air for 5 h (heating ramp 1°C min™') in order
to remove the Pluronic P123 residual.

All the reagents were purchased from Sigma Aldrich, Italy and used as
received.

2.4 ICOS-Fc¢ grafting on mesoporous bioactive glasses
surface

The functionalization with amino groups has been used to insert reactive groups at
the surface of MBG enabling the grafting of ICOS-Fc¢ biomolecule through the
carboxyl moieties present on Fc residue of the biomolecule.

2.4.1 Surface modification of mesoporous bioactive glasses

Part of the work described in this chapter has been already published during the
PhD period[259].

MBGs shows on their surface a high number of terminal hydroxyl groups that
easily allow the grafting of alkoxysilane moieties in order to achieve several
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targets like reducing the aggregation among particles, nonspecific surface
adhesion or, as in this case, exploit the amino group for a subsequent grafting
reaction. The selected functionalization route was based on the post-grafting of
APST (22-25% in water, ALFA Chemistry) (Figure 2.3).
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Figure 2.3: Amino modification of MBGs-Sr surface.

The amount of APST to be added during the functionalization procedure was
calculated based to the Zhuravlev number widely used in the literature to estimate
the organosilane precursors for the post-grafting reactions of MBGs and
mesoporous silica[262]. According with the Zhuravlev number a density of 4.9
SiOH/nm? should be considered, and based on the specific surface area of MBGs
the overall number of the exposed hydroxyl groups was estimated and the amount
of organosilane was calculated.

In particular, the procedure generally reported for mesoporous silicas was
used[263-265], where 0.6 g of the previous described SG-Sr and SD-Sr were
outgassed overnight in vacuum in order to remove all the water residual on the
surface and then dispersed in 50 mL of absolute ethanol (P.A., absolute = 99.8%,
Sigma Aldrich, Italy) then the optimized amount of APST (0.9 mmol for SG-Sr
and 0.6 mmol for SD-Sr) was added and refluxed 24 h under stirring (400 rpm) at
80 °C under nitrogen atmosphere. The obtained functionalized powder (SG-Sr-
NH: and SD-Sr-NH2) was collected by centrifugation (Hermle Labortechnik
7326) 3 min at 13000 rpm for SG-Sr-NH2 and 5 min at 10000 rpm for SD-Sr-
NH:2, washed three times with absolute ethanol and dried at 70 °C for 12 h.

2.4.2 Grafting of ICOS-Fc on mesoporous bioactive glasses
surface

Part of the work described in this chapter has been already published during the
PhD period[259].
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The grafting of ICOS-Fc biomolecule was conducted on SG-Sr-NH2 and SD-
Sr-NH:2, the major challenge underlaying this procedure is the grafting of the
biomolecule showing the correct orientation for preserving its biological
functionality. To ensure the correct orientation, an EDC (Sigma Aldrich, Italy)/
NHS (Sigma Aldrich, Italy) coupling reaction described by Wang et al[266]. and
optimized in terms of reagents amounts and EDC/NHS ratio was used, since the
carboxyl group present on ICOS-Fc that in the reaction were linked to amino

groups of the particles are present in the Fc domain and not in the active site
(Figure 2.4).
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Figure 2.4: ICOS-Fc grafting on MBGs surface procedure.

In particular, 1 mg of ICOS-Fc was dissolved in 6.2 mL of DPBS and 200 pL
of a solution containing 50 mg/mL EDC and 75 mg/mL NHS were added, the
resulting solution was stirred at 500 rpm for 15 min at room temperature. Then,
100 mg of SG-Sr-NH2 or SD-Sr-NH2 were added and stirred at 500 rpm for 2 h at
room temperature. The grafted powder was then collected by centrifugation
(Hermle Labortechnik Z326) 15 min at 8500 rpm and washed five times with
ddH20, while supernatants were collected for the ELISA-like assay (see section
2.9.1). Finally, the powder was dry under vacuum for 12 h.

2.5 Synthesis of strontium containing nano-
hydroxyapatite

The Sr-nano-HA (50% Sr in the crystalline structure) used in this PhD work was
provided by FLUIDINOVA company and synthetized by a wet chemical

precipitation method through NETmix® reactor, a static mixing device for
continuous mode operation available at the company that produces nanoparticles
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with high reproducibility in terms of size distribution, allowing the control of the
formation of nano-HA at molecular scale (by controlling the mixing between the
different substances), moreover strontium ions were incorporated into the nano-
HA structure by the addition of strontium chloride hexahydrate as precursor to the
reactant solution following the equation:

(10—x) Ca®"(aq) +xST*"(aq) +6P 04> (ag) +20H (ag) —Ca10-xSTx(P04)s(OH )2s)

Where x is the content of strontium.

More precisely, the synthesis of Sr-nano-HA consisted in feeding a solution
containing calcium (CaClz)/strontium (SrCl26H20) and a phosphate (KH2POs)
solution, containing KOH as alkaline reactant in order to control the solution pH
in the range of 10-13, through the NETmix reactor in order to produce a milky
suspension of doped hydroxyapatite by wet chemical precipitation method
(flowrate 285 L/h) at room temperature. The precipitated Sr-nano-HA was
collected and washed with distilled water to eliminate the residual ions.

All the reagents were purchased from Sigma Aldrich and used as received.

2.6 Electrospinning

An electrospinning technology for collagen-based systems focusing on the
preservation of the protein structure and to obtain a nanofibrous homogeneous
fibrous matrix was optimized, in order to obtain fibrous biomimetic scaffolds to
be used for bone tissue engineering. Electrospinning is a comparatively versatile
technique to fabricate nanofibers, membranes, and scaffolds; the basic setup of the
electrospinning technique consists in a spinneret section and an electric field
applied in order to form a liquid jet that due to different types of forces
(electrostatic forces, surface tension, viscoelastic force, gravity) is able to produce
sub-millimetric and sub-micrometrics fibers, then collected on a metal collector.
In the process a drop of the polymer solution is created on the needle that not falls
due to the surface tension, when a sufficient high voltage applied the solution
becomes charged and the electrostatic repulsion counteracts the surface tension,
resulting in a stretching of the drop; at a critical point a jet of the liquid solution
erupts from the drop surface and, with a sufficient molecular cohesion of the
liquid, the breakup of the jet does not occurs, this point where the jet starts is
known as the Taylor cone. After the liquid polymer jet is created from a needle it
elongates under the forces mentioned above, and when the polymer solution is
drawn to the collector, the rapid evaporation of the solvent allows to obtain a
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deposition of dry fibers, whose size is strictly dependent on the process
parameters and the physico-chemical characteristic of the material, as represented
in Figure 2.5. Furthermore, the type of collector used can result in a different
orientation of the deposited fibers; for example, a plate collector can be used to
obtain membranes with not ordered nanofibers deposition to mimic ECM, a
rotating drum collector is used to collect aligned nanofiber sheets and producing a
homogenous nanofiber mats, moreover using different length/ diameter ratio with
different rotating speed an even fiber sheet or aligned fibers can be made; fibers
can be collected in large areas but the fabrication of highly aligned fibers is
difficult. In contrast, a rotating wire collector, composed of thin stainless-steel
wires arranged at the same distance from the axis of rotation, is also used to
collect aligned fibers, but the realization of highly aligned fibers happens with
more simplicity. Finally, the mandrel collector is similar to the drum collector, but
the smaller diameter allows to make tubular nanofiber samples.

Syringe
'ﬁj Polymer solution
I Spinneret
5 —— gi —— || High Voltage l

Fibers

Collector

Figure 2.5: Schematic diagram of electrospinning apparatus with a vertical set[267].

For the optimization of a suitable system for the electrospinning, collagen
dissolution was investigated and then electrospun, different critical aspects were
considered: the dissolution of the collagen in a solvent suitable for the
electrospinning but at the same time not harmful to the protein, the process to
suspend MBG-Sr or Sr-nano-HA into the collagen solution in order to obtain
fibers with a well dispersed inorganic phase, and the methods to enhance the poor
mechanical properties and fast degradation time of electrospun collagen
membranes. The electrospinning tests were conducted using a custom-made
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electrospinning setup placed under a chemical hood and a control system of
temperature and room humidity. In order to obtain fibers with a random
orientation, for all tests a plate collector was used with a needle of 21 G (internal
diameter of 0.8 mm).

2.6.1 Type I collagen extraction from rat tail tendon

Type I collagen used to the electrospinning studies was extracted from rat tail
tendon by NOVAICOS company (Novara, Italy). In details, collagen fibers were
first dissected into small parts, transferred in 0.2% AA, and stirred at 4 °C for
three days; the obtained viscous solution was blended in a house-ware blender in
ice to avoid the overheating and then centrifugated at 3500 rpm at 4 °C, filtered
and kept at 4 °C. This method of extraction allows to maintain the structural
integrity of the collagen protein. Moreover, each preparation of collagen was then
jellified and incubated at 37 °C, 5% CO: in sterile complete medium in order to
test the sterility of the preparations, microbial growth was not detected;
preparations were also analyzed by SDS-PAGE in a 10% polyacrylamide gel to
detect the presence of contaminant proteins or degraded collagen chains; SDS-
PAGE is a technique where proteins were linked to the sodium dodecyl sulphate
molecule (every 2 amino acids one molecule of SDS is bonded) that breaks the
non-covalent interactions making the proteins linear with a negative charge
proportional to the protein mass, proteins were then separated based on their mass
on a polyacrylamide gel by electrophoresis; the preparations resulted not
contaminated and not degraded. Finally, COL was also analyzed with FTIR in
order to investigate the reproducibility of the process.

2.6.2 Preparation and electrospinning of type I collagen solutions

In order to obtain a polymer solution suitable for the electrospinning with
preserved structure and biological functionality of collagen, 40% AA (glacial
>99%, Sigma Aldrich, Italy) in water was investigated for dissolving COL, and
compared with HFP (>99%, Sigma Aldrich, Italy) widely used in the literature for
the dissolution of collagen in the electrospinning processes. COL was obtained by
the lyophilization with a Lyovapor L-200 freeze-dryer (Biichi, Switzerland) of a
solution of 1% w/v rat type I collagen in PBS provided by NOVAICOS company
and stored at -20 °C before the use. To detect the preservation of the structural
properties of the collagen dissolved, FTIR and SDS-PAGE were performed. Since
the COL dissolved in HFP solvent did not preserve its structural properties on the
contrary of the COL dissolved in 40% AA as demonstrated FTIR spectra and
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SDS-PAGE, the solutions for the electrospinning were prepared by dissolving the
collagen in 40% AA. The selection of collagen concentrations was based on
previous studies aimed to obtain a solution that can be easily electrospun avoiding
the formation of non-homogeneous fibrous matrices and beads.

2.6.2.1 Preparation and electrospinning of 20% collagen solution

The COL solution was prepared by the dissolution of COL in 40% AA solution
with a concentration of 20% w/v. In particular, 1 g of lyophilized COL was
dissolved in 5 mL of 40% AA, the solution of COL was then covered and stirred
at 300 rpm overnight at room temperature, under a chemical hood. The obtained
solution (called 20COL) was then transferred in a 5 mL syringe and centrifuged
(Hermle Labortechnik Z326) for 2 min at 2000 rpm in order to remove all the
bubbles formed during the dissolution before the electrospinning. Before starting
the process, an aluminium foil was placed on the plate collector in order to easily
remove the electrospun matrix without damage it. The 20COL solution was then
electrospun with a distance between the emitter and the collector of 10 cm with a
voltage ranging from 22 to 24 kV and a flow rate of 300-350 uL/h. The formation
of a stable Taylor cone was observed during the application of the selected
voltage (Figure 2.6). The temperature and the room humidity were maintained
constant (23 °C and 35%, respectively) and the solution was electrospun for a
total time of 3 h in order to obtain a thick matrix that can be easily characterized.
The obtained electrospun matrices were removed from the collector and dried
overnight at room temperature and then analyzed.

Figure 2.6: Taylor cone formed during the electrospinning process.

2.6.2.2 Preparation and electrospinning of 20% collagen and
strontium containing mesoporous bioactive glasses suspension

The COL solution was prepared by the dissolution of COL in 40% AA solution
and separately MBG-Sr were suspended in 40% AA. The volumes of 40% AA for
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the dissolution of COL and the suspension of MBG-Sr were selected in order to
obtain a final COL concentration of 20% w/v upon mixing. Different
concentrations of MBG-Sr micro- or nanoparticles (5% w/v, 7.5% w/v, 10% w/v,
12.5% w/v, and 15% w/v) in the final suspension were tested to identify the best
choice in term of incorporated amount and homogeneous dispersion within the
electrospun matrix. In particular, 1 g of lyophilized COL was dissolved in 3 mL of
40% AA, covered and stirred at 300 rpm overnight at room temperature, under a
chemical hood. In another batch, 750 mg of MBG-Sr were suspended in 2 mL of
40% AA, stirred for 1 h at 500 rpm and sonicated using an ultrasonic bath
(Digitec DT 103H, Bandelin) for 1 h. Subsequently, MBG-Sr suspension was
further stirred at 500 rpm, and once the two solution was prepared, MBG-Sr
suspension was added drop by drop in the COL solution and the resulted
suspension was stirred at 300 rpm for 1 h at room temperature. The obtained
20COL/MBG-Sr suspension was then transferred in a 5 mL syringe and
centrifuged (Hermle Labortechnik Z326) for 2 min at 1000 rpm in order to
remove all the bubbles formed during the dissolution and the mixing before the
electrospinning and avoiding the precipitation of the inorganic phase. Before
starting the process, an aluminium foil was placed on the plate collector in order
to easily remove the electrospun matrix without damage it. The 20COL/MBG-Sr
suspension was then electrospun with a distance between the emitter and the
collector of 10 cm with a voltage ranging from 22 to 24 kV and a flow rate of
300-350 puL/h. The formation of a stable Taylor cone was observed during the
application of the selected voltage, the temperature and the room humidity were
maintained constant (23 °C and 35%, respectively) and the suspension was
electrospun for a total time of 3 h in order to obtain a thick matrix that can be
easily characterized. The obtained electrospun matrices were then removed from
the collector, dried overnight at room temperature, and analyzed.

2.6.2.3 Preparation and electrospinning of 20% collagen and
strontium substituted nano-hydroxyapatite suspension

The COL solution was prepared by dissolving COL in 40% AA solution and in a
separately solution of 40% AA the Sr-nano-HA (50% Sr in the crystalline
structure, provided by FLUIDINOVA, Portugal) were suspended. The quantity of
40% AA used for the dissolution of COL and for the suspension of Sr-nano-HA
were calculated for obtaining a final COL concentration of 20% w/v and different
tested concentrations of Sr-nano-HA (5% w/v, 7.5% w/v, 10% w/v, 12.5% w/v,
and 15% w/v), to obtain a matrix with a well dispersed inorganic phase. In
particular, 1 g of lyophilized COL was dissolved in 3 mL of 40% AA, covered
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and stirred at 300 rpm overnight at room temperature, under a chemical hood. In
another batch, 500 mg of Sr-nano-HA were suspended in 2 mL of 40% AA,
stirred for 1 h at 500 rpm, sonicated using an ultrasonic bath (Digitec DT 103H,
Bandelin) for 1 h, and further stirred at 500 rpm. Once the collagen solution and
the Sr-nano-HA suspension were prepared, Sr-nano-HA suspension was added
drop by drop in the COL solution and the resulted suspension was still stirred at
300 rpm for 1 h at room temperature before the electrospinning. The obtained
20COL/Sr-nano-HA suspension was then transferred in a 5 mL syringe and
centrifuged (Hermle Labortechnik Z326) for 1 min at 1000 rpm to remove all the
bubbles formed during the dissolution and the mixing without the precipitation of
Sr-nano-HA. Before starting the process, an aluminium foil was placed on the
plate collector to easily remove the electrospun matrix without damage it. The
20COL/Sr-nano-HA suspension was then electrospun with a distance between the
emitter and the collector of 10 cm with a voltage ranging from 23 to 24 kV and a
flow rate of 300-350 pL/h, the formation of a stable Taylor cone was observed
during the application of the selected voltage. The temperature and the room
humidity were maintained constant (23 °C and 35%, respectively). The
suspension was electrospun for a total time of 3 h to obtain a thick matrix that can
be easily characterized. The obtained electrospun matrices were then removed
from the collector and dried overnight at room temperature and finally analyzed.

2.6.2.4 Preparation and electrospinning of 20% collagen and 0.1%
Rose Bengal solution

The 20% collagen and 0.1% Rose Bengal solution (20COL/0.1%RB) solution was
prepared by the dissolution of COL and RB (Dye content >80 %, Sigma Aldrich,
Italy) in 40% AA solution with a concentration of 20% w/v and 0.1% w/v,
respectively. In particular, 1 g of lyophilized COL and 5 mg of RB were dissolved
in 5 mL of 40% AA. The resulting 20COL/0.1%RB solution was then covered
and stirred at 300 rpm overnight at room temperature, under a chemical hood. The
obtained solution was then transferred in a 5 mL syringe and centrifuged (Hermle
Labortechnik Z326) for 2 min at 2000 rpm in order to remove all the bubbles
formed during the dissolution before the electrospinning. Before starting the
process, an aluminium foil was placed on the plate collector in order to easily
remove the electrospun matrix without damage it. The 20COL/0.1%RB solution
was then electrospun with a distance between the emitter and the collector of 10
cm with a voltage ranging from 22 to 24 kV and a flow rate of 300-350 puL/h. The
temperature and the room humidity were maintained constant (23 °C and 35%,
respectively). The solution was electrospun for a total time of 3 h in order to
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obtain a thick matrix that can be easily characterized. The obtained electrospun
matrices were removed from the collector and dried overnight at room
temperature and then analyzed.

All the steps with the RB dye (starting from the dissolution to the drying of
the obtained electrospun matrices) were performed keeping away the direct light
to avoid premature activation of RB dye.

2.6.3 Crosslinking methods

Since the collagen electrospun matrices result in poor mechanical properties and
fast degradation times, two types of crosslinking methods were investigated with
the aim to enhance these properties. The analyzed crosslinking methods are both
chemical crosslinking: an EDC/NHS coupling which exploit the amino and
carboxyl groups both present in the collagen protein to link them to each other,
and a crosslinking method using a photoinitiator called Rose Bengal and using a
514 nm light to activate it (Figure 2.7).
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membrane
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Figure 2.7: EDC/NHS chemical crosslinking and crosslinking method using Rose
Bengal as photoinitiator of electrospun collagen membranes.

2.6.3.1 EDC/NHS coupling crosslinking method

Electrospun collagen membrane crosslinking with the EDC/NHS coupling was
investigated using a modified procedure previous described by Ribeiro et al[193].
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In detail, collagen membranes obtained after the electrospinning were soaked in a
solution of absolute ethanol (Ethanol puriss. P.A., absolute = 99.8%, Sigma
Aldrich, Italy) containing both EDC (Sigma Aldrich, Italy) and NHS (Sigma
Aldrich, Italy) reagent, with a respectively concentration of 30 mM and 15 mM,
for 8 h at 4 °C in order to allow the complete reaction without the degradation of
the collagen protein. Then, membranes were washed two times with absolute
ethanol and stored at -20 °C before the lyophilization with a Lyovapor L-200
freeze-dryer (Biichi, Switzerland) to remove all the ethanol residual. After the
lyophilization, membranes were manually detached from the aluminium foil and
stored at 4 °C.

2.6.3.2 crosslinking method using Rose Bengal as photoinitiator

Another method to crosslink the electrospun membranes was investigated by the
use of the RB photoinitiator, able to be activated by a 514 nm, radiation using a
modified procedure developed by Liu T. et al[30]. In order to include the
photoinitiator in the collagen membranes for the subsequent activation, the
electrospinning procedure was performed by the preliminary addition of RB dye
immediately after the dissolution of the collagen in the 40% AA solution and later
the resulting solution was electrospun as described in the 2.5.1.4 section. Once the
electrospun collagen matrices with RB were obtained, membranes were soaked in
a solution of 95% absolute ethanol (Ethanol puriss. P.A., absolute = 99.8%, Sigma
Aldrich, Italy) for 15 min at 4 °C, then ethanol was removed, and the membranes
impregnated of ethanol were irradiated at 514 nm for 100 s and stored at -20 °C
before the lyophilization with a Lyovapor L-200 freeze-dryer (Biichi,
Switzerland) to remove all the ethanol residual. After the lyophilization,
membranes were manually detached from the aluminium foil and stored at 4 °C.

All the steps from the dissolution of RB until the irradiation were performed
keeping away the direct light to avoid premature activation of RB dye.

2.7 Morphological, structural and compositional
characterization

In the following section the morphological, structural and compositional analyses
performed to investigate and characterize the different morphology, size,
structural features and compositions of the produced materials and scaffolds will
be described. Collected data allowed the selection of the best suitable material and
scaffold.
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2.7.1 Morphological analysis by Field Emission Scanning Electron
Microscopy and Scanning Electron Microscopy

The FESEM and the SEM are non-destructive techniques which efficiently give
morphology, compositional and structure information of the analyzed material.
An electron gun generates a high energy electron beam on the sample, scanning
the material surface at very low potentials ranging between 0.02 and 5 kV with a
very good spatial resolution. Whenever samples are not electrically conductive, to
reduce the obstructing of the electron path caused by the surface charging,
preceding the imaging a samples preparation process is required. To eliminate the
charges on the sample surface, a deposition of a generally very thin (5-10 nm)
conductive heavy metal layer such as Pt, Cr or Au is performed. On all the above-
mentioned MBGs samples a FESEM characterization was performed to evaluate
their morphology, size, and shape, moreover, FESEM analysis was assessed on
MBGs samples after soaking in SBF to investigate the formation of a
hydroxyapatite layer (see section 2.8). For the preparation of the samples, 5 mg of
nano-sized MBGs samples, synthetized by the base-catalyzed sol-gel method,
were dispersed in 5 mL of isopropanol in an ultrasonic bath (Digitec DT 103H,
Bandelin) for 10 min to obtain a stable suspension. Then, the suspension was
dropped on a copper grid (3.05 mm Diam.200 MESH, TAAB), dried in air and
coated with Cr (layer of ~7 nm) prior the imaging. On the contrary, micro-sized
MBGs synthetized by the aerosol assisted spray dryer approach were dispersed on
a conductive carbon tape adhered on a stub as dried powder and then coated with
a Cr layer of about 7 nm. All MBGs samples were analyzed with a ZEISS
MERLIN instrument. Conversely, collagen membranes were directly placed on a
carbon tape adhered on a stub and coated with a 7 nm thin platinum layer before
the imaging, all collagen membrane samples were analyzed with a PHENOM XL
instrument.

2.7.2 N; adsorption-desorption analysis

N2 adsorption-desorption measurements analyzes the sample SSA, pore volume
and size, as well as the pore shape and distribution used to the determination of
the textural properties of a large assortment of solid materials (for example
catalysts, pigments, or glasses/ceramics)[148]. When an adsorbable gas called
adsorptive got in contact with the solid surface called adsorbent, a physisorption
phenomenon in which intermolecular forces (in particular van der Waals forces)
are involved occurs[268]. The temperature of the performed measurement for
most of the adsorption analyses is above the freezing point of the gas used but
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lower than its triple point[269]. After the definition of the adsorbent (MBGs-based
samples) and the adsorptive (nitrogen at 77 K), the amount of gas adsorbed was
measured as a function of relative pressure (p/po) at constant temperature and
reported as an adsorption isotherm.

When the analysis is concluded, the instrument report a different adsorption
isotherm for different types of samples, in fact, according to [IUPAC classification
there are six types of isotherms (Figure 2.8)[148, 270]:

e Type I isotherm typically concerns materials with a small external surface
and with micropores (pore size <2 nm); two different types of isotherms can be
obtained by the use of nitrogen at 77 K and argon at 87 K: the type I(a) isotherm
when the microporous material possesses narrow micropores with a width of
about 1 nm, and the type I(b) isotherm when the material presents a broader pore
size distribution ranging from micropores to narrow mesopores (<~2.5 nm).

e Type II isotherm is obtained by nonporous or microporous (pore size >50
nm) materials, the unrestricted monolayer-multilayer adsorption up to high p/po
determines its shape. The completion of the monolayer coverage is reported in the
figure 2.8 by the point B.

e Type III isotherm is typical of nonporous or microporous materials, and it
is the result of weak interactions between the adsorbent and the adsorbate.

e Type IV isotherm is typical of mesoporous materials, where the adsorption
depends both on the adsorbent-adsorptive interaction and on the molecules in the
condensed state. In this case, a gas condensation in the pores follows the initial
monolayer-multilayer adsorption phase, in fact, in the isotherm the monolayer-
multilayer adsorption of nitrogen molecules on the walls of the mesopores
corresponds to the adsorption to low p/po, and the condensation of the nitrogen
gas in the pores follow this phase at pressure <po. Generally, these types of
isotherms end with a saturation plateau.

Also in this case, two different type IV isotherms can be obtained: type IV(a)
isotherm typical of mesoporous materials exhibiting pores larger than a critical
width (4 nm if nitrogen at 77 K is used as adsorptive) presenting a hysteresis loop
in the capillary condensation region; and type IV(b) isotherm typical of
mesoporous materials with smaller mesopores, usually conical or cylindrical
mesopores.

e Type V isotherm is typical to weak adsorbent-adsorbate interactions such
as the adsorption of water in hydrophobic microporous and mesoporous materials;
this type of isotherm is very similar to type III isotherm.
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e Type VI isotherm is typical when a highly uniform nonporous surface
presents a layer-by-layer adsorption.
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Figure 2.8: IUPAC classification of physisorption isotherms[270].

Moreover, in the multilayer range of physisorption isotherms can be noticed a
hysteresis loop generally associated to the capillary condensation. Normally, can
be generated five types of hysteresis loops (H1, H2, H3, H4 and HS) based on the
structure of pores and the adsorption mechanism (Figure 2.9):

e HI hysteresis loop is generated when mesoporous materials show a narrow
range of uniform mesopores.

69



e H2 hysteresis loop generally is associated to more complex pore features;
specifically, H2(a) could be attributed to the block of pores in a narrow pore range
while H2(b) could be ascribed to the pore blocking with pores with larger neck
widths.

e H3 hysteresis loop occurs when there are aggregates of plate-like particles.

e H4 hysteresis loop is typical of materials showing narrow and elongated
pore size.

e HS hysteresis loop regards materials with both open and partially blocked
pores.
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Figure 2.9: IUPAC classification of hysteresis loops[270].

The analysis of the data acquired by the N2 adsorption-desorption
measurements allows to obtain different material properties such as SSA value,
pore volume, and pore size. To analyze the data can be adopted different methods.
In particular, the BET gas adsorption method is one of the most used to calculate
the SSA of mesoporous materials[148, 270]. The theory that the adsorption
enthalpy remains constant during the multilayer formation is the basis of this
method. The BET equation is the following:

p 1 C—-1p
Vpo—p) Vial ViC po

Where p is the equilibrium pressure (torr), V is the adsorbed volume for every
gram of solid, po is the saturation pressure at 77 K (torr), Vm is the monolayer
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volume of N2 (mL), and C is the parameter associated to the energy of the
monolayer adsorption.

The values of Vm and C can be calculated after the measuring of the linear
correlation in a limited range of p/po (0.05 and 0.3), made possible by plotting of
p/(V(po-p)) as a function of p/po. Then, SSA value is determined by the following
equation[271]:

oV, N,

SSA =
v
Where SSA is the specific surface area in m%/g, ¢ is the molecular cross-
sectional area occupied by the molecules of adsorbate in the monolayer (for N2 is
13.5 A), Na is the Avogadro number (6.022¢10?%), and v is the molar volume of
the adsorbed gas that for N2 is 22.414 mL/mol.

To calculate the pore size distribution and the total pore volume, one of the
most used methods is based on the established principles of statistical mechanics
and is the one of Non-Local DFT, where the calculation of the function of pore
size distribution derives from an equation able to correlate the isotherm kernel
with the experimental isotherm[270].

All the MBGs-based samples were analyzed by the N2 adsorption-desorption
measurements to evaluate both the SSA and the structure of mesopores. Before
the analysis, in order to avoid a change in the surface structure the samples were
outgassed to remove all the species that are physiosorbed. Nano-sized particles
were outgassed at 200 °C for 3 h, while micro-sized particles were outgassed at
150 °C for 3 h. Finally, in order to avoid the denaturation of ICOS-Fc
biomolecule, all the samples grafted with ICOS-Fc were outgassed at 37 °C for 5
h. To calculate the SSA from the adsorption data (relative pressure 0.04-0.2) was
used the BET equation, while for the pore size distribution was used the DFT
method using the Non-Local DFT kernel of equilibrium isotherm (desorption
branch). All the samples were analyzed with an ASAP2020 (Micrometrics)
instrument with nitrogen as adsorptive (77 K).

2.7.3 Compositional characterization

Energy Dispersive Spectroscopy. The EDS technique is widely used to
examine and evaluate the elemental composition of the analyzed samples, during
the analysis, after the exposure of the sample surface to a high-energy electron
beam the electrons from the atoms are ejected, then the formed electron vacancies
are filled by electrons present in the higher states with the consequent emission of
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an X-ray for the balancing of the difference of energy of the two electrons states.
The characteristic set of peaks detected from the instrument is unique for each
element.

The EDS analysis was performed on all above-mentioned MBGs-based
samples with the aim to identify the elemental composition and confirm the
incorporation of the therapeutic ions in the silica framework: samples in dry
powder form were dispersed on a conductive carbon tape adhered on a stub and
coated with a Cr layer of 7 nm before the analysis performed by an Aztec EDS
equipment.

Inductively Coupled Plasma Atomic Emission Spectroscopy. In the ICP-
AES method, atoms and ions were excited by a plasma causing the emission of an
electromagnetic radiation with a wavelength unique for each element.
Consequently, this technique can evaluate the quantity of a specific element
present in a water-based medium, even if very low concentrations (ppb) of
element is present. During the analysis, the liquid sample is prior converted in an
aerosol, then the aerosol was atomized using an argon plasma which is a neutral
conducting gas with the same number of cations and electrons. The atomization
give energy to excite the electrons with the subsequent electron transfer in high
energy levels and, after the decay of the electrons in their ground energy state, a
radiation is emitted. The emitted light allows to identify the element due to the
specific wavelengths of each element, furthermore, the intensity of the radiation is
proportional to the element concentration in the sample. This technique possesses
high sensitivity, good precision and accuracy.

This technique was used to evaluate the ions concentration release from the
collected supernatant of the MBGs-based samples tested using the procedure
reported in section 2.7. Before the measurements, in order to obtain a suitable
detectable ions concentration for the ICP-AES instrument, all the collected
supernatants were diluted in ddH2O and, in addition, the effective amount of
incorporated ions in the MBGs-based samples was also evaluated using this
technique by the dissolution of the samples in a mixture of nitric and hydrofluoric
acids (0.5 mL of HNO3 and 2 mL of HF every 10 mg of samples) and the
measurement via ICP analysis of the obtained solutions. An ICP-MS,
Thermoscientific, I[CAP Q instrument was used for all the analyses.

Fourier Transform Infrared. FTIR spectroscopy exploits the infrared
radiation to scanning the samples and analyze and identify organic, inorganic, and
polymeric materials. Normally, a FTIR spectrometer is composed by a source of
the radiation, a cell with the sample, the detector, an amplifier, an A/D convertor
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to convert the radiation signal in a digital signal, and a computer (Figure 2.10); the
generated radiation transits in an interferometer and reaches the detector, then the
signal is amplified and subsequent converted to a digital signal and transferred to
the computer where is executed the Fourier transform. The infrared radiation
passes on the sample and a part is absorbed by the sample and converted in
vibrational and rotational energy, and the remanent part passes through the sample
and is transmitted. The resultant signal obtained at the detector is a spectrum from
4000 to 400 cm™ representing the molecular fingerprint of the sample, every
material possesses a unique specific fingerprint where the absorption peaks
represent the vibration frequencies of the bonds of the atoms, and consequently,
FTIR spectroscopy is a key tool for the chemical identification.
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Figure 2.10: Schematic representation of the FTIR instrument[272].

In this PhD work, FTIR spectroscopy was used to confirm the successful
functionalization of amino groups on the MBGs surface and the successful
grafting of ICOS-Fc on MBGs surface as well as the preservation of the structural
properties of the collagen dissolved for the electrospinning. FTIR spectra were
collected by a Bruker Equinox 55 spectrometer (range of wavenumbers from 4000
to 400 cm™! with a resolution of 2 cm™).

Thermogravimetric analysis. TGA measure the change in weight of a
material under a controlled atmosphere as a function of the temperature and can
identify different features of the material (such as the thermal stability, filler
content in polymers, solvent content, and in particular the percent composition of
components in a specific compound). During the analysis, the sample positioned
in a furnace gradually increase the temperature while the weight is constantly
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monitored by an analytical balance and when thermal events that involve a loss of
volatile compound occurs, a weight loss is observed. The weight of the sample is
then plotted against temperature.

In this PhD work, TGA was performed on amino functionalized MBGs, and
ICOS-Fc grafted MBGs to confirm the presence of amino groups and ICOS-Fc
biomolecule grafted. The ICOS-Fc amount was determined from the weight loss
of MBGs-Sr-ICOS-Fc compared to MBGs-Sr-NH2 and MBGs-Sr. Moreover,
TGA was also performed on crosslinked collagen membranes to evaluate the
successful crosslinking, and the weight loss was determined between 250 and 420
°C. Analyses were performed using a STA 2500 Regulus (Netzsch) instrument
over a temperature range of 25-600 °C for MBGs-based samples and 25-800 °C
for crosslinked collagen membranes, under air flux (flow of 50 mL/min) at
heating rate of 10 °C min’', and data were collected using a Proteus® (Netzsch)
software.

X-ray Diffraction. XRD is a non-destructive technique to characterize
crystalline materials, providing both qualitative and quantitative information
about the structure of the samples. This technique exploits the diffraction of X-
rays by the crystal lattice of the analyzed solid; if nA=2d sinf (Bragg’s Law) is
satisfied, when an X-ray monochromatic beam pass on the sample with a certain
wavelength A and a certain angle 0, the sample produces a constructive
interference and a diffracted ray, as shown in Figure 2.11. The Bragg’s Law
correlate the wavelength to the diffraction angle and the lattice spacing in a
crystalline sample, and by varying the angle 0, different d-spacings satisfy the
Bragg’s Law conditions in crystalline samples. Then, the diffracted X-ray is
detected, processed, and counted, all the possible diffraction directions of the
lattice can be reached by varying 20 angles. Usually, the X-ray diffractometer use
a Cu Ka X-rays (A= 0.15406 nm) and operate at room temperature at known
voltages and current over the 20 range from 10 to 100 degrees in the steps of 0.01
degree in open quartz sample holders. The diffractogram is then obtained by
plotting the diffracted X-ray intensities as a function of all the angular positions
and it is characteristic for each material; in the diffractograms can be determined
two different regions: an amorphous region characterized by broad peaks centered
around the 0, which show a sharp peak for crystalline materials with the same
composition; and a crystalline region characterized by sharp peaks resulting from
the diffracted beams arising from different planes, several data can be obtained
from the analysis of the diffractogram (such as the crystal cell symmetry and the
type of phases, the quantitative composition by the derivation of the intensity of
the peaks, and information of the crystal dimension).
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Figure 2.11: Diffraction from crystal planes according to Bragg's law[273].

All the MBGs-based samples and collagen membranes were analyzed through
XRD using a Philips X’Pert diffractometer with a Cu K
(40 kV, 20 mA) source in a 26 range of 10—70 with a scan speed of 0.05°/s, to
obtain different information on the material structure; MBGs-based samples were
analyzed in order to investigate the possible presence of undesired segregated
oxidic phases of the incorporated therapeutic metallic ions in the silica
framework, moreover, the formation of hydroxyapatite layer after the soaking in
SBF of MBGs-based samples (see section 2.8) was investigated in order to
confirm the bioactive behaviour. Finally, collagen scaffolds with inorganic phases
were analyzed through XRD to investigate the Sr-nano-HA presence in the
membranes.

UV-Vis spectroscopy. UV-Vis spectroscopy is a quantitative technique used
to measure the quantity of absorbed radiation by a chemical substance
determining the intensity of the radiation that passes through the sample compared
to the intensity passed through a blank or a reference sample. The basis of this
method is the absorption of a monochromatic electromagnetic radiation in the
ultraviolet (200-350 nm) and visible (350-700 nm) spectral region by species
composed by particular atoms or a group of atoms responsible for ultraviolet
and/or visible light absorption (chromophores). In particular, when a chromophore
is excited with a specific amount of energy, atoms absorb the UV-visible radiation
and electrons are excited from a lower to a higher energy level. Basically, an UV-
visible spectrometer is composed by a light source, a monochromator, and a
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detector; the light from the source is split by the monochromator into its
component colors of different wavelengths, then the radiation passes through the
sample and reach the detector which converts the light intensity in an electric
signal, then amplified, and returns a diagram reporting the absorbance as a
function of the wavelength. During the passage of the monochromatic radiation
through the sample, part of the light can be absorbed while the rest is transmitted,
the ratio between the intensity of the incoming radiation (I) and the resulting
radiation after the sample absorption (lo) is called transmittance, and the negative
logarithm of the transmittance is called absorbance (A):

A= —log(l/ly)

If the absorbance is known, the Lambert-Beer law can be used in order to
calculate the concentration of the substance:

A=¢cd

Where ¢ is the molar extinction coefficient, peculiar for a substance (mol' L
cm™), d is the optical path length, and ¢ is the concentration of the solution
(mol/L).

UV-visible spectroscopy was used to investigate the crosslinking degree of
crosslinked collagen membranes by the measurement of the free amine presence
(see section 2.11). For the analysis, using a blank solution containing the reaction
mixture without the collagen, a baseline was recorded, then, the reaction mixtures
with collagen or crosslinked collagen were analyzed after a dilution of 1:20 in
ddH20 by using a Thermo Scientific Multiskan GO, scanning from 200 nm to 600
nm and reading the absorbance value at 346 nm in order to compare the free
amine groups between non-crosslinked collagen and the crosslinked collagen. All
tests were performed in triplicate.

2.8 Ions release analysis on mesoporous bioactive glasses

Part of the work described in this chapter has been already published during the
PhD period[259].

Strontium ions release tests were performed in order to investigate the ability
of MBGs-Sr and MBGs-Sr-ICOS-Fc to release the incorporated therapeutic ions,

even after the biomolecule grafting, by modifying the procedure described by Shi
et al[274].
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MBGs-Sr or MBGs-Sr-ICOS-Fc with a concentration of 250 ug mL™! were
soaked in Tris HCI buffer (Tris(hydroxymethyl)aminomethane (Trizma, Sigma
Aldrich)) at 0.1 M and pH 7.4. Specifically, 5 mg of powder were suspended in 20
mL of Tris HCI buffer at 37 °C for different time steps (3 h, 1 day, 3 days, 7 days,
and 14 days) in an orbital shaker (Excella E24, Eppendorf) using an agitation rate
of 150 rpm. After each time point, the suspensions were centrifuged (Hermle
Labortechnik Z326) for 3 min at 13000 rpm or for 5 min at 10000 rpm for nano-
sized and micro-sized particles, respectively, half of the supernatant was
collected, and the same volume of fresh Tris HCI buffer solution was added in
order to maintain constant the total volume of the release medium, finally, the ion
released concentration was measured by ICP-AES technique after an appropriate
dilution. All the tests were performed in triplicate, moreover, to express the
released percentage of the powder during the tests and to evaluate the total
amount of the incorporated ions in the MBGs silica framework during the
synthesis, particles were dissolved in a mixture of nitric acid and hydrofluoric
acid (0.5 mL and 2 mL of HNOs and HF respectively, every 10 mg of powder)
and measured with ICP analysis. Each test was performed in triplicate and the
data are presented as means =+ standard deviations.

2.9 Bioactivity test on mesoporous bioactive glasses

Part of the work described in this chapter has been already published during the
PhD period[259].

The ability to create a hydroxyapatite layer of MBGs is an essential
characteristic and a fundamental property of the material in order to promote the
bone tissue regeneration and, since the bioactivity of MBGs is very important,
bioactivity tests were performed, by following the protocol reported by Magon et
al.[275], where a unified method was used to evaluate the ability to form a
hydroxyapatite layer of the bioactive glasses.

With the intention to evaluate the in vitro bioactivity, both MBGs-Sr and
MBGs-Sr-ICOS-Fc were tested. In particular, 30 mg of sample was soaked in 30
mL of SBF (prepared with the reagents reported in Table 2.2) following the
protocol reported in the literature at 37 °C in an orbital shaker (Excella E24,
Eppendorf) with an agitation rate of 150 rpm[275]; the experiments were carried
out up to 14 days and, at each time point (3 h, 1 day, 3 days, 7 days, and 14 days)
powders were collected by centrifugation (Hermle Labortechnik Z326) for 3 min
at 13000 rpm or for 5 min at 10000 rpm for nano-sized and micro-sized particles,
respectively, washed two times with ddH20 and dried at 70 °C for 12 h. Dried
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samples were then analyzed with FESEM and XRD analysis in order to analyze
the hydroxyapatite layer formation.

Table 2.2: Reagents for the preparation of SBF solution, the order in the table
represents the order of addition.

Reagent Amount (g L) CAS number
NaCl 8.035 7647-14-5
NaHCO; 0.355 144-55-8
KCl1 0.225 7447-40-7
K>HPO;33H,0 0.231 16788-57-1
MgCl,*6H,O 0.311 7791-18-6
HCI 1M 38 mL 7647-01-0
CaCl*2H,0O 0.386 10035-04-8
NaSO4 0.072 7757-82-6
Tris 6.118 77-86-1

2.10 Assessment of grafted ICOS-Fc¢ functionality

Part of the work described in this chapter has been already published during the
PhD period[259].

Since the challenge in the ICOS-Fc grafting procedure on MBGs surface is
the preservation of the biomolecule biological functionality, meaning a correct
orientation in which ICOS-Fc¢ biomolecule and amino groups on MBGs-Sr-NHz
are linked, without a denaturation of the biomolecule during the procedure,
several tests (non-biological and biological) were performed on the grafted
samples.
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2.10.1 Enzyme-Linked Immunosorbent Assay-like assay

The ELISA technique is an assay system for the quantitative determination of
antigens and antibodies, ELISA assay is very simple, rapid, sensitive, reliable, and
versatile analysis and can be classified into two types[276]: a competitive assay
using an antigen-enzyme conjugate or an antibody-enzyme conjugate, and
noncompetitive assay using a double antibody ‘“sandwich” technique with an
indicator enzyme linked to the second antibody. To perform the test, an
immunoreactant (antibody or antigen) is immobilized on a solid support by
adsorption with noncovalent interactions (Figure 2.12A) and incubated with the
test solution containing the analyte of interest that will interact and binds the
immunoreactant (Figure 2.12B). After the incubation period, the support is
washed and the bound antigen is detected by adding an enzyme-conjugated
antibody which binds the antigenic site of the analyte linked to the
immunoreactant (Figure 2.12C), and the amount of analyte of interest is
visualized by the addition of a chromogenic or fluorogenic substrate (Figure
2.12D). The concentration of the product derived from the reaction of the added
substrate is directly proportional to the concentration of the analyte antigen.

A B

N

W

Figure 2.12: ELISA assay steps[276].

ELISA-like assay plates were prepared by coating with 1 pg/mL of human
ICOSL-His (Sino-Biological, Beijing, China) in PBS at pH 7.4 overnight at 4 °C,
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washed five times with 0.05% Tween-20 (Merck Life Science) in PBS (pH 7.4),
and the non-specific binding was blocked by the incubation with the same
washing solution for 1 h at room temperature. All the MBGs-Sr-ICOS-Fc¢ were
tested by the ELISA-like assay performed by NOVAICOS company in duplicate,
using MBGs-Sr as negative controls, in order to indagate the correct orientation
and the maintained functionality of the grafted ICOS-Fc. Moreover, were also
tested the unbounded reaction supernatants in order to measure the amount of
residual ICOS-Fc not grafted during the reactions (since the amount of ICOS-Fc
grafted on particles cannot be directly calculated on particles samples) and the
medium obtained after the bound stability tests (see section 2.10) to indagate the
binding stability of ICOS-Fc biomolecule in DMEM (Sigma Aldrich) medium up
to 21 days. Specifically, 1 h after the preparation of the plates, samples were
added, incubated at 37 °C for 2 h and washed five times. Then, HRP-conjugated
goat anti-human immunoglobulin (Ig)G (Dako, Santa Clara, CA, USA) was
added, incubated for 1 h at room temperature and washed five times before the
addition of TMB (Merck Life Science, Darmstadt, Germany) for the reaction to
detect the ICOS-Fc presence, the reaction was then stopped by the addition of
H2SOs4 2N (Merck Life Science). Plates were then analyzed with a
spectrophotometer at 450 nm (Packard SpectraCount, Meriden, CT, USA) and
results recorded as OD value. The OD value, also defined as absorbance, is
obtained by calculating the logio with the exponent the result of the intensity of
the light sent to the sample divided by the intensity after passing through the
sample:

Iy
0D = logT

where Io is the intensity of the monochromatic radiation sent to the sample
and I is the intensity of the monochromatic transmitted radiation.

2.10.2 Biological tests

Biological tests were performed by NOVAICOS company in order to indagate the
biocompatibility of grafted samples as well as their effects on cells exhibiting the
ICOSL molecule on the cell surface.

Biocompatibility test. For the biocompatibility tests, murine pre-osteoblast
MC3T3-E1 cells (American Type Culture Collection, Manassas, VA, USA) were
used to analyze if the MBGs grafted with ICOS-Fc samples show an effect on the
cell vitality. Cells were grown as a monolayer in a DMEM supplemented with
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10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin (Gibco) and
maintained at 37 °C in a 5% CO2 in a humified atmosphere. After 24 h, the
medium was removed and cells were incubated for different time steps (2, 4, and
7 days) in a medium containing titrated amounts of MBGs-Sr-ICOS-Fc (200, 100,
and 10 pg/mL), after each time step, viable cells were evaluated by the addition of
XTT reagent (Trevigen, Helgerman CT, Gaithersburg, MD, USA) for 3 h at 37 °C
and read with a spectrophotometer at 450 nm (Packard SpectraCount, Meriden,
CT, USA). The cell viability was calculated using the following formula:

absrbance of sample
/ P 100

Il viability = 8
Cer Ity = bsorbance of control (untreated cells)

All the tests were performed in triplicate and the statistical analyses were
performed using a GraphPad Prism 3.0 software (San Diego, CA, USA) and a
one-way ANOVA and Dunnett Multiple Comparison tests.

Migration tests (Boyden chamber migration assay). For migration tests,
prostate cancer PC-3 (ICOSL-positive) cells from human prostate carcinoma
(American Type Culture Collection, Manassas, VA, USA) were used in order to
examine the potential motility inhibition of grafted samples on the ICOSL-
positive cells into a Boyden chamber (BD Biosciences, Milan, Italy) migration
assay. This type of assay is based on a chamber with two media separated in
compartments by a microporous membrane. Cells are placed in the upper
compartment and allowed to migrate through the membrane pores into the lower
compartment where chemotactic agents are present, after the incubation time, the
membrane is fixed and stained, and the number of the migrated cells is
determined[277].

Cells were grown in RPMI 1640 (Gibco, Life Technologies, Carlsbad, CA,
USA) medium supplemented with 10% FBS, 100 U/mL penicillin, and 100
png/mL streptomycin (Gibco) and maintained at 37 °C in a 5% CO2 in a humified
atmosphere. For the assay, PC-3 cells were plated onto the apical side of 50
ng/mL Matrigel-coated filters (8.2 mm diameter and 0.5 um pore size; Neuro
Probe, Inc.; BIOMAP snc, Milan, Italy) in a serum-free medium with or without
the presence of grafted samples at different concentrations (2, 0.2, 0.02, and 0.002
ng/mL), while a medium containing 20% FBS was placed in the basolateral
chamber as a chemoattractant, and incubated for 6 h. Cells on the apical side were
wiped off with Q-tips and the cells on the bottom of the filter were stained with
crystal-violet and all counted with an inverted microscope. All the tests were
performed in quintuplicate, and data were reported as percentages of the inhibition
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of treated cells. Statistical analyses were performed using a GraphPad Prism 3.0
software (San Diego, CA, USA) and a one-way ANOVA and Dunnett Multiple
Comparison tests.

Clonogenic assay. For the clonogenic assays, osteosarcoma cells were seeded
on six-well plates; after one day, the cells were exposed at different
concentrations of SG-Sr-ICOS-Fc and SD-Sr-ICOS-Fc for 72 h, then the medium
was changed, and the cells were cultured for other 7 days in a medium without
MBGs. Later, cells were fixed and stained with a solution of 80% crystal violet
(Sigma Aldrich) and 20% methanol, then colonies were photographed; after, cells
were washed, and 30% v/v acetic acid was added in order to induce a complete
dissolution of the crystal violet. Finally, absorbance was recorded at 595 nm by a
96-well-plate ELISA reader. Five different experiments were performed.

Differentiation tests. For the differentiation tests, were used MDOCs prepared
from CD14" monocytes isolated with the Easy Sep Human CDI14 Negative
Selection Kit (STEMCELL Technologies, Vancouver, BC, Canada) in order to
investigate the potential of the differentiation inhibition of the ICOS-Fc
biomolecule present on the grafted samples. Monocytes were plated and cultured
for 21 days in a differentiation medium (DMEM (Lonza, Basel, Switzerland),
2mM of L-glutamine, 10% FBS (Invitrogen, Carlsbad, CA, USA), recombinant
human M-CSF (25 ng/mL; R&D System, Minneapolis, MN, USA), and RANK-L
(30 ng/mL; R&D System)). Every 3 days, the differentiation medium was
changed, and cells were treated with MBGs-Sr-ICOS-Fc (2 pg/mL) and compared
with the treatment using free ICOS-Fc or bare samples (MBGs-Sr). Then, phase-
contrast images were acquired by Axiovert 40 CFL microscope (Zeiss,
Oberkochen, Germany) equipped with a Q imaging camera and Image Pro Plus
7.0 software (Media Cybernetics Inc, Rockville, MD, USA). Moreover, the total
RNA was isolated from MDOCs cultures in the day 21 by the use of TRIzol
reagent (Invitrogen) and retrotranscribed with a QuantiTect Reverse Transcription
Kit (Qiagen, Hilden, Germany) for the evaluation of the expression of the
differentiation genes DC-STAMP, OSCAR, and NFATc1 using a gene expression
assay (Assay-on Demand; Applied Biosystems, FosterCity, CA, USA); GAPDH
gene expression was used in order to normalize the cDNA amounts. Then, a Real-
time PCR was performed in duplicate using the CFX96 System (Bio-Rad
Laboratories, Hercules, CA, USA) in a final volume of 10 pL containing 1 pL of
diluted cDNA, 5 pL of TagMan Universal PCR Master Mix (Applied
Biosystems), and 0.5 uL of Assay-on Demand mix, and results were analyzed
using the AA threshold cycle method. Finally, also the TRAP activity was
evaluated; TRAP is a critical enzyme for the bone turnover highly expressed in
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osteoclasts and it is generally used as a specific histochemical marker for these
cells[278, 279], the evaluation of TRAP activity was assessed using the Acid
Phosphatase kit (Sigma Aldrich) according to the manufacturer’s instructions. In
particular, cells after the treatment with MBGs-Sr-ICOS-Fc (compared with free
ICOS-Fc and with MBGs-Sr) were fixed using a citrate solution (0.038 mol/L in
60% Acetone), washed, and incubated in a pre-warmed labeling solution (Fast
Garnet GBC Base Solution 7 mg/mL dissolved in Acetate Solution 2.5 mol/L, pH
5.2, Naphtol AS-BI phosphoric acid solution 12.5 mg/mL, Tartrate Solution 0.67
mol/L, pH 5.2) at 37 °C for 1 h. Finally, microphotographs of TRAP staining were
acquired using an EVOS FLoid Cell Imaging System (Life Technologies,
Carlsbad, CA, USA).

2.11 Bound stability test on strontium containing
mesoporous bioactive glasses grafted with ICOS-Fc

Part of the work described in this chapter has been already published during the
PhD period[259].

As described in section 2.4.2, MBGs-Sr-ICOS-Fc were prepared using an
EDC/NHS coupling reaction, this reaction link amino groups with carboxyl
groups tartrateto form an amide bond. In order to confirm the presence of a stable
bond between ICOS-Fc biomolecule and the MBGs-Sr surface, bound stability
tests were performed; in particular, in a multiwell plate 3 mg of MBGs-Sr-ICOS-
Fc samples were placed and 2 mL of DMEM supplemented with 10% heat-
inactivated FBS (Lonza BioWhittaker, Spain), 1 mM Lglutamine (Lonza
BioWhittaker, Spain), 200 mg/mL penicillin (Lonza BioWhittaker, Spain) and
200 mg/mL streptomycin (Lonza BioWhittaker, Spain) were added. Then,
samples were soaked at room temperature for different time points (3, 7, 14, and
21 days) specifically chosen to mimic the time-course of osteoclast differentiation
in vitro. At each time point, the supernatant and the samples were recovered
separately, and an ELISA-like assay was performed (see section 2.9.1) both on
supernatants and particles. All tests were performed in triplicate.

2.12 Crosslinking degree of electrospun collagen
membranes (free amine test)

In order to investigate the crosslinking degree of crosslinked collagen membranes,

a measurement of the free amine presence was performed. Basically, since the
crosslinking exploits amino and carboxyl groups both present in the collagen

83



molecule, a diminution of the non-bonded amino groups in a crosslinked sample
compared to a non-crosslinked sample denotes that the reaction between the two
functional groups occurred. Thus, an UV-absorbing chromophore, called TNBS,
was used in order to investigate changes in the free primary amino groups of
crosslinked collagen membranes compared to non-crosslinked collagen.

In particular, tests were performed by following a procedure reported both by
Tronci et al. and Davidenko et al. modified in terms of time and temperature of
the process[280, 281], where 11 mg of COL or crosslinked collagen membrane
were reacted with 1 mL of a NaHCOs solution (4% w/v, pH ~8.5) (Sigma
Aldrich, Italy) and 1 mL of TNBS solution (0.5% w/v) (Sigma Aldrich, Italy)
under stirring for 3 h at 40 °C. Then, 3 mL of a HCI (Sigma Aldrich, Italy)
solution (6 M) was added and the resulting solution was further stirred for 1 h at
90 °C, the collected solution was diluted in ddH20 (1:20) before reading in a UV-
visible spectrophotometer at 346 nm (see section 2.6.3). All samples were
prepared in triplicate and a buffer made of TNBS-only solution was used as
control.
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Chapter 3

Development, characterization and
in vitro studies of the biomaterials
developed for the electrospun
multifunctional scatfold

3.1 Introduction

With the final aim to develop a bioactive collagen-based multifunctional scaffold
fabricated by electrospinning technology, type I collagen (COL) with mesoporous
bioactive glasses (MBGs) or nano-hydroxyapatite (nano-HA) as inorganic phase
were combined to stimulate the healing of pelvis osteoporotic fractures. COL and
hydroxyapatite are the main organic and inorganic phases of bone tissue,
respectively, and MBGs are known for their high bioactive and pro-osteogenic
properties. In addition, strontium ions were incorporated into the inorganic phases
in order to exert a specific pro-osteogenic effect and ICOS-Fc biomolecule was
grafted on the MBGs surface in order to synergistically provide an anti-
osteoclastogenic effect to the final scaffold. Indeed, ICOS-Fc has been proven to
reversibly inhibit the activity of osteoclasts and the combination of its effect with
the strontium ions effects is expected to restore the normal bone tissue balance.

In this PhD work, COL and nano-HA were provided by two different
companies (NOVAICOS and FLUIDINOVA, respectively), while MBGs-based
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materials were fully developed and characterized. The present chapter will present
and discuss the results of the characterization of MBGs-based materials.

For the synthesis of the inorganic phase, consisting of MBGs, two synthesis
procedures have been selected to produce the samples with a composition based
on SiO2, Ca0, and SrO (molar ratio 85/5/10). The first procedure is a base-
catalyzed sol-gel method where ammonia was used as a catalyst to produce nano-
sized particles with a diameter in the range of 100 and 300 nm and pores around 4
nm, while the second procedure consists in an aerosol-assisted spray-drying
approach to produce micro-sized particles having a size ranging between 1 and 5
um and pores in the range of 5-7 nm. The amount of therapeutic ions added
during the synthesis was selected to obtain specific effects in terms of efficacy
and biocompatibility, and the related results are described in sections 3.2.1 and
3.2.2. In addition, scale-up trials from lab scale to pilot scale were performed for
the materials synthesized by the aerosol-assisted spray-drying approach and
related results will be reported in section 3.2.3.3.

Once characterized the strontium containing MBGs, ICOS-Fc was grafted on
the MBGs surface by exploiting surface functionalization with amino groups
followed by an EDC/NHS coupling procedure. The results of the characterization
related to strontium containing MBGs grafted with ICOS-Fc¢ will be reported in
section 3.3, with a focus on in vitro biological tests in section 3.3.3.

3.2 Morphological and structural characterization of
strontium containing MBGs nano- and microparticles

3.2.1 Strontium containing mesoporous bioactive glasses
nanoparticles

Part of the work described in this chapter has been previously published[259].

In this section, all the results of the characterization of strontium containing
nano-sized particles (85 SiO2/ 5 CaO/ 10 SrO %mol, hereafter named SG-Sr) are
presented.

3.2.1.1 Morphological and structural characterization of SG-Sr

Synthetized SG-Sr powders were fully characterized in terms of morphology,
textural features, composition, therapeutic ions release and bioactivity. FESEM
images of SG-Sr (Figure 3.1A) showed monodispersed nanoparticles with a
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spherical morphology and with a diameter size ranging between 100 and 300 nm.
EDS analysis on the particles confirms the incorporation of both calcium and
strontium ions in the silica framework during the synthesis (Figure 3.1B);
however, since the Sr peak in the EDS analysis partially overlapped with the Si
peak, results showed a lower atomic percentage of incorporated strontium
compared to the theoretical percentage. Therefore to detect the effective
incorporated amount of strontium ions, ICP-AES analysis on powder after the
acidic dissolution was performed, the results evidenced an incorporated
percentage for Ca and Sr of 6.2 % and 10.9 %, respectively, the percentage of
strontium resulted slightly higher compared with the theoretical one and also the
incorporated calcium demonstrate a higher percentage compared with the
theoretical percentage, confirming that the incorporation of the two elements was
overall satisfactory.

Element | Atomic %

o 72.68
10 Si 21.96

3
% Ca 0.88
Sr 4.48

100.00

Figure 3.1: (A) FESEM image of SG-Sr, and (B) EDS spectrum and atomic % of the
components of SG-Sr.

XRD analysis (Figure 3.2) showed an amorphous structure of SG-Sr, without
peaks due to crystalline oxide-based phases, confirming that strontium did not
form oxide clusters into the silica framework after the powder calcination.
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Figure 3.2: XRD spectrum of SG-Sr.

N2 adsorption-desorption analysis showed a type IV isotherm typical of
mesoporous materials (Figure 3.3), confirming the mesoporous structure of SG-Sr
samples, the DFT pore size distribution (graph inset in the figure 3.3) confirmed
the presence of uniform mesopores having an average diameter of about 3 nm.
The BET specific surface area and the pore volume of SG-Sr resulted to be very
high (as reported in table 3.1) even if lower with respect to the specific surface
area of analogue materials without the presence of strontium into the silica
framework, where the average surface area and pore volume generally are close to
1000 m*/g and 1 cm?/g[147, 282], respectively, Taghvaei et al. already found that
the specific surface area is altered by the presence of Sr species since Sr** cations
have a larger size compared to Ca?"[283]. However, the specific surface area of
SG-Sr resulted very similar to the area observed for the Sr containing MBGs by
Taghvaei et al.[283].
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Figure 3.3: N, adsorption-desorption isotherm of SG-Sr samples, and DFT pore size
distribution (inset the figure).

Tabella 3.1: Specific surface area, pore size and volume of SG-Sr.

Sample Specific surface area | Pore size (nm) Pore volume (cm®/g)
(m*/g)
SG-Sr 465 3 0.33

3.2.1.2 Strontium ions release from SG-Sr in tris HCI

Strontium exhibits pro-osteogenic effects, previously reported in the
literature[284]; consequently, strontium ions represent very promising therapeutic
agents for boosting the regeneration of osteoporotic bone fractures. Sr ion release
of this type of ions was analyzed, soaking the sample in Tris HCI and figure 3.4
reports the obtained release kinetics. The released amount of Sr** ions detected in
the supernatants recovered at each time point was referred to the amount of
strontium incorporated into the particles to obtain the released percentages. The
release tests showed that almost the total amount of incorporated strontium was
released with a burst release in the first 3 h of incubation. This burst ion release
kinetics was expected due to the high surface area and small average size of the

89



particles, which allow a fast ion diffusion through the open porous structure.
Moreover, the ppm of strontium ions released after 1 day and 7 days were
compared with the literature; after 1 day the total amount of strontium ions
released resulted to be 155 ppm, a higher value compared with MBGs containing
the 6 %mol of strontium in the silica framework (70 ppm) of the work of Kermani
et al.[285], but a very similar value compared with MBGs containing 10 %mol of
Sr that was reported by Wu et al. to be around 150 ppm[286]. However, the value
of released Sr in SG-Sr after 7 days was higher compared with the work of Wu et
al. (238 ppm vs 160 ppm), this difference probably depends on the different media
employed for the release studies by Wu et al. (Simulated Body Fluid) that slightly
affect the ion release from the samples[286], this effect could be due to the
deposition of HA un the particles that hinders the ions diffusion.
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Figure 3.4: Profile of the strontium ions releases of SG-Sr.
3.2.1.3 Bioactivity of SG-Sr in SBF

SG-Sr bioactivity was tested by soaking the powder in SBF medium up to 14 days
in order to investigate the ability to form the hydroxyapatite (HA) layer of the
particles. After 3 days of soaking, SG-Sr not showed the formation of HA layer
(Figure 3.5A), but after 7 days a response in terms of bioactivity was observed,
since samples started to form particles of HA (Figure 3.5B), and after 14 days of
soaking in SBF, SG-Sr particles continued the formation of HA (Figure 3.5C),
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suggesting that the bioactivity response from SG-Sr particles was maintained also
after the incorporation of strontium, even if lower compared with MBGs that not
contain the Sr ions, as reported in the literature[287, 288], where MBGs showed
the formation of HA after 1 day and in some cases even after 4 h[283, 289-292],
thus the incorporation of strontium probably influence in part the bioactivity of
the particles, this influence can be due to the Ca substitution with the Sr species
that could decrease the amount of the released calcium ions, with a consequent
reduction of the apatite-forming ability[293, 294].

200 nm

Figure 3.5: FESEM image of SG-Sr after (A) 3, (B) 7, and (C) 14 days of soaking in
SBF.
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To further confirm the HA layer formation kinetics, a XRD analysis was
performed on SG-Sr after each time point (Figure 3.6). XRD spectra of day 7 and
day 14 showed the presence of crystalline peaks at 25.81 and 32.02 260 degrees,
matching with the HA peaks (reference 01-074-0565). As expected after the
analysis of FESEM images, on day 3 SG-Sr not showed peaks ascribable to the
HA suggesting a slower bioactivity compared to the MBGs reported in
literature[291, 292], or the amount of the formed HA 1is too low to be detected by
XRD analysis.

—— SG-Sr bioactivity 14d
—— SG-Sr bioactivity 7d
—— SG-Sr bioactivity 3d
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—— SG-Sr bioactivity 3h
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Figure 3.6: XRD spectra of SG-Sr after 3h, 1 day, 3 days, 7 days, and 14 days of
soaking in SBF medium. Asterisks show the HA peaks.

3.2.2 Strontium containing mesoporous bioactive glasses
microparticles

Part of the work described in this chapter has been previously published[259].

In this section are reported the characterization of strontium containing
microparticles (SD-Sr) with a ratio of 85 SiO2/ 5CaO/ 10SrO %mol. The
microparticles were produced using a modified method of the procedure reported
by Pontiroli et al.[261].



3.2.2.1 Morphological and structural characterization of SD-Sr

The fully characterization in terms of composition, morphology, and textural
features as well as ions release and bioactivity properties was performed on SD-Sr
powder. The morphological characterization of SD-Sr was performed with the
FESEM technique, FESEM images of SD-Sr (reported in figure 3.7A) showed a
spherical morphology with a diameter ranging between 1 and 5 pm. An EDS
analysis was performed on the microparticles confirming the presence of calcium
and strontium indicating their incorporation during the synthesis procedure
(Figure 3.7B). As previously discussed, the peak of Sr in the EDS spectra is
partially covered by the Si peak, affecting the detection of Sr atomic percentage.
The effective strontium atomic percentage inside SD-Sr particles was confirmed
by an ICP-AES analysis resulting in a percentage of Ca and Sr of 5.5 % and 8.8
%, respectively. This difference compared to the SG-Sr particles can be ascribable
to the short time in which the strontium precursor remains into the solution before
the spraying, since the larger ions radius of Sr** compared to Ca**, that is about
16% than Ca?" (1.18 A vs 0.99 A), resulting in a lower field strength of Sr ions
compared to calcium ions and consequently establishes weaker interactions with
the silica framework[295].

Element | Atomic %
(o] 64.65
Si 29.92

Ca 1.99
Sr 3.44
100.00

Figure 3.7: (A) FESEM image of SD-Sr, and (B) EDS spectrum and atomic % of the
components of SD-Sr.
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The XRD spectrum of SD-Sr (Figure 3.8) demonstrated that strontium did not
form oxide clusters during the synthesis and the subsequent calcination, as
suggests the absence of crystalline peaks in the spectra.

Intensity (a.u.)

10 20 30 40 50 60 70
26 (°)

Figure 3.8: XRD spectrum of SD-Sr.

The N2 adsorption-desorption analysis was performed on SD-Sr and results
confirm the mesoporous structure of SD-Sr since a type IV isotherm typical of
mesoporous materials were obtained by the analysis (Figure 3.9) with a specific
surface area of 133 m?/g, a very similar value compared to the literature for Sr
containing microparticles[296]; moreover, also the DFT pore size distribution
results (inset in the figure 3.9) showed a uniform mesopores distribution with a
diameter ranging from 5 to 7 nm. As mentioned, the specific surface area and the
pore volume of SD-Sr resulted to be high (reported in the table 3.2) and similar to
the literature[296]. However, the specific area resulted very lower compared to
SG-Sr, this feature is due to the particle size, the use of a different surfactant for
the pore formation, and finally for the acidic environment used for the hydrolysis
of the silica precursor. The specific surface area resulted also lower respect
similar particles without the presence of strontium that normally is above to 300
m?/g[297, 298].
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Figure 3.9: N, adsorption-desorption isotherm of SD-Sr samples, and DFT pore size
distribution (inset the figure).

Table 3.2: Specific surface area, pore size and volume of SD-Sr.

Sample Specific surface area | Pore size (nm) Pore volume (cm®/g)
(m*/g)
SD-Sr 133 5-7 0.16

3.2.2.2 Strontium ions release from SD-Sr in Tris HCI1

In the figure 3.10 the release of strontium ions from SD-Sr in Tris HCI analyzed
by ICP-AES is reported; in order to obtain the percentages released, the released
Sr** ions detected in the supernatants recovered at each time point was referred to
the total amount of strontium incorporated into the particles during the synthesis,
Sr?* results to be totally released, and as well as SG-Sr, also in this case results
showed a burst release in the first 3 h of incubation ending with a plateau phase
till the end of the 14 days. As for SG-Sr, the burst release during the first 3 h of
SD-Sr can be related to the high surface and accessible porous structure that allow
a fast ion diffusion through the porous structure. The ppm values resulted slightly
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lower compared to the SG-Sr samples, with a value of 134 ppm after 1 day and
223 ppm after 7 days, however these values do not differ too much from the
literature[285, 286]; this difference is most likely due to the total amount of Sr
present in the SD-Sr that was lower compared to the Sr amount in the SG-Sr.
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Figure 3.10: profile of the strontium ions releases of SD-Sr.
3.2.2.3 Bioactivity of SD-Sr in SBF

SD-Sr were soaked in SBF medium up to 14 days in order to investigate the
bioactivity behaviour to form a HA layer on the surface. After 3 days, results of
FESEM images on SD-Sr showed a beginning of formation of HA on their
surface, with the typical elongated needle-like structures morphology (Figure
3.11A). After 7 days of soaking part of particles started to be covered by an HA
layer (Figure 3.11B), until 14 days where the HA layer continued to be formed
covering a larger part of the surface of the SD-Sr particles (Figure 3.11C); these
results suggesting an better bioactivity response from SD-Sr particles compared to
SG-Sr that can be explained by the lower interconnections into the silica
framework due to the incorporation of strontium[287, 288] and the spray dryer
synthesis, as reported by Pontiroli et al.[261].
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Figure 3.11: FESEM image of SD-Sr after (A) 3, (B) 7, and (C) 14 days of soaking
in SBF.

The further confirmation of the formation kinetics of the HA layer was given
by the XRD analysis, performed on SD-Sr after each time point (Figure 3.12).
Crystalline peaks at 25.48 appears in the XRD spectra after the day 1 and another
peak at 31.59 appears after the day 14, these peaks matching with the HA peaks
(reference 01-074-0565). As suggested by FESEM images and confirmed with
XRD analysis, SD-Sr showed a better bioactivity compared to SG-Sr, however,
compared with MBGs without strontium species, the bioactivity of SD-Sr resulted
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slightly lower[283, 289-292], indicating again that the cause may be due to the
strontium species that substitute the calcium species during the synthesis.
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Figure 3.12: XRD spectra of SD-Sr after 3h, 1 day, 3 days, 7 days, and 14 days of
soaking in SBF medium. Asterisks show the HA peaks.

3.2.3 Scaling-up of strontium containing mesoporous bioactive
glasses microparticles

In this section the characterization of the microparticles obtained after scaling-up
tests (hereafter named SD-Sr S) is reported. The produced powder using an
industrial spray-drier situated in the FLUIDINOVA company were characterized
in terms of morphology, composition and specific surface area.

3.2.3.1 Morphological and structural characterization of SD-Sr_S

The characterization in terms of composition, morphology, and textural features
SD-Sr S powder after calcination was performed. SD-Sr S morphological
characterization was carried out with the SEM analysis, and images showed little
crumpled small particles and bigger particles with a size ranging from 1 to 10-15
um and non-spherical precipitate blocks (figure 3.13). EDS analysis reported the
presence of Sr ions in the particles with an atomic percentage close to the
theoretical one, while the aggregates are principally composed of pure silica
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without Sr (Table 3.3). The results suggest that the aggregates were formed before
the spraying and during the addition of the TEOS solution into the Pluronic
solution which cause early precipitation of the silica precursor; the moderately
number of crumpled particles and the presence of the precipitate suggest that other
trials should be performed in order to obtain a better morphology without silica
precipitate.

Figure 3.13: SEM images of SD-Sr_S aggregates (left) and particles (right).

Table 3.3: EDS analysis results of SD-Sr_S.

SD-Sr_S aggregates |SD-Sr_S particles
Element Atomic % Atomic %
Si 99.0 80.3
Sr 0.0 9.6
Ca 1.0 10.1

The XRD analysis on SD-Sr S (Figure 3.14) showed the non-formation of
oxide clusters of strontium during the synthesis and calcination, since in the
spectra crystalline peaks are absent.
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Figure 3.14: XRD spectrum of SD-Sr_S.

N2 adsorption-desorption analysis results showed a type IV isotherm typical
of mesoporous materials, indicating that the particles present in the SD-Sr S
powders have a mesoporous structure (Figure 3.15), the specific surface area of
166 m*/g is similar to the lab scale particles, and also the DFT pore size
distribution analysis (inset in the figure 3.15) reported a uniform mesopores
distribution with a diameter very similar to SD-Sr (ranging from 4 to 5 nm). Since
the high specific surface area and the pore volume of SD-Sr S (reported in the
table 3.4) are similar to the SD-Sr particles, the performed scaling-up method,
after other subsequent optimizations to avoid the early precipitation, can be a very
promising approach to obtain industrial quantities of microparticles.
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Figure 3.15: N, adsorption-desorption isotherm of SD-Sr_S samples, and DFT pore
size distribution (inset the figure).

Table 3.4: Specific surface area, pore size and volume of SD-Sr_S.

Sample Specific surface area | Pore size (nm) Pore volume (cm®/g)
(m*/g)
SD-Sr 166 4-5 0.20

3.3 Morphological and structural characterization of
strontium containing MBGs nano- and microparticles
grafted with ICOS-Fc¢

3.3.1

Strontium

containing mesoporous

nanoparticles grafted with ICOS-Fc¢

Part of the work described in this chapter has been previously published[259].
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The aim of activity was to confer anti-osteoclastogenic activity to the MBGs-
Sr particles in order to inhibit reversibly the resorption activity of osteoclasts and
support the restoration of bone in osteoporotic fractures. The grafting of the
biomolecule consisted of two steps: a functionalization of the particles surface
with amino groups obtaining amino-functionalized SG-Sr (hereafter named SG-
Sr-NH2), and the subsequent grafting of the ICOS-Fc to amino groups using a
zero-length coupling reaction (as described in the second chapter, section 2.4),
obtaining ICOS-Fc grafted SG-Sr particles (hereafter named SG-Sr-ICOS-Fc). In
this section, all the results of the characterization of strontium containing nano-
sized particles grafted with ICOS-Fc are presented.

3.3.1.1 Morphological and structural characterization of SG-Sr-
ICOS-Fe¢

SG-Sr-ICOS-Fc were fully characterized in terms of morphology, textural
features, composition, therapeutic ions release and bioactivity. FESEM analysis
was performed in order to investigate the maintained morphology of the particles
after the grafting procedure, and images of SG-Sr-ICOS-Fc (Figure 3.16A)
showed nanoparticles with a spherical morphology and with a diameter size
ranging between 100 and 300 nm, similar to the bare samples. EDS analysis on
the particles was performed to examine any change in the atomic percentage of
SG-Sr-ICOS-Fc after the grafting. Results showed that calcium and strontium
elements are present into the particles (Figure 3.16B) and, as for bare samples,
since the Sr peak in the EDS analysis is partially overlapped to the Si peak the
effective amount of strontium in SG-Sr-ICOS-Fc has been detected by ICP-AES
analysis; related results showed an atomic percentage of Ca and Sr close to the
percentages previously detected in SG-Sr samples (5.0 % and 9.8 %,
respectively), with only a small decrease of the percentages of both ions,
confirming that the grafting procedure does not affect much the amount of
incorporated calcium and strontium.
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Figure 3.16: (A) FESEM image of SG-Sr-ICOS-Fc, and (B) EDS spectrum and

atomic % of the components of SG-Sr-ICOS-Fc.

XRD analysis (Figure 3.17) showed an amorphous structure of SG-Sr-ICOS-
Fc, indicating that the grafting procedure did not form crystalline structures after
the amino functionalization or ICOS-Fc grafting processes, as expected.
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Figure 3.17: XRD spectrum of SG-Sr-ICOS-Fc.
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N2 adsorption-desorption analysis was performed both on amino
functionalized and ICOS-Fc grafted particles to detect a reduction of the specific
surface area after each step due to the presence of grafted amino groups and
biomolecules. Results showed a type IV isotherm typical of mesoporous materials
(Figure 3.18 left), confirming the maintained mesoporous structure of both SG-Sr-
NH2 and SG-Sr-ICOS-Fe, the DFT pore size distribution (Figure 3.18 right)
confirmed the presence of uniform mesopores having a total pore volume of about
0.07 cm?®/g for SG-Sr-NH2 and 0.09 cm?®/g for SG-Sr-ICOS-Fc. The BET specific
surface area and the pore volume of SG-Sr-NH2 and SG-Sr-ICOS-Fc resulted to
be reduced compared to SG-Sr (as reported in the table 3.5) confirming the
successful functionalization and grafting of the biomolecule on the SG-Sr surface;
this effect is due to the steric hindrance of ICOS-Fc, the biomolecule expected to
react mostly with amino groups at the mesopore entrances during the initial
phases of reaction, that leads to partial or full pore occlusion[299-301].
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Figure 3.18: N, adsorption-desorption isotherm of SG-Sr-NH2 and SG-Sr-ICOS-Fc
samples compared with SG-Sr (above), and their DFT pore size distribution (below).

Table 3.5: Specific surface area, pore size and volume of SG-Sr, SG-Sr-NH2 and
SG-Sr-ICOS-Fe.

Sample Specific surface area Pore volume (cm’/g)
(m’/g)
SG-Sr 465 0.33
SG-Sr-NH, 57 0.07
SG-Sr-ICOS-Fe 34 0.09
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The bond between ICOS-Fc and the SG-Sr surface resulting from the grafting
procedure where amino groups present on the particles surface are linked to the
carboxyl groups of the ICOS-Fc molecule forming an amide bond, and in order to
confirm the occurred grafting, different tests were performed.

FTIR analysis was performed to confirm the presence of ICOS-Fc on SG-Sr
surface. FTIR difference spectrum, obtained by subtracting the spectra of SG-Sr
to the SG-Sr-ICOS-Fc spectra, showed a peak ascribable to the stretching of the
amide carbonyl group in the range 1680-1650 cm™ (free and H-bonded carbonyl),
moreover, at lower frequencies the N-H and C-H bending modes of amine
functionalities and ICOS-Fc structure, respectively, are visible (Figure 3.19),
suggesting the presence of the biomolecule on the sample surface.
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Figure 3.19: FTIR spectra of SG-Sr-ICOS-Fc in the 1300-1800 cm™' range.

106



An ELISA-like assay was performed to verify the successful grafting of
ICOS-Fc on samples and to check if ICOS-Fc maintained its ability to bind ICOS-
L (the ICOS binding partner). Results of ELISA-like assay expressed in optical
density (O.D.) value of SG-Sr-ICOS-Fc showed a greater signal compared to SG-
Sr (Figure 3.20), indicating the presence of ICOS-Fc and the maintained ability of
the biomolecule to bind its ligand ICOS-L, results also indicate that ICOS-Fc was
grafted with the active site in the correct position. The same assay was conducted
to detect the unbounded ICOS-Fc present in the supernatant recovered after the
grafting procedure in order to calculating the amount of ICOS-Fc molecules
grafted on SG-Sr samples by exploiting a subtractive calculation method, since
the directly calculation on spherical SG-Sr-ICOS-Fc¢ resulted not possible; the
amount obtained by the collection from SG-Sr-ICOS-Fc¢ suspensions was
subtracted from the initial amount of ICOS-Fc used during the grafting reaction,
subsequently the average ICOS-Fc grafted amount was calculated to be 0.4 ng/mg
of SG-Sr particles.
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Figure 3.20: Results of ELISA-like assay expressed in O.D. value of SG-Sr-ICOS-F¢
compared with bare samples.

Finally, to examine the stability of the bond formed between the particles
surface and ICOS-Fc to hydrolysis reaction in aqueous medium, bond stability
tests were performed by soaking the SG-Sr-ICOS-Fc particles in DMEM for
different time points, up to 21 days (3, 7, 14, and 21 days); later the collected
supernatants were analyzed by an ELISA-like assay in order to quantify the
amount of ICOS-Fc present in the medium. The time points were specifically
selected to mimic the time-course of osteoclast differentiation in vitro, where for
21 days the monocytes are cultured in a differentiation medium that are changed
every 3 days. The stability of the bond between ICOS-Fc and the MBGs surface is
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important, since if [COS-Fc molecule is anchored to the particles, it inhibits the
osteoclast only when they are active and enter in contact with the particles,
resulting in a specific inhibition activity only in the site where osteoclasts are
active (Figure 3.21).

0N

ICOS-Fc

Active Oc L
Inhibited Oc

Inactive Oc

Figure 3.21: Schematic representation of the inhibition mechanism on Oc due to
ICOS-Fc anchored to MBG surface.

Results of the bond stability test (Table 3.6) showed a very limited amount of
ICOS-Fc present in the supernatants, indicating that the most of ICOS-Fc
biomolecule is anchored on the particles surface with a stable bond.

Table 3.6: Stability test of [COS-Fc binding to SG-Sr-ICOS-Fc surface.

SG-Sr-ICOS-Fc¢

Time (Days) 3 7 14 21

ICOS-Fc¢ in medium (%) 4.2 5.4 5.6 6.7

3.3.1.2 Strontium ions release from SG-Sr-ICOS-Fc¢ in Tris HCI

In order to investigate if the grafting procedure affected the ability of the particles
to release Sr ions, the releases from SG-Sr-ICOS-Fc in Tris HCI has been
monitored by ICP-AES (reported in the figure 3.22). Results showed that the total
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amount of strontium present in the particles was released, with a burst release in
the first 3 h of incubation, as occurred for SG-Sr samples, demonstrating that the
two steps for the grafting method did not affect the capability of SG-Sr-ICOS-Fc
to release Sr** ions.
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Figure 3.22: profile of the strontium ions releases of SG-Sr-ICOS-Fec.
3.3.1.3 Bioactivity of SG-Sr-ICOS-Fc¢ in SBF

The bioactive behaviour of SG-Sr-ICOS-Fc was tested up to 14 days to
investigate if the grafting process affected the particles’ ability to form the HA
layer. FESEM images showed that after 3 days of soaking SG-Sr-ICOS-Fc
manifested a rapid formation of HA (Figure 3.23A), this bioactivity resulted faster
compared to bare SG-Sr. Then, samples continued to form a HA layer after 7 days
of soaking starting to cover the particles (Figure 3.23B), and after 14 days
particles were almost fully covered by the HA layer (Figure 3.23C), suggesting
that the grafting of ICOS-Fc biomolecule does not affect the high bioactivity
response of SG-Sr-ICOS-Fc, indeed the bioactivity resulted slightly higher, even
if still lower compared to MBGs without strontium[289-292].
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Figure 3.23: FESEM image of SG-Sr-ICOS-Fc¢ after (A) 3, (B) 7, and (C) 14 days of
soaking in SBF.

XRD analysis was performed to further confirm the HA layer formation after
each time point (Figure 3.24). The spectra of day 7 and day 14 showed the
presence of crystalline peaks at 25.58 and 31.74 20 degrees, matching with the
HA peaks (reference 01-074-0565), as occurred for SG-Sr, while probably the
formed HA at day 3 is too low to be detected by XRD analysis.
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Figure 3.24: XRD spectra of SG-Sr-ICOS-Fc¢ after 3h, 1 day, 3 days, 7 days, and 14
days of soaking in SBF medium. Asterisks show the HA peaks.

3.3.2 Strontium containing mesoporous bioactive glasses
microparticles grafted with ICOS-Fc

Part of the work described in this chapter has been previously published[259].

The aim of this part of work was to confer anti-osteoclastogenic activity to the
MBGs-Sr microparticles that already contain strontium which exhibits pro-
osteogenic effects, in order to obtain the synergistic effect that guide the recovery
of osteoporotic bone fracture and the restoration of the normal bone tissue
balance. As for SG-Sr-ICOS-Fc the grafting consisted in a functionalization of the
surface with amino groups (the obtained sample after the first step hereafter is
named SD-Sr-NH:), and the following zero-length grafting of ICOS-Fc (as
described in the second chapter, section 2.4) obtaining particles hereafter named
SD-Sr-ICOS-Fc. In this section, all the results of the characterization of strontium
containing micro-sized particles grafted with ICOS-Fc are presented.

3.3.2.1 Morphological and structural characterization of SD-Sr-
ICOS-Fe¢

The fully characterization of the morphology, textural features, composition,
therapeutic ions release and bioactivity of SD-Sr-ICOS-Fc were performed in
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order to investigate the possibility that the grafting changed some property of the
particles. FESEM images of SD-Sr-ICOS-Fc (Figure 3.25A) showed spherical
monodispersed microparticles with a diameter size of 1-5 um, very similar to the
bare samples. The EDS analysis (Figure 3.25B) showed the presence of calcium
and strontium in the particles and the effective atomic percentage of strontium in
SD-Sr-ICOS-Fc was analyzed by the ICP-AES, that reports an atomic percentage
of Ca and Sr of 4.1 % and 7.9 %, respectively, a small decrease as found for SG-
Sr, confirming that the grafting procedure affects only minimally the amount of
calcium and strontium incorporated.
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Figure 3.25: (A) FESEM image of SD-Sr-ICOS-Fc, and (B) EDS spectrum and
atomic % of the components of SD-Sr-ICOS-Fc.

The formation of crystalline structures after the steps of the grafting procedure
was monitored by XRD analysis (Figure 3.26), results showed an absence of

peaks due to crystalline phases, confirming the amorphous morphology of SD-Sr-
ICOS-Fec.
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Figure 3.26: XRD spectrum of SD-Sr-ICOS-Fc.

The N2 adsorption-desorption analysis was performed on amino
functionalized and ICOS-Fc grafted particles in order to examine a reduction of
the specific surface area due to the presence of amino groups or ICOS-Fc. Results
showed an isotherm (type IV) typical of mesoporous materials (Figure 3.27 left),
indicating that the mesoporous structure of both SD-Sr-NH2 and SD-Sr-ICOS-Fc
was maintained, in addition, the DFT pore size distribution (figure 3.27 right)
revealed a total volume of about 0.04 cm?/g for SD-Sr-NH2 and 0.03 cm?/g for
SD-Sr-ICOS-Fc. The reduced specific surface area and the pore volume of SD-Sr-
NH:2 and SD-Sr-ICOS-Fc¢ compared to SD-Sr (as reported in the table 3.7)
confirming the successful functionalization and grafting of the biomolecule on the
SD-Sr surface. As for SG-Sr-ICOS-Fc, the steric hindrance of ICOS-Fc can lead
to a partially or fully pore occlusion[299, 301, 302] that explains the reduced
specific surface area and pore volume, even if the hysteresis loop in the isotherm
is still visible, indicating that pores are not completely occluded probably because
ICOS-Fc biomolecules are mainly at the pores entrance.
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Figure 3.27: N, adsorption-desorption isotherm of SD-Sr-NH2 and SD-Sr-ICOS-Fc
samples compared with SG-Sr (left), and their DFT pore size distribution (right).

Table 3.7: Specific surface area, pore size and volume of SD-Sr, SD-Sr-NH2 and
SD-Sr-ICOS-Fc.

Sample Specific surface area Pore volume (cm’/g)
(m’/g)
SD-Sr 133 0.16
SD-Sr-NH, 19 0.04
SD-Sr-ICOS-Fc 13 0.03
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The confirmation of the successful grafting of ICOS-Fc was indagated by
different tests.

The presence of ICOS-Fc on the sample surface on SG-Sr surface was
indagated by FTIR analysis. Spectra obtained by the subtraction of SD-Sr spectra
to the SD-Sr-ICOS-Fc spectra showed two peaks, the first peak is ascribable to the
amide C=0 bonds stretching in the range of 1680-1650 cm™ and the second to the
C-H bonds bending of ICOS-Fc aliphatic chains around 1480 cm™ range (Figure
3.28). Contrary to SG-Sr-ICOS-Fc spectra, the peak of N-H functionalities is not
present, suggesting a lower number of residual amines not reacted with I[COS-Fc,
most likely due to the greater pore size and the consequent higher reactivity at the
pore entrances.
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Figure 3.28: FTIR spectra of SD-Sr-ICOS-Fc in the 1300-1800 cm-1 range.

The last test performed, as for SG-Sr-ICOS-Fc, was an ELISA-like assay.
Results expressed in O.D. value showed a greater O.D. signal of SD-Sr-ICOS-Fc
compared to bare samples (Figure 3.29), confirming the presence and the
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maintained ability to bind ICOS-L of ICOS-Fc¢ grafted on the sample surface, and
in addition, results suggesting also that ICOS-Fc¢ was grafted with the correct
position of the active site. The real amount of ICOS-Fc grafted on the particles
surface was calculated by subtraction with the values obtained with the ELISA-
like assay on the unbounded ICOS-Fc present in the supernatant of the reaction, as
for SG-Sr-ICOS-Fc; results revealed that the average ICOS-Fc grafted was about
0.4 pg each mg of particles, very close to SG-Sr-ICOS-Fc samples, suggesting
that the grafting of ICOS-Fc was not affected by the size of particles or by their
pore size.
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Figure 3.29: Results of ELISA-like assay expressed in O.D. value of SD-Sr-ICOS-Fc
compared with bare samples.

The investigation of the bond stability formed on microparticles surface with
ICOS-Fc was performed with the same procedure used for SG-Sr-ICOS-Fc for
different time points, up to 21 days. The amount of ICOS-Fc present in the
collected supernatants was analyzed by an ELISA-like assay and results (Table
3.8) indicate a limited amount of the biomolecule present in the supernatants,
denoting that ICOS-Fc formed a stable bond with the particles surface.

Table 3.8: Stability test of [COS-Fc binding to SD-Sr-ICOS-Fc surface.

SD-Sr-ICOS-Fc

Time (Days) 3 7 14 21

ICOS-Fc¢ in medium (%) 5.6 5.3 5.4 6.6
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3.3.2.2 Strontium ions release from SD-Sr-ICOS-Fc in tris HCI

Strontium ions release of SD-Sr-ICOS-Fc¢ was analyzed by ICP-AES (reported in
the figure 3.30); results of the tests, performed to investigate changes of the
release ability of SD-Sr-ICOS-Fc after the grafting procedure, showed that the
total amount of strontium was released in tris HCI, also in this case with a burst
release in the first 3 h that reach a plateau phase between the day 7 and the day 14,
similar to SD-Sr samples, but the profile of the release graph was slightly different
from the SD-Sr release graph, this behaviour can be ascribable to the pore
entrance that is limited by the grafting but with the ion exchange still allowed.
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Figure 3.30: Profile of the strontium ions releases of SD-Sr-ICOS-Fc.
3.3.2.3 Bioactivity of SD-Sr in SBF

The SD-Sr-ICOS-Fc bioactivity, tested in SBF medium up to 14 days, was
performed to inspect the possibility that the grafting method can affected the
ability to form the HA layer of SD-Sr-ICOS-Fc. As for SD-Sr, after 3 days of
soaking a rapid formation of a HA was detected for SD-Sr-ICOS-Fc (Figure
3.31A), with a formation of a layer that partially covers the particles after 7 days
of soaking (Figure 3.31B) and that totally covers them after 14 days (Figure
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3.31C), evincing that the grafting does not affect the excellent bioactivity of SD-
Sr-ICOS-Fc¢ and, indeed, as occurred for SG-Sr-ICOS-Fc¢ samples, resulted
accentuated.

Figure 3.31: FESEM image of SD-Sr-ICOS-Fc after (A) 3, (B) 7, and (C) 14 days of
soaking in SBF.

Moreover, XRD analysis was performed to the further confirmation of the HA
layer formation (Figure 3.32). The spectra of day 7 and day 14 showed crystalline
HA peaks at 25.62 and 31.78 20 degrees (reference 01-074-0565), as occurred for
SD-Sr; also in this case, the absence of peaks at 3 days can be due to the too low
concentration of HA formed in this time step.
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Figure 3.32: XRD spectra of SD-Sr-ICOS-Fc¢ after 3h, 1 day, 3 days, 7 days, and 14
days of soaking in SBF medium. Asterisks show the HA peaks.

3.3.3 Biological tests of SG-Sr-ICOS-Fc¢ and SD-Sr-ICOS-Fc

Part of the work described in this chapter has been previously published[259].

The aim of this part of work was to investigate the biocompatibility, and the
ability to inhibit the osteoclasts migration and differentiation of the developed
multifunctional materials. Both SG-Sr-ICOS-Fc¢ and SD-Sr-ICOS-Fc were tested
by NOVAICOS company comparing the results with the effects of free ICOS-Fc
in terms of the potentiality of migration and differentiation inhibition.

3.3.3.1 Biocompatibility of SG-Sr-ICOS-F¢ and SD-Sr-ICOS-Fc¢

In order to evaluate the cytotoxicity of the samples, different amounts of SG-Sr-
ICOS-Fc and SD-Sr-ICOS-Fc (200, 100, and 10 pg/mL) were incubated with
MC3T3-El cells; then, after different time points (2,4 and 7 days) the cell
viability was evaluated (Figure 3.33). Results showed an optimal biocompatibility
of both SG-Sr-ICOS-Fc¢ and SD-Sr-ICOS-Fc; in fact, SG-Sr-ICOS-Fc¢ did not
affect the cell viability for all the tested concentrations, compared with the control
cells, while only for the highest tested concentration of SD-Sr-ICOS-Fc the cell
viability ranging from 70% to 45% that resulted lower compared to the other
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concentrations and the untreated cells which did not show significant
modifications in cell viability.
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Figure 3.33: MC3T3-E1 cell viability after SG-Sr-ICOS-Fc (white bars) and SD-Sr-
ICOS-Fc (black bars) treatment at different times of exposure (A) 2 d, (B) 4 d, and (C) 7
d and at different concentrations.

3.3.3.2 Effects of SG-Sr-ICOS-Fc and SD-Sr-ICOS-Fc¢ on cell
migration and proliferation

The effect of free ICOS-Fc on the osteoclasts migratory activity was well reported
in the literature[303, 304]; to compare the effects of SG-Sr-ICOS-Fc¢ and SD-Sr-
ICOS-Fc samples on the osteoclast’s migration Boyden chamber migration assays
with ICOS-L positive cell lines, or ICOS-L negative cell line as control, were
performed as described in chapter 2, section 2.10.2. Results showed an affected
migration of ICOS-L positive cells (PC-3 and U20S) when treated with SG-Sr-
ICOS-Fc or SD-Sr-ICOS-Fc in a dose dependent manner in analogy to free ICOS-
Fc compared to ICOS-L negative cells (HOS), contrary to bare samples,
evidencing that the grafted ICOS-Fc retained the ability to specifically inhibit
only the ICOS-L positive cells motility (Figure 3.34).
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Figure 3.34: Results of the Boyden chamber migration assay of SG-Sr-ICOS-F¢ and
SD-Sr-ICOS-Fc at different concentrations on PC-3 (A) and U20S (B) ICOS-L positive
cells, and on HOS (C) ICOS-L negative cells.

The effects on cells proliferations of SG-Sr-ICOS-Fc¢ and SD-Sr-ICOS-Fc
were tested with clonogenic proliferation assays, and results (reported in Figure
3.35) showed that SG-Sr-ICOS-Fc and SD-Sr-ICOS-Fc¢ did not affect the
proliferation of the cells.
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Figure 3.35:Clonogenic assay on U20S (left) and HOS (right) cells treated with SG-
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3.3.3.3 Effects of SG-Sr-ICOS-F¢ and SD-Sr-ICOS-Fc on
monocyte-derived osteoclasts differentiation

The inhibitory effects on the monocyte-derived osteoclasts (MDOCs)
differentiation of SG-Sr-ICOS-Fc and SD-Sr-ICOS-Fc were tested comparing the
results with the inhibition ability of free ICOS-Fc reported in literature[29].
MDOCs were placed in contact with SG-Sr-ICOS-Fc and SD-Sr-ICOS-Fc and the
differentiation of the cells was monitored up to 21 days; results (showed in Figure
3.36) evidenced that the MDOCs differentiation was strongly inhibited by the
ICOS-Fc grafted on particles surface, in analogy to free ICOS-Fc. Moreover, the
cells after the treatments with SG-Sr-ICOS-Fc and SD-Sr-ICOS-Fc resulted to be
with a round shape and a spindle-like morphology, very similar to cells treated
with free ICOS-Fc, while cells treated with SG-Sr or SD-Sr did not show
differences in the differentiation compared to the negative control. Furthermore,
the treatment with SG-Sr-ICOS-Fc and SD-Sr-ICOS-Fc displayed a decrease in
the formation of multinuclear TRAP positive cells, confirming the potential
ability of SG-Sr-ICOS-Fc¢ and SD-Sr-ICOS-Fc to inhibit the osteoclast cells
differentiation.
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Figure 3.36: MDOCs morphology after the treatment with SG-Sr-ICOS-Fc and SD-
Sr-ICOS-Fc compared with free ICOS-Fc and SG-Sr and SD-Sr showed by phase-
contrast microscopy (A) and microphotographs (B). (C) Percentage of multinuclear

TRAP positive cells at day 21 after the treatment with with SG-Sr-ICOS-Fc¢ and SD-Sr-
ICOS-Fc compared with free ICOS-Fc and SG-Sr and SD-Sr.

To further confirm the differentiation inhibition of SG-Sr-ICOS-Fc and SD-
Sr-ICOS-Fe, differentiation marker genes (DC-STAMP, NFATcl1, and OSCAR)
expression was evaluated by real-time PCR at day 21 (Figure 3.37), since in the
differentiation phase these marker genes are upregulated[305]. Results showed a
significant decrease of the expression of all these genes for cell treated with SG-
Sr-ICOS-Fc¢ and SD-Sr-ICOS-Fc compared with untreated cells and cells treated
with SG-Sr and SD-Sr, in analogy to cells treated with free ICOS-Fc, providing a
further confirmation that the developed SG-Sr-ICOS-Fc and SD-Sr-ICOS-Fc have
the ability to inhibit the differentiation of osteoclasts.
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Figure 3.37: DC-STAMP (A), NFATc1 (B), and OSCAR (C) marker genes
expression of cells treated with SG-Sr-ICOS-Fc and SD-Sr-ICOS-Fc at day 21 compared
with cells untreated or treated with SG-Sr, SD-Sr, and free ICOS-Fc.

3.4 Final considerations

Different types of MBGs were successfully synthetized by a base catalyzed sol-
gel method and an aerosol-assisted spray-drying procedure, allowing to produce
nanoparticles and microparticles, respectively. The base catalyzed sol-gel method
allowed to obtain well dispersed nanoparticles with a uniform diameter ranging
between 100 and 300 nm having a spherical shape, while the aerosol-assisted
spray drying approach allowed to obtain well dispersed spherical microparticles
with a diameter ranging between 1 and 5 pm.

Both synthesis methods led to particles with an internal mesoporous structure,
with a pore diameter of 3 nm due to the use of cetyltrimethylammonium bromide
(CTAB) for SG-Sr and with pores with a diameter of 5-7 nm due to the use of
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P123, for the base catalyzed sol-gel method and aerosol-assisted spray drying
approach, respectively. The specific surface area and pore volume resulted very
high compared to the not-templated conventional glasses[306], even if lower
compared to similar particles without the presence of strontium in the silica
framework, in particular, SG-Sr surface area resulted to be the 46% of the normal
surface area of silica nanoparticles without Sr[282], and SD-Sr surface area
resulted to be the 44% compared to silica microparticles without Sr[297, 298].

Both types of synthesis allowed to incorporate strontium ions into the silica
framework to a percentage close to the theoretical one, even if slightly different;
the lower amount encountered for SD-Sr respect SG-Sr can be ascribed to the
larger ionic radius of strontium (1.18 A) compared to that of calcium (0.99
A)[295, 307], that can partially limit the incorporation into the silica framework
during the spray-drying process[308].

The ions release tests showed a burst release during the first 3 h for both types
of particles that can be related to the high surface area of the particles allowing a
fast ion diffusion through the porous structure, the amount of the Sr ions released
does not differ too much from the literature[285, 286]. Moreover, both types of
particles showed bioactivity in SBF proving that the incorporation of different
ions did not inhibit the bioactive behaviour of silica mesoporous glasses, even if it
was lower compared with MBGs that do not contain the Sr ions as reported in the
literature[283, 289-292].

Since the aerosol assisted spray-drying approach is a process that can be
easily scalable, some trials to scaling-up the synthesis of SD-Sr were performed
obtaining samples with incorporated Ca and Sr and with a specific surface area
and pore volume comparable to the lab-scale microparticles, even if the
morphology showed the presence of aggregates consisting of amorphous silica-
based precipitates. Results suggested that the process is in principle feasible but
requires further optimization in order to obtain final microparticles with structural
and morphological features similar to powders produced at lab-scale. Since the
main problem is the early precipitation prior to the spraying, this can be mitigated
by using an ice bath both during the solution preparation and the spraying of the
final solution.

Furthermore, both types of particles were grafted with ICOS-Fc in a method
consisting in two following steps, obtaining SG-Sr-ICOS-Fc and SD-Sr-ICOS-Fc¢
samples. Both SG-Sr-ICOS-Fc¢ and SD-Sr-ICOS-Fc¢ resulted to maintain all the
characteristics exhibited by bare samples in terms of morphology, textural
features, ions release properties, and an even greater bioactivity. Moreover, [COS-
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Fc biomolecule resulted to be successful grafted on the particles surface with a
stable bond and with the correct orientation without change its ability to bind
ICOS-L.

Finally, grafted samples demonstrate to possess a good biocompatibility, as
well as the ability to specifically inhibit the migration and differentiation of only
ICOS-L positive cells as confirmed by the Boyden chamber assays and the
analysis of the differentiation of MDOCs and marker genes expression,
respectively.

To conclude, the developed SG-Sr-ICOS-Fc and SD-Sr-ICOS-Fc can be used
in the study of the design of the final scaffold in order to confer both pro-
osteogenic and anti-osteoclastogenic properties.
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Chapter 4

Electrospinning of the collagen-
based suspensions and crosslinking
to obtain the multifunctional

scaffold

4.1 Introduction

In this chapter, with the final aim to develop a scaffold to treat pelvis osteoporotic
fractures, the electrospinning (ESP) and the subsequent crosslinking of type I
collagen (COL) combined with inorganic phases will be presented. Two different
inorganic phases were used: strontium containing mesoporous bioactive glasses
(MBGs) grafted with ICOS-Fc biomolecule (described in chapter 3), and
strontium  containing nano-hydroxyapatite  (Sr-nano-HA) provided by
FLUIDINOVA company.

ESP is a promising technique to develop biomimetic scaffolds, in fact, this
method permits to produce constructs mimicking the extracellular matrix (ECM),
enabling the production of micro- and nanofibrous mats[192, 193]. The construct
produced by ESP consists in flexible membranes that can be adapted to different
parts of the pelvis zone. The use of different process parameters allows for
controlling the deposition, the morphological characteristics, and the physico-
chemical properties of the membrane that will be obtained[24, 192, 309].
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However, the use of collagen material in the ESP technique shows some critical
aspects consisting in the potential denaturation of the protein due to the used
solvents and process parameters[192, 212, 310].

Firstly, the potential denaturation of collagen in acetic acid (AA) solution and
different collagen concentrations has been explored in order to obtain a
homogeneous solution that can be electrospun. Then, different ESP conditions
have been investigated to realize the final fibrous electrospun membrane and the
morphology of electrospun membranes was assessed by scanning electron
microscopy (SEM), to define the influence of the different ESP parameters;
collected data led to define the best collagen formulation and ESP conditions in
order to obtain homogeneous nano-fibrous matrix.

After the preliminary optimization of the ESP process for collagen alone,
MBGs or nano-HA were introduced in the collagen solutions as inorganic phases,
and the ESP process has been optimized for the resulting hybrid suspensions to
obtain composite membranes with inorganic phases homogenously distributed
inside the membrane. The obtained membranes were characterized by SEM to
confirm both the maintained fiber morphology and the presence of a
homogeneous inorganic phase.

Finally, since collagen-based matrices generally lack mechanical properties
and chemical stability[311], strategies to enhance these properties were explored.
In detail, two chemical crosslinking methods were investigated: an 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC)/ N-Hydroxysuccinimide (NHS)
coupling in order to link amino and carboxyl groups of the collagen structure, and
a crosslinking using a photoinitiator called Rose Bengal (RB), that is already used
in clinical applications[255, 256] to induce the binding of collagen fibres by using
a 514 nm radiation. Cross-linked membranes were then characterized by SEM to
confirm the maintained morphology upon the crosslinking reactions, and by free
amine tests in order to confirm the occurred crosslinking.

4.2 Electrospinning of the collagen solutions

Critical roles in the electrospinning fabrication are played by the solvent and
the polymer concentration, as well as the ESP parameters such as the applied
voltage, the flow rate and the distance of the collector. Moreover, additional other
issues have been reported for the ESP of natural polymers due to their high
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viscosity and low solubility, often requiring the addition of other synthetic
polymers or the dissolution into organic toxic solvents.

Generally, one of the most used solvents for the collagen ESP is the
1,1,1,3,3,3 hexafluoro-2-propanol (HFP) which exhibits a low boiling point (61
°C), which is a desirable characteristic in ESP applications promoting the
evaporation of the solvent under atmospheric conditions, resulting in the
deposition of collagen fibers in a dry state[312]. However, normally the harsh and
toxic environment of the HFP solvent significantly influences the physico-
chemical properties of the native collagen[24, 192, 193], even if in some cases the
electrospun collagen maintained its characteristics[313]. On the other hand, the
use of non-toxic solvents (ethanol or phosphate-buffered saline solutions) results
in less homogeneous larger fibers as well as presents deposited salts in the final
membrane[314].

In order to overcome the issues related to the use of harmful organic solvents
and promote the deposition of functional collagen nanofibers, in this PhD thesis,
the use of AA solution, as a benign solvent, was optimized to solubilize collagen
at high concentrations (ranging from 15 wt% to 25 wt%) preserving the overall
native structure of the protein.

4.2.1 Characterization of collagen dissolved in acetic acid solution

At first, different batches of COL extracted and provided by NOVAICOS
company were characterized with FTIR analysis and compared to literature data
in order to evaluate that the extraction process did not alter biological

functionality and create a reference before the dissolution and the ESP (Figure
4.1).
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Figure 4.1: FTIR spectra of the COL batches provided by NOVAICOS company
(above), FTIR spectrum of the type I collagen by Junior et al. [315] (below).

The spectra of all COL batches showed three peaks at 1239 cm™, 1555 cm™,
and 1650 cm™ ascribable to the amide III (C-N stretching and N-H bending),
amide II (N-H bending), and amide I (C=O stretching), respectively; moreover,
three peaks ascribable to the C-H bending were founded at 1320 cm™, 1400 cm™,
and 1450 cm™. Comparing the registered spectra with the spectrum reported by
Junior et al.[315], similar positions and intensity ratio of the peaks suggest that the
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different COL batches overall show the typical spectroscopic features of collagen
structure.

The preservation of the native structure of the COL after the dissolution in a
solution of 40% AA in water was then investigated by FTIR analysis and
compared with the dissolution in HFP solvent. Prior the FTIR analysis, COL was
dissolved in the solvent (40% AA solution or HFP), frozen at -20 °C, and
lyophilized. FTIR spectra of COL dissolved in 40% AA solution compared with
the COL not dissolved showed analogous absorption peaks, at variance with COL
dissolved in HFP solvent (Figure 4.2).
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Figure 4.2: FTIR spectra of COL dissolved in 40% AA solution (blue line),
compared with not dissolved COL (black line) and COL dissolved in HFP (red line).

For both spectra of collagen after dissolution residuals of the solvents were
evidenced: COL dissolved in 40% AA peaks at 1740 cm™ and at 1387 cm,
corresponding to the C=O carbonyl stretch and to the C-H symmetric
deformation[316], respectively, and for COL dissolved in HFP a group of bands
in the region between 1100 cm™ and 1250 cm™ ascribable to the HFP
solvent[317]. Moreover, the three peaks at 1320 cm™, 1400 cm™, and 1450 cm’!
were present for all three samples, but while the bands of amide I at 1650 cm™
and amide II at 1555 cm™! showed only a slight shift after the dissolution in the
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two solvents, the amide III band at 1239 c¢cm™' was not observed in the COL
sample dissolved in HFP compared to both COL before and after dissolution in
40% AA solution, suggesting a more extensive loss of the collagen structure[309],
in particular the B-sheet secondary structures[318], when dissolved in HFP.

To further confirm the maintenance of the structure for COL dissolved in 40%
AA solution, SDS-PAGE was performed by NOVAICOS company comparing the
dissolved samples with the COL pre-dissolution and commercial collagen (type I
collagen from rat tail, Roche) (Figure 4.3).
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Figure 4.3: SDS-PAGE of COL dissolved in 40% AA solution, compared to COL
provided by NOVAICOS and commercial collagen.

Since the acidic pH of the 40% AA solution caused problems on the
electrophoretic run, the following protocol has been optimized before the
electrophoretic analysis: COL was dissolved in 40% AA, frozen and subsequently
lyophilized (-54 °C, pressure of 0.08 mbar for 48 h). The obtained lyophilized
sample was added to the loading buffer and heated for 5 min at 95 °C for the
SDS-PAGE analysis. Results of COL dissolved in 40% AA showed the presence
of the o bands, as well as  and y bands as for COL and commercial collagen,
confirming the identity and purity of the collagen protein[319], moreover, the
pattern of the sample was similar to COL as extracted and to the commercial
collagen, indicating that the chains of the protein were not degraded.
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4.2.2 Electrospinning of collagen dissolved in AA solution

After the confirmation that the dissolution in AA does not significantly degrade
the collagen structure, the activity mostly focused on identifying the ideal
concentration of collagen for the ESP process. With this perspective, COL was
dissolved in 40% AA solution at different concentrations, 15 wt%, 20 wt% and 25
wt%, by adding the COL to the 40% AA solution and leaving the resulting
solutions to stir overnight at RT. Prior to ESP, centrifugation was performed in
order to remove all the formed bubbles, then the solution was electrospun.

The trials started with the processing of 15 wt% of COL in 40% AA,
however, the formation of the Taylor cone and the jet stability were not optimal
for the parameters used; consequently, parameters were slowly changed one by
one until the stabilization of the jet was attained. Therefore, the final voltage and
flow rate in which the solution was successfully electrospun with a formation of
the Taylor cone and a stable jet were 18 kV and 150 pL/h, respectively, while the
distance of the collector for a stable ESP resulted in 15 cm. The obtained
membrane was analyzed by SEM and images showed a homogeneous fiber mat
with the undesired formation of beads (Figure 4.4), indicating that 15 wt% was
not an optimal concentration for electrospinning the collagen with 40% AA
solution. The average size of electrospun fibers was about 80 nm-100 nm.

10 pm

Figure 4.4: SEM image of the collagen membrane obtained by ESP at the
concentration of 15 wt% with a voltage of 18 kV, a flow rate of 150 pL/h, and a distance
from the collector of 15 cm.
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According to the literature, beads formation can be prevented by increasing
the concentration of the solution[320]. Consequently, the concentration of the
COL was increased to 25 wt% and the resulting solution was electrospun,
however the parameters used for the ESP of the 15 wt% collagen solution did not
allow a stable jet, consequently voltage, flow rate, and the collector distance were
changed one by one in order to stabilize the jet and obtain a Taylor cone. A stable
jet was obtained by setting the voltage at 20 kV and a flow rate of 80 pL/h, the
optimal working distance of the collector resulted in 12 cm. The obtained
membrane resulted in dense homogeneous fiber mats without the presence of
beads, as shown in figure 4.5.

Figure 4.5: SEM image of the collagen membrane obtained by ESP at the
concentration of 25 wt% with a voltage of 20 kV, a flow rate of 80 puL/h, and a distance
from the collector of 12 cm.

The increase in collagen concentration leads to the formation of fibers with a
larger diameter (around 450 nm-500 nm), moreover, fibers morphology was flat
and irregular, indicating that this concentration hindered the achievement of fiber
with the targeted morphology.

To find a compromise between the concentrations, a new solution of COL at a
concentration of 20 wt% was prepared and electrospun. As occurred for the
increasing of the concentration from 15 wt% to 25 wt%, also the decrease to 20
wt% required again the change of the parameters one at a time to get a stable
stream during the ESP process; the final parameters used to electrospun the 20
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wt% collagen solution were reported in table 4.1. Using this collagen
concentration, a dense homogeneous fiber mat was obtained (Figure 4.6).

Table 4.1: ESP parameters applied for processing the COL solution at 20 wt%.

COL . Collector
concentration | Voltage (kV) | Flow rate (uL/h) distance (cm)
wt%)
20 22-24 300-350 12

Figure 4.6: SEM image of the collagen membrane obtained by ESP at the
concentration of 20 wt% with a voltage of 22-24 kV, a flow rate of 300-350 puL/h, and a
distance from the collector of 12 cm.

Fiber’s diameter resulted to be around 100 nm, smaller compared to those
obtained with the 25 wt% solution and slightly greater than those resulting with
the 15 wt% solution, within the range defined in the literature for collagen
fibers[321]. Moreover, the possible problems arising from the increasing from 25
wt% to 20 wt% are the anew formation of beads and a a non-optimal morphology
of the formed fibers due to a non-stable process, however, the formation of fibres
with a diameter within the range defined in the literature and the absence of beads
indicate that the concentration of 20% by weight is sufficient both for the
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formation of fibers with an optimal morphology and for a stable process that not
forming beads.

4.3 Optimization of the electrospinning of the collagen-
inorganic phase suspensions

Once the concentration and the parameters for a successful electrospinning of
the collagen solution were identified, the combination of the collagen solution
with MBGs and nano-HA was investigated in order to obtain a composite
electrospun collagen-based membrane.

4.3.1 Incorporation of the MBGs microparticles in the collagen
fibrous matrix

The first inorganic phase incorporated into the 20 wt% COL solution was the
strontium containing MBGs microparticles (SD-Sr) whose synthesis was reported
and discussed in chapter 3. SD-Sr rather than SD-Sr-ICOS-Fc was chosen for the
trials to optimize the overall process due to the high cost of the ICOS-Fc
biomolecule. Since the ICOS-Fc grafting does not cause any substantial change in
SD-Sr size and morphology, the obtained results are considered valid also for the
functionalized particles.

Different concentrations of SD-Sr were tested in order to prepare the
suspensions to be electrospun, namely 5 w/v%, 7.5 w/v%, 10 w/v%, and 15
w/v%, while higher concentrations caused the needle blockage during the process.
Each suspension was electrospun with a 5 mL syringe; however, changes in the
ESP environment by the addition of the inorganic phase will also affect the
process[322], consequently, the addition of SD-Sr affected the formation of the
Taylor cone and the stabilization of the jet. Several trials were performed in order
to investigate how the process could be stabilized for longer time frames. The
suspensions were processed in order to find the optimal conditions for the ESP, in
particular for each concentration of the inorganic phase the parameters were
changed one by one to achieve a stable process. Table 4.2 reports the best
parameters found for each concentration of the inorganic phase, allowing to obtain
a stable process.
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Table 4.2: The best ESP parameters found for each of the investigated SD-Sr
suspensions.

Suspension | Voltage (kV) Fl((:lvl‘: /lila)te dis(tj;):lls:t(ocl;n)
5wiv% 18 100 15
7.5 wiv% 24 100 12
10 w/v% 24 200 10
15 wiv% 22-24 300-350 10

The resulting membranes for each concentration were characterized by SEM;
images showed fibers with regular size and shape (Figure 4.7) for all the
electrospun membranes, moreover, the inorganic phase was distributed
homogeneously, and particles were integrated within the fibrous matrix, as well as
inside the collagen fibers.
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Figure 4.7: SEM images of the electrospun COL suspensions with 5 w/v% (A), 7.5
w/v% (B), 10 w/v% (C), and 15 w/v% (D) of SD-Sr.

Moreover, images also showed the presence of small aggregates smaller than
12 um for the 5 w/v%, 7.5 w/v%, and 10 w/v% concentrations, while 15 w/v%
concentration did not show these types of aggregates and the processability was
satisfactory whilst maintaining a high concentration of inorganic phase. Fibers of
all the tested concentrations attained a diameter falling in the desired range as
described in the literature[321], with an average size of about 120 nm. The 15
w/v% concentration represented the best compromise between the overall
processability of the formulation and the amount of incorporated inorganic phase
inside the fibrous mat.
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4.3.2 Incorporation of the MBGs nanoparticles in the collagen
fibrous matrix

Strontium containing MBGs nanoparticles (SG-Sr), whose synthesis is discussed
in chapter 3, was also incorporated into the 20 wt% COL solution.

The tested concentrations were 5 w/v%, 7.5 w/v%, 10 w/v%, and 15 w/v%
since higher concentrations involved the needle blockage, as for the suspension
with SD-Sr. In all the trials with SG-Sr it was observed that higher voltages led to
higher material accumulation which could be associated with solvent evaporation
excessively fast, and consequently requiring more frequent interruptions of the
process to clean the needle and remove the accumulated material. However, the
ESP of every concentration of SG-Sr of the suspensions was performed by
changing the parameters one by one to make the process more stable. The final set
of parameters for each suspension are reported in table 4.3.

Table 4.3: The best ESP parameters applied to each concentration of the SG-Sr in the
COL and inorganic phase suspensions.

Swpension | Valage ) | FGUR" | atance o
5 Wiv% 20 100 10
7.5 wiv% 18 100 10
10 w/v% 20 100 10
15 wiv% 25 200 10

The matrices obtained from the ESP for each concentration showed the
presence of a homogenous mat, made of fibers with regular size and cylindrical
shape (Figure 4.8); however, a large number of agglomerates was observed for all
trials, on the contrary respect to the suspensions with microparticles, even if the
observed agglomerates were smaller than 10 um.
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Figure 4.8: SEM images of the electrospun COL suspensions with 5 w/v% (A), 7.5
w/v% (B), 10 w/v% (C), and 15 w/v% (D) of SG-Sr.

In this case, as for the SD-Sr suspensions, the 15 w/v% concentration of the
electrospun suspension represented the best compromise between the
processability of the hybrid formulation and the amount of incorporated inorganic
phase, with a formation of a fibrous mat having fibers with an average size of
about 100 nm in line with the size reported in the literature[321].

4.3.3 Effect of the acetic acid on MBGs grafted with ICOS-Fc

In the experiments described in the previous sections, due to the cost of ICOS-Fc
unfunctionalized samples were used. However, even if the set of optimized ESP
parameters are expected to be not influenced by the presence of the biomolecule
grafted on MBGs surface, the effect of the acidic solvent on the biological
functionality of ICOS-Fc is a key aspect and needed a dedicated investigation in
view of the final scaffold development as well as the possible cleavage of the
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amide bond formed between ICOS-Fc and the MBGs surface, since the break of
the amide bond during the ESP process leads to a loss of ICOS-Fc during the
process and in addition a stable bond results in a specific osteoclasts inhibition
only in the site where they are active as discussed in chapter 3, section 3.3.1.1.

With this purpose, MBGs (both SD and SG) grafted with ICOS-Fc were
incubated in the 40% AA solution at 15 w/v% in order to mimic the maximum
concentration defined for the MBGs in the ESP trials. With the aim of mimicking
the minimum and maximum time in which the particles and the solution are in
contact, two different time points were considered: 4 hours (the time needed for
the preparation of the suspension and the subsequent addition to the COL solution
prior to the ESP), and 7 hours (the duration of the whole ESP process). At the
defined time points, the assessment of functional ICOS-Fc was evaluated by
NOVAICOS company with an ELISA-like assay on the collected supernatants to
indagate the possible cleavage of the bond between ICOS-Fc and MBGs and on
the particles in order to indagate the maintained activity of ICOS-Fc after the
exposition of AA; but, since AA can interfere with the test, supernatants were
prior dialyzed against PBS in order to remove all the AA residues, while the
particles were washed with water and re-suspended in PBS.

Results were expressed in optical density (OD) value, this value in the results
of the following equation:

Iy
0D = log —
I
where Io is the intensity of the monochromatic radiation sent to the sample
and I is the intensity of the monochromatic transmitted radiation.

The obtained results showed no significant differences between the samples
contacted with 40% AA for 4 h or 7 h, but differences were instead evidenced
before and after the contact, in particular for SG-Sr-ICOS-Fc samples (Figure
4.9). Specifically, SD-Sr-ICOS-Fc presents similar OD, before and after contact
with 40% AA, meaning that only a limited number of ICOS-Fc molecules, when
grafted on MBG microparticles, lost functionality. On the other hand, for ICOS-
Fc grafted on SG-Sr the functionality significantly decreases after contact with the
solvent, even if before the contact higher OD value was found if compared to SD-
Sr-ICOS-Fec.

141



>

B

60

SD-Sr-ICOS-Fc O.D. value S$G-Sr-ICOS-Fc O.D. value

@
3

w
]
A 4

S
38

4 /

w
8
\

o /
| 4
30 //

20

N
S

10

ICOS-Fc concentration (ng/mL)
N
ICOS-Fc concentration (ng/mL)

o
o
o
o
o
FS
3
o

o
3
~
-
'S
-
@

o 0,2 0,4 0,6 038 1 1,2 14

oD oD

Figure 4.9: OD calibration lines of free [COS-Fc at different concentrations. (A)
shows the OD and relative concentration detected for SD-Sr-ICOS-Fc before (yellow
dashed arrow) and after (green arrow) the contact with 40% AA, while (B) shows the OD
and relative concentration detected for SG-Sr-ICOS-Fc before (violet dashed arrow) and
after (blue arrow) the contact with 40% AA.

These results probably are due to the characteristics of MBGs microparticles,
in fact, SD-Sr has larger pore size compared to SG-Sr, consequently, the ICOS-Fc¢
biomolecules are grafted mainly at the entrance of the pores, differently from SG-
Sr-ICOS-Fc, whose pore size does not allow to accommodate the bulky molecules
inside the porous structure. The less exposed position of ICOS-Fc in SD-Sr-ICOS-
Fc samples is expected to reduce the contact of the biomolecule with AA.
Moreover, concerning the tests on the supernatants to detect if the acidic solvent
can break the amide bond, only a very little amount of free [COS-Fc was detected
in the collected and dialyzed supernatants, implying that the bond between ICOS-
Fc and MBGs is not damaged during the process.

4.3.4 Incorporation of the Sr-nano-HA in the collagen matrix

For this part of experiments, Sr-nano-HA produced and provided by
FLUIDINOVA company was used at different concentrations; however, since the
maximum processable limit of the concentration in the suspension resulted to be
12.5 w/v%, differently from the MBGs particles the concentrations tested were 5
w/v%, 7.5 wiv%, 10 w/v% and 12.5 w/v%, even if, as expected, the suspension
with the higher percentage of Sr-nano-HA appeared more viscous compared to the
others.
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After the preparation, suspensions were transferred in a syringe and processed
by ESP. Also in this case, starting from the parameters set for the ESP of the 20
wt% COL solution, the different parameters were changed separately and one at a
time in order to achieve a Taylor cone and a stable jet during the ESP process;
however, despite the more concentrated suspension resulted to be processable,
after 15 minutes of ESP the needle was blocked, hindering the deposition of
fibers, hence, the maximum condition processable for longer time was defined as 10
w/v% (over 1 hour without needle blockage). The best parameters of each
suspension to obtain the desired characteristics of the process are reported in table
4.4.

Table 4.4: The best ESP parameters applied to each concentration of the Sr-nano-HA
in the COL and inorganic phase suspensions.

Suspension | Voltage (kV) Fl((::]‘: /1ila)te disctgllls:t(ocl;n)
5wiv% 16 80 10
7.5 wiv% 20 100 12
10 w/v% 23-24 300-350 10
12.5 w/v% 26 200 10

The obtained membranes were analyzed with SEM and images showed COL
fibers with regular size and shape, and with a homogeneous distribution of the
inorganic phase, with Sr-nano-HA particles visibly integrated within the matrix
(Figure 4.10). As mentioned above, based on the time to be processable and the
amount of the inorganic phase incorporated, the optimal concentration of Sr-nano-
HA was defined to be 10 w/v%, which showed COL fibers with a diameter in the
range of 100 nm.
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Figure 4.10: SEM images of the electrospun COL suspensions with 5 w/v% (A), 7.5
w/v% (B), 10 w/v% (C), and 12.5 w/v% (D) of Sr-nano-HA.

4.4 Crosslinking of the collagen membranes

Since the electrospun membranes result in poor mechanical properties[311], two
approaches were explored to improve these properties: EDC/NHS coupling and
crosslinking using Rose Bengal (Figure 4.11). These processing steps are
expected to provide adequate mechanical and chemical stability for the collagen-
based fibrous mats in view of the selected application.
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Figure 4.11: (A) EDC/NHS crosslinking and (B) crosslinking using Rose Bengal.

4.4.1 Crosslinking of collagen membranes using EDC/NHS
coupling

In order to crosslink the electrospun COL membranes, the first followed approach
was a procedure described by Ribeiro et al.[193], where membranes were stored
at 4 °C in a solution of 90 % ethanol/ water containing EDC and NHS reagents for
12 h, then membranes were dried at room temperature under hood. SEM images
of the membranes obtained after this process showed densification due to the loss
of'its fibrous structure (Figure 4.12).
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Figure 4.12: SEM images reporting the morphology of electrospun COL matrices
prior to crosslinking (A) and after crosslinking for 12 h in 90 % ethanol/ water (B).

Consequently, the protocol was changed in order to improve the porosity and
obtain a final morphology that matched the initial one; the change regarded the
use of pure ethanol to eliminate all the water involved in the process and the
drying of the membranes after the crosslinking by lyophilization at -54 °C. The
results obtained by following this protocol reported a moderately encouraging
improvement in the final morphology of the fibrous mats, showing a slightly
improved porosity, even if they still present a fairly dense structure (Figure 4.13).

Figure 4.13: SEM images reporting the morphology of electrospun COL matrices
prior to crosslinking (A) and after crosslinking for 12 h in pure ethanol and lyophilized

(B).

To further improve the morphology of the membranes, trials at different times
of incubation were indagated, where membranes were incubated in the
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crosslinking solution for 12 h, 10 h, 8 h, and 6 h. Results showed significant
progress of the final morphology, which matches with the original sample, for the
incubation times of 6 h and 8 h; while the densification is more prevalent for
incubation of 10 h and 12 h, indicating that long incubation times are excessive
(Figure 4.14).

Figure 4.14: SEM images reporting the morphology of electrospun COL matrices
prior to crosslinking (A) and after crosslinking for 6h (B), 8 h (C), 10 h (D), and 12 h (E).

Consequently, the optimal incubation time was defined as 8 h, which ensures
the crosslinking without a substantial losing the structure of the fibrous mat.

Then, to determine the degree of the crosslinking of the collagen, a 2,4,6-
trinitrobenzensulfonic acid (TNBS) colorimetric assay was carried out by using a
procedure reported in the literature[280, 281], as described in chapter 2, section
2.12, where samples are prepared by the reaction of the dissolved collagen
membranes in a solution containing NaHCO3s and TNBS for 3 h at 40 °C, and
another subsequent reaction after the addition of HCI for 1 h at 90 °C. After the
preparation of the samples, the absorption of the solutions was analyzed at 346 nm
and compared to the non-crosslinked collagen (Figure 4.15).
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Figure 4.15: Absorption value after the TNBS treatment of COL membranes
crosslinked with EDC/NHS coupling (blue line) and native COL (black line).

As expected, results showed that the absorption value of the solutions
obtained by the reaction with crosslinked COL resulted lower to the absorption
value of the solutions obtained by the reaction with native COL, indicating that
the crosslinking occurred. Moreover, the total number of free amines was
calculated using the formulas reported by Tronci et al.[280]:

mol (free amines) 2 X Abs(346 nm) x 0.02
g (coL) - 14x10*xbxx

moles(free amines) crossiinkea coL
moles (free amines)ative coL

Crosslinking degree = 1 —

Where Abs(346 nm) is the absorbance value at 346 nm, 1.4¢10* is the molar
absorption coefficient for the TNBS bound to the amines (in L/molecm™), b is the
cell path length (1 cm), x is the sample weight, and moles (free amines)crosslinked
coL and moles (free amines)coL represent the free amines molar content in
crosslinked and native collagen, respectively.
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Results of the calculations showed a total number of free amines of about
34210 £ 2.6°10* moles (free amines) g™ for the native COL, while the number
of free amines of the EDC/NHS crosslinked collagen resulted to be about 2610
+ 1.7¢10™* moles (free amines) *g’!, a lower number compared to the native COL
amount, indicating that the crosslinking occurred. The degree of crosslinking was
found to be about 27 %, a lower value compared to that reported by Davidenko et
al.[281][21] where the average resulted to be 39%; probably the cause is that the
crosslinking was carried out on COL electrospun membranes, and many amine
sites were foreclosed due to the electrospun membrane thickness (100-150 um).

4.4.2 Crosslinking of collagen membranes using Rose Bengal

The second approach indagated to crosslink COL membranes was a procedure
described by Liu et al.[30] where a molecule called Rose Bengal (RB) was used
as a photoinitiator, as described in chapter 2. A possible mechanism of this
crosslinking process by using RB was described Redmond and Kochevar[323],
suggesting that RB aggregates bind the collagen positively charged groups such as
amines and lysines via hydrogen bond and proline via hydrophobic forces; then,
after the activation of the RB due to the radiation at 514 nm (*RB*), amino acids
in the collagen molecule donate an additional negative or positive charge to the
RB molecule causing a subsequent formation of amino acid radicals (AA«", AA*")
and charged RB radicals (RBe", RB*"), then the coupling of these radicals forms
covalent crosslinks between collagen chains (Figure 4.16).

H+
514 nm
AA,  RB« + AAq+—<— AA.

1
A A ELECTRON
RB ——> *Re*

AA,” RB+ + AAy ——> HAA,
H+

AA,s + HAA, — AA,—AA,H
Figure 4.16: The possible mechanism of the RB crosslinking described by Redmond

and Kochevar.

SEM images of the crosslinked membranes showed that the morphology was
maintained after the crosslinking, with only a slight enlargement compared to
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COL membranes before the crosslinking (Figure 4.17). On the other hand, the
crosslinking with RB induced significantly less enlargement compared to the
membranes crosslinked with EDC/NHS, probably due to the shorter time of
immersion in the solution required by the followed protocol.

Figure 4.17: SEM images reporting the morphology of electrospun COL matrices
prior to crosslinking (A) and after crosslinking using the RB photoinitiator (B).

As for EDC/ NHS crosslinking, also for the COL membranes crosslinked with
the RB method was performed the TNBS assay in order to determine the degree
of functionalization (Figure 4.18).
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Figure 4.18: Absorption value after the TNBS treatment of COL membranes
crosslinked with RB method (green line) and native COL (black line).

The minor absorbance of crosslinked samples compared to native COL was
expected, as for EDC/NHS crosslinked membranes, due to the minor number of
the free amines present in the sample, consequently indicating that the
crosslinking occurred. The number of free amines of the crosslinked collagen with
RB resulted about 29¢10™* £ 1.4¢10™* moles (free amines) *g"!, which compared to
the number of the native COL (34+10* £ 2.6210™* moles (free amines) *g!) was
lower, indicating also in this case that the crosslinking occurred. Moreover, the
degree of crosslinking resulted to be about 17 %, a lower number compared to the
EDC/NHS crosslinked samples, this value can be explained considering that the
light at 514 nm for the activation of RB probably does not penetrate completely
the electrospun membrane, that have a width of about 100-150 pum, and many RB
molecules present in depth of the membranes were not activated during the
irradiation, with the consequent crosslinking only at the membranes surface;
another explanation another explanation can be that there be not enough RB
compared to amines present in the collagen, since the possible mechanism is that
aggregates of RB instead of a single molecule interacts with an amino group.
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4.5 Final considerations

Biopolymers, among which collagen, have demonstrated several complications
during processing with the electrospinning technologies, both due to the use of
harsh and toxic solvents that compromise the cytocompatibility of the material,
and the loss of the physico-chemical properties during the processing[324].
Different conflicting results were reported in the literature in the processing of
type I collagen for the production of polymeric scaffolds using the electrospinning
process, the selection of the right solvent and the electrospinning conditions, as
well as the source of collagen and the method of extraction from the native tissue,
resulted to be crucial, justifying the several contrasting results in the literature[ 16,
20, 309]. Moreover, the preservation of the collagen physico-chemical properties
and the final morphological features of the scaffolds are still open issue in
literature, as well as the developed scaffold that should be flexible to fit in
different types of zones (such as the pelvis zone), biocompatible, with appropriate
mechanical properties and architecture, bioresorbable and finally should stimulate
the bone tissue regeneration and the restoration of the natural tissue balance using
different types of biomaterials.

To obtain these properties, in this PhD work, different steps were followed,
first, to dissolve high concentrations of rat type I collagen (20 wt%) was used a
solution of 40% acetic acid in water as more green solvent compared to the
solvents frequently used in order to obtain a final solution that can be processed
by the electrospinning technique, forming a homogeneous fibrous mat with fibers
with a diameter in the range of about 100 nm, replicating the nano- and micro-
architecture of the bone tissue[321, 325, 326], several previous tests with different
concentrations of the collagen (15 wt% and 25 wt%) showed a non-optimal
morphology with a membrane presenting numerous defects such as the presence
of beads or fibers with a flat and irregular morphology. Moreover, the
introduction of an inorganic bioactive phase was explored, in order to boost the
regenerative effect of the final scaffold; thus, both strontium containing MBGs
and Sr-nano-HA were successfully incorporated into the previously optimized
collagen system. The resulting scaffolds showed a uniform morphology consisting
of fibers with a diameter around 120 nm and 100 nm for COL electrospun with
MBGs and Sr-nano-HA, respectively, and an inorganic phase homogeneously
distributed throughout the collagen matrix.

Although ICOS-Fc grafted MBGs were not used for the ESP, due to the cost
of the biomolecule ICOS-Fc¢ and the quantities of MBGs used during the ESP
trials and since the ICOS-Fc grafting does not cause any substantial change in the
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size and morphology of MBGs, the effect of AA on the grafted particles was
studied and results showed a severely impaired activity of ICOS-Fc in SG-Sr-
ICOS-Fc samples, but on the other hand the activity of the biomolecule of SD-Sr-
ICOS-Fc resulted only slightly impaired probably due to the less exposed ICOS-
Fc in these types of samples.

Finally, since the collagen scaffolds result in poor mechanical properties[311],
two crosslinking strategies were explored in order to increase the stability and the
final strength of the electrospun collagen scaffold. The occurred crosslinking was
confirmed by free amine test both on membranes crosslinked with the EDC/ NHS
method and with RB as photoinitiator. Since the crosslinking procedure should
increase the mechanical properties of the scaffolds, key properties of the scaffolds
for the bone tissue engineering, mechanical and biological tests are currently
under investigation, to ensure a stable bioactive and nanostructured scaffold able
to promote the regeneration of bone osteoporotic fractures in the pelvis zone.

To conclude, results described in this chapter confirmed that collagen-based
formulations can be processable by electrospinning technology for the design of
biomimetic scaffolds to treat fractures in the pelvis zone, moreover, future studies
on the potential scalability of the electrospinning technique can be performed,
since the process can be easily scaled up after some modifications.
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Chapter 5

Conclusions and future
perspectives

The aim of this PhD work was the design and the development of biomimetic
collagen-based scaffolds for bone tissue engineering and in particular for the
treatment of osteoporotic fractures in the pelvis zone. The development was
carried out by exploring the use of type I collagen combined with two different
inorganic phases: strontium containing mesoporous bioactive glasses grafted with
ICOS-Fc biomolecule (MBGs-Sr-ICOS-Fc) or strontium containing nano-
hydroxyapatite (Sr-nano-HA), and the processing by means electrospinning
technology, as well as the optimization of different strategies to improve the
properties of the electrospun collagen-based membranes to obtain a biomimetic
flexible construct that can be adapted in the pelvis zone, stimulate the fracture
healing and restore the natural tissue balance for fractures in people affected by
osteoporosis.

To achieve this objective, the first aim of this PhD thesis was the design and
the development of MBGs-Sr-ICOS-Fc, where first, mesoporous bioactive glasses
(MBGs) particles with a binary composition based on SiO2 and CaO enriched
with Sr therapeutic ions were synthetized in form of nano- and microparticles,
subsequently the MBGs surface was functionalized with amino groups, and
finally the ICOS-Fc molecule was grafted on MBGs surface by using the N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide ~ (EDC)/ N-Hydroxysuccinimide
(NHS) coupling to link the carboxyl groups present in the Fc domain of the
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biomolecule with the amino groups to form an amide bond. In this frame, also the
possible scaling up of the synthesis of MBGs microparticles was explored by
using an industrial spray drier situated in FLUIDINOVA company. The second
aim in the work focused on the electrospinning of collagen and collagen-based
suspension and the subsequent crosslinking of the scaffold; first the optimal
concentration to dissolve the collagen in the acetic acid solution used in the
electrospinning process was studied in order to obtain a construct with a good
morphology in terms of collagen fibers, and then the incorporation of the two
selected inorganic phases in the collagen-based scaffolds was indagated with the
objective of the development of a construct with the desired characteristics in
terms of fibers morphology and dispersion of the inorganic phase. The last part of
the PhD thesis was dedicated to exploring different crosslinking methods in order
to enhance the properties of the collagen-based constructs.

Nano- and micro-sized particles containing strontium as therapeutic specie
(10% mol) in their silica framework were successfully produced by using a base-
catalyzed sol-gel method and an aerosol assisted spray-drying approach,
respectively. The two different methods allowed the production of particles with
different morphology, size, and structural features in order to obtain different
systems for the incorporation in the collagen-based scaffolds for the bone tissue
healing.

Regarding the morphology, with the base-catalyzed sol-gel method, particles
with a spheroidal shape and with a uniform size ranging from 100 nm to 300 nm
were obtained, while for particles synthetized by the aerosol assisted spray-drying
approach the obtained morphology consisted in spheric particles with a diameter
size ranging between 1 and 5 um. Both types of particles showed mesoporous
structure with pores of about 3 nm for nanoparticles and 5-7 nm for
microparticles; the related specific surface area resulted in line with similar ion
containing MBGs particles[283, 296]. Concerning the release kinetics, the release
profile of Sr** species were evaluated in Tris HCI medium, and results showed a
burst release in the first 3 h for both particle types, followed by a plateau phase.
Since the bioactivity is a key feature in the MBGs particles for the
osteointegration, the effect of the incorporation of strontium on the bioactivity
was evaluated by soaking the particles in simulated body fluid (SBF) medium;
both types of particles resulted to possess bioactivity proving that the
incorporation of different ions did not inhibit their bioactive behaviour, even the
showed bioactivity resulted lower compared with MBGs that do not contain the Sr
ions as reported in the literature[283, 289-292].
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Since the aerosol assisted spray-drying approach is a process that can be
easily scalable, some trials to scaling-up the synthesis of microparticles were
performed in collaboration with FLUIDINOV A by using the industrial spray drier
situated in their facility, obtaining samples with Ca and Sr incorporated and
showing a specific surface area and pore volume comparable to the lab-scale
microparticles, even if the presence of amorphous silica-based precipitates was
found; thus, the process requires further optimization such as the use of an ice
bath during the solution preparation and the spraying of the final solution in order
to mitigate the early precipitation and obtain microparticles with structural and
morphological features similar to powders produced at lab-scale.

Then, MBGs-Sr were grafted with ICOS-Fc, after their functionalization with
amino groups, through the zero length EDC/NHS coupling. Based on the obtained
results, the particle morphology, size, structural features and strontium release
kinetics did not result affected by this type of grafting, in fact, FESEM images and
EDS analysis suggested that ICOS-Fc grafting does not significantly alter the
morphological characteristics of MBGs-Sr that remained very similar to the
features of bare samples. However, the specific surface area drastically reduced
for both types of samples, as a consequence of ICOS-Fc grafting, even if the
hysteresis loop in the isotherm of grafted microparticles resulted still visible,
probably due to the pores that are not completely occluded because ICOS-Fc
biomolecules are mainly at the pores entrance. X-ray diffraction (XRD) analyses
were performed to assess the amorphous state of the biomolecule and to exclude
the presence of crystalline aggregates, results confirmed the amorphous state of
ICOS-Fc grafted irrespective of the particle type, confirming that the
crystallization did not occur after the grafting procedure. For both type of
particles, FTIR indicated the presence of ICOS-Fc on the MBGs surface and
ELISA-like assay (performed in collaboration with NOVAICOS) confirmed both
the presence and the maintained ability of ICOS-Fc to bind its ligand, indicating
that the biomolecule was grafted in the right orientation and not damaged after the
grafting procedure. Moreover, the stability of the bond between ICOS-Fc¢ and
MBGs were indagated since it is important for a specific inhibition activity only
in the site where osteoclasts are active. The release profile of Sr ions evaluated in
Tris HCI resulted very similar to the bare samples with a burst release after 3 h
and subsequently followed by a plateau phase, however, the release kinetics of
grafted microparticles resulted slightly different compared to bare samples,
ascribable to the limited pore entrance but with the ion exchange still allowed.
Finally, the bioactivity of both grafted samples resulted maintained, confirming
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that the grafting does not affect the bioactivity, on the contrary, it resulted
increased.

Then, biological tests were performed in collaboration with NOVAICOS, in
order to investigate the biocompatibility, and the ability to inhibit the osteoclasts
migration and differentiation of the developed multifunctional materials.
Biocompatibility tests were performed using different concentrations of grafted
particles, and results confirmed that the grafted MBGs did not affect the cell
viability, only the highest tested concentration of grafted microparticles resulted
lower compared to the other concentrations. Boyden chamber migration assays
with ICOS-L positive cell lines or ICOS-L negative cell line as control were
performed in order to investigate the effects of grafted samples on the osteoclast’s
migration; results confirmed that grafted ICOS-Fc retained the ability to
specifically and reversibly inhibit only the ICOS-L positive cells motility, as
expected. Clonogenic proliferation assays were performed to test the effects on
cells proliferations, for cells treated with the samples, the results showed that
grafted MBGs did not affect the proliferation of the cells. Moreover, the inhibitory
effects on the monocyte-derived osteoclasts (MDOCs) differentiation of samples
were tested comparing the results with the inhibition ability of free ICOS-Fc,
results evidenced that the MDOCs differentiation was strongly inhibited by the
ICOS-Fc grafted on samples in analogy to free ICOS-Fc, and the differentiation
marker genes expression confirmed that samples have the ability to inhibit the
differentiation of osteoclasts.

Subsequently, the electrospinning of type 1 collagen, provided by
NOVAICOS, combined with inorganic phases and the subsequent crosslinking
were performed. Prior to the electrospinning, since solvent and the polymer
concentration have a critical role in the process, the use of an acetic acid solution,
as greener solvent, for the solubilization of the collagen at high concentrations,
preserving the structure of the protein, were indagated. In order to evaluate if the
extraction process alter the biological functionality of collagen and create a
reference FTIR analysis were performed and compared to literature data; then, the
preservation of the collagen structure after the dissolution was investigated by
FTIR analysis and SDS-PAGE (performed by NOVAICOS) and results confirmed
that the collagen was not degraded after the dissolution in acetic acid. After the
confirmation of the maintained structure of the collagen, the dissolution at
different concentration and the subsequent electrospinning of the collagen was
performed. Results of SEM analysis confirmed that, with the lower (15 wt%) and
the higher (25 wt%) concentrations of collagen, the obtained membranes did not
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show a good morphology, on the other hand, the concentration of 20 wt% resulted
to be optimal for obtaining membranes with a fibrous structure similar to that
reported in literature[321]. Subsequently, the incorporation of different
concentration of the inorganic phases (grafted MBGs or Sr-nano-HA provided by
FLUIDINOVA) was indagated. Concerning the incorporation of grafted
microparticles in the collagen-based construct, SEM images showed that the
inorganic phase was distributed homogeneously, and particles resulted integrated
within the fibrous matrix; moreover, the 15 w/v% concentration represented the
best compromise between the formulation processability, and the amount
incorporated. Results of nano-sized particles incorporation showed the presence of
a homogenous mat, but with a large number of agglomerates, even if smaller than
10 pum; also in this case, the 15 w/v% concentration represented the best
compromise. In addition, since unfunctionalized samples were used due to the
cost of ICOS-Fc, the effect of the acidic solvent on the biological functionality of
ICOS-Fc was indagated, and results confirmed that only a limited number of
ICOS-Fc grafted on MBG microparticles lost functionality, while for ICOS-Fc
grafted on nanoparticles the functionality significantly decreases after contact
with acetic acid, probably this effect is due to the larger pore size of MBGs
microparticles compared to SG-Sr which allows the ICOS-Fc to be grafted at the
pores entrance, and this less exposed position reduce the contact of the
biomolecule with the acidic solution. For Sr-nano-HA, the maximum
concentration resulted to be processed was 12.5 w/v%, and the best concentration
for the processability, the obtaining of a good morphology of fibers and a well
dispersed inorganic phase, resulted to be 10 w/v%.

Finally, since the mechanical properties of the collagen-based constructs
generally result not adequate to the bone tissue engineering[311], two crosslinking
procedures were investigated. The first followed approach was an EDC/NHS
coupling that links amino and carboxyl groups to form an amide group; the
procedure described in literature[193] was optimized in several steps until
obtaining a good fibers morphology, and free amine assay were performed to
indagate the degree of crosslinking with the resulting degree of 27 %, a lower
value compared to that reported in literature[281] probably due to many amine
sites that were foreclosed due to the electrospun membrane thickness. In the
second approach was used the Rose Bengal (RB) molecule as photoinitiator by
following a procedure described in literature[30] with some optimization, the
possible mechanism described in literature[31] results in a formation of an amide
bond between positively and negatively charged groups in the collagen chains.
The crosslinked membrane morphology resulted from SEM images showed a
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significantly less enlargement compared to the EDC/NHS crosslinked
membranes, and the degree of crosslinking obtained from the free amine assay
resulted to be 17 %, lower compared to the EDC/NHS crosslinked samples that
can be explained by the light at 514 nm that cannot penetrate completely the
electrospun membrane for the RB activation, or by the not enough RB compared
to amines in the collagen. These preliminary results of the crosslinking methods
are currently under investigation to indagate the increased mechanical properties.

In conclusion, the possibility to grafting the ICOS-Fc biomolecule on MBGs-
Sr surface represents a very attracting candidates to the development of
personalized and multifunctional devices with a synergistic effect of pro-
osteogenesis and anti-osteoclastogenesis, due to the presence of both ICOS-Fc
biomolecule and Sr, able to stimulate the healing in the bone remodeling process.
In addition, future trials can be performed to further optimize the scaling up of the
aerosol assisted spray-drying approach, in order to obtain a large amount of
microparticles without the presence of precipitate. Moreover, since
electrospinning represent one of the most interesting fabrication routes to the
formation of nanometric fibrous scaffolds that is similar to the morphological
features of bone extracellular matrix at the nanoscale, the developed scaffolds
with MBGs-Sr grafted with ICOS-Fc or Sr-nano-HA in a collagen-based matrix
resulted a possible route to obtain multifunctional scaffolds that can be applied for
the treatment of osteoporotic fractures in different locations such as in the pelvis
zone. While the mechanical tests of these constructs are still under investigation,
future studies can be focused on the opportunity to obtain more complex
architectures, by exploiting the direct writing electrospinning, and on a
comprehensive biological assessment to indagate the high bioactive features of the
constructs.
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