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Abstract

This PhD project focuses on the study of the early stages of bone biomineralization in
2D and 3D cultures of osteoblast-like SaOS-2 osteosarcoma cells, exposed to an
osteogenic cocktail.

First, the efficacy of osteogenic treatment was assessed on 2D cell cultures after 7 days.
A large calcium minerals production, an overexpression of osteogenic markers and of
alkaline phosphatase activity occurred in treated samples.

TEM microscopy and cryo-XANES micro-spectroscopy were performed for localizing
and characterizing Ca-depositions. These techniques revealed a different localization
and chemical composition of Ca-minerals over time and after treatment. Nevertheless,
the Mito stress test showed in treated samples a significant increase in maximal
respiration levels associated to an upregulation of mitochondrial biogenesis indicative
of an ongoing differentiation process.

The 3D cell cultures were realized using two different hydrogels: a commercial
collagen type I and a mixture of agarose and lactose-modified chitosan (CTL).

Both biomaterials showed good biocompatibility with SaOS-2 cells. The gene
expression analysis of SaOS-2 cells on collagen scaffolds indicated an osteogenic
commitment after treatment and Alizarin red staining highlighted the presence of Ca-
spots in the differentiated samples. In addition, the intracellular magnesium
guantification, and the X-ray microscopy on mineral depositions, suggested the
incorporation of Mg during the early stages of bone formation process.

Sa0S-2 cells treated with osteogenic cocktail produced Ca mineral deposits also on
CTL/agarose scaffolds, as confirmed by alizarin red staining. Further studies are
underway to evaluate the differentiation also at the genetic level.

Thanks to the combination of conventional laboratory methods and synchrotron-based
techniques, it has been demonstrated that SaOS-2 is a suitable model for the study of
biomineralization in vitro. These results have contributed to a deeper knowledge of

biomineralization process in osteosarcoma cells and could provide new evidences
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about a therapeutic strategy acting on the reversibility of tumorigenicity by osteogenic

induction.
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1. Introduction

Bone is a biomineralized tissues, with a well-structured organization. Bone formation
and repair are a widely studied topics due to their effects in the medical, bio-
technological, and bioengineering fields.

Bone regeneration involves a complex process known as biomineralization. This is a
ubiquitous phenomenon in the animal kingdom, consisting of the formation of
organized mineral crystals [1]. In humans, the early steps of this process begin at the
nanometric scale, through chemical-physical transformations, performed by the
cellular activity, by which ions are converted into complex calcium composite
materials and culminate forming hexagonal hydroxyapatite (HA) crystals [2].

In general, the investigation of the mineralization process in bone has been difficult
due to the restricted localization of the formation sites, the way the process proceeds
and therefore the nature of the bone itself. This has made it imperative to use cell
models (especially 3D cell cultures) to generate hypotheses which are then tested in
explanted or animal models [3]. To date, most studies have investigated the advanced
stages of biomineralization, but the mechanism that explains the genesis within the cell
and the propagation of the mineral in the extracellular matrix still remain largely
unexplained.

A deeper understanding of the morphology and formation of bone tissue, combined
with tissue engineering approaches, could offer the possibility to mimic nature for the
development of bio-inspired materials and find new therapeutic strategies to treat

different bone diseases.



1.1 Biology of bone tissue

Bone is a complex and dynamic vascular mineralized tissue with multiple functions. It
serves as an attachment point for muscles and tendons, protects and supports internal
organs, and serves as a storehouse for minerals [4].

Its complex and hierarchically organized structure can be described from the macro-
to nanoscale levels (Fig. 1). It is composed of bone cells and an extracellular
nanocomposite matrix of minerals (65%), water (10%), lipids (1%), and proteinaceous
material (25%), the latter consisting of type I collagen (90%) and non-collagenous
proteins (10%) [5]. All these components give bone its remarkable mechanical
properties and ability to remodel. The composition and architectural features vary with

age, sex and species and can be affected by disease and treatment [6-8].
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Figure 1 Hierarchical organization of bone from the macro- to the nanoscale levels.



1.2 Bone cells

Bone tissue is composed of a heterogeneous population of cells responsible for the
growth, formation, and repairs of bone. Each type of cell has specific functions and its

own characteristics. Here is a brief overview of the different cell types.

Osteoprogenitor cells

Osteoprogenitor cells, also known as osteogenic cells or pre-osteoblasts, are human
mesenchymal stem cells that reside in the bone marrow and play a prominent role in
bone repair and growth. Osteoprogenitors can self-replicate, renew themselves and
participate in osteogenic differentiation. They are localized in the endosteum (a
membrane lining the wall of the bone marrow cavity) and in the lining of osteogenic
cells and are the precursors of specialized cells as osteocytes and osteoblasts [9]. In
mature bone osteoprogenitor cells exist as flattened spindle-shaped structures. They
attach to the bone surface and are referred to as "inactive osteoblasts” at this time.
During fetal development or during periods of high turnover in adult osteogenesis,
osteoprogenitor cells exhibit plump oval nuclei and abundant spindle-shaped

cytoplasm and they later transform into characteristic cuboidal active osteoblasts. [10].

Osteoblasts

Osteoblasts are large cells responsible for synthesizing and mineralizing bone during
both initial bone formation and later bone remodeling. They arise from the
differentiation of osteogenic cells in the periosteum and from mesenchymal stem cells
(MSCs) in the endosteum of the bone marrow cavity. The activity of osteoblasts is
greatest during embryonic skeletal formation and growth, but they are present through
all life [11,12]. When osteoblasts are mature, they surround themselves with bone
matrix becoming osteocytes. Osteoblasts that remain on the surface of the bone in front

of the periosteum have the potential to become inert cells of the bone lining or undergo



apoptosis. As the population of mature osteoblasts declines, new osteoblasts
differentiate from mesenchymal progenitor cells, but their resources are limited
[13].0steoblastic differentiation requires a regular blood supply and the involvement
of many genes, proteins, and cytokines, which are described in more detail in the

following sections [12].

Osteocytes

Osteocytes arise from the MSC (mesenchymal stem cell) lineage through the
differentiation of osteoblasts and account for 90-95% of total bone cells [14].

At the end of a cycle of bone formation, a subpopulation of osteoblasts becomes
osteocytes embedded in the bone matrix. They are connected to each other and to the
cells of the bone surface and even to the cells of the bone marrow by dendrite-like
projections contained in fluid-filled microchannels (canaliculi) that radiate to the
surface and to the blood supply. The shape and spatial arrangement of osteocytes are
consistent with their function of signal detection and transport. [4].

In this way, osteocytes can respond to changes in mechanical forces and in the levels
of circulating factors such as hormones and ions. They amplify these signals, resulting
in a coordinated adaptive skeletal response to environmental stimuli [15]. Osteocytes
are long-lived cells, but like osteoblasts and osteoclasts, they die by apoptosis.
Decreased osteocyte viability is related to bone fragility caused by estrogens and

androgens deficiency or deprivation and excess glucocorticoids [16].

Osteoclasts

Osteoclasts are differentiated and multinucleated cells that arise from mononuclear
cells of the hematopoietic stem cell lineage. Osteoclast formation depends critically on
two cytokines, namely macrophage colony-stimulating factor (M-CSF or CSF-1),
nuclear factor K ligand receptor activator (RANKL) [17,18] and another factor called
osteoprotegerin (OPG). The RANKL / RANK / OPG system is an important mediator

of osteoclastogenesis [19,20]. An abnormal increase in osteoclast formation and



activity leads to some bone diseases such as osteoporosis, in which resorption exceeds
formation, resulting in a decrease in bone density and an increase in fractures [21]. In
addition, osteoclasts produce factors called clastokines that control osteoblasts during
the bone remodelling process. Recent evidences have demonstrated that osteoclasts can
also directly regulate the hematopoietic stem cell niche. These results show that
osteoclasts are not only bone resorbing cells, but also a source of cytokines that affect

the activity of other cells [4].

Bone lining cells

Bone lining cells (BLCs) cover inactive bone surfaces. BLCs have flat or slightly ovoid
nuclei and are connected to each other by gap junctions. They can be stimulated to
proliferate and differentiate into osteogenic cells and may provide a source of
osteogenic progenitor cells [22]. The functions of bone lining cells are not fully
elucidated, but these cells can prevent direct interaction between osteoclasts and the
bone matrix when bone resorption should not occur. They are able to produce OPG

and RANKL and could be involved in osteoclast differentiation [23].

1.3Bone Extracellular matrix

1.3.1 Organic components: Collagen | and Non-collagen proteins
The organic bone matrix is composed of type | collagen (~ 90%) and non-collagenous
proteins (NCPs) (10%) [24]. Type | collagen is a triple helix molecule containing three
polypeptide chains: two al (I) chains and one a2 (1) chain. It is synthesized as a
precursor procollagen and translocated into the lumen of the rough endoplasmic
reticulum (ER). The procollagen molecules are transported through the Golgi and
secreted by the cell. Hydrogen bonds between hydroxyproline and other charged amino
acid residues hold together polypeptide chains that form a linear triple helix of collagen
approximately 300 nm in length. The triple helices are assembled into fibrils, which in

turn cluster into collagen fibers [25,26].



The collagen fibrils provide places for precipitation of nano-hydroxyapatite crystals on
their surface to form mineralized structural units of bone [27].

Collagen I is a key component of the extracellular matrix (ECM) of bone and forms
associations with integrins on the cell surface and other ECM proteins.

NCPs have been shown to play important roles in regulating osteoclast and osteoblast
function, organizing the extracellular matrix, coordinating mineral-matrix and cell-
matrix interactions, and regulating the bone mineralization process [28].

Among the most important ones are osteocalcin, osteonectin, osteopontin, sialoprotein
I1, bone morphogenetic proteins (BMPs), growth factors, and other small leucine-rich

proteoglycans [29].

1.3.2 Mineral constituent: Hydroxyapatite

The bone mineral component consists of a highly substituted, poorly crystalline
nanocrystal of hydroxyapatite [Ca;o(PO4)s(OH)] with a Ca/P ratio of less than 1.67, as
demonstrated by X-ray diffraction over 60 years ago [2].

Although there is still disagreement about the initial phase of the deposited mineral, it
is now accepted that the mature bone mineral is a substituted crystalline phase of
calcium phosphate termed carbonated hydroxyapatite [30].

Recently, Sorrentino et al. have hypothesized that CaCO; in the initial phase of
biomineralization of human bone marrow mesenchymal stem cells (hbMSCs) starts as
an amorphous phase that develops into crystalline calcite after 4 days of osteogenic
engagement. In their study, both crystalline compounds, calcite, and hydroxyapatite
were detected [31], (Fig. 2A). Biological HA crystals are plate-like nanocrystals with
a thickness of 2-3 nm and a length and width of tens of nanometers. Human HA is not
stoichiometric, but contains many substituted elements, some in the ppm range, that
play important roles in bone metabolism. Substitution by ions can affect crystal

structure, surface charge, solubility, and other physicochemical properties.



The most important substituent in biological apatite is carbonate (CO,*), which is
typically present in the bone mineral in amounts of 5-8 wt %. The carbonate ion can
be substituted at two positions in the apatite structure, namely at the hydroxyl position
and at the phosphate ion position, giving the A- and B-type of carbonate apatite,
respectively. The B-type is the preferred carbonate substitution found in the bones of a
variety of species, with the A/B ratio ranging from 0.7-0.9. A higher value of A/B ratio
was observed in old tissue compared to young tissue. The apatite lattice structure and
the A- and B-type carbonate substitutions are shown in Fig. 2B.

The presence of B-type carbonate substitution in the apatite lattice can cause a decrease
in crystallinity and an increase in solubility. In addition, osteoblasts show a lower
affinity for the surface of A- CHA, compared to that of HA [32].

Natural HA contains other impurities such as sodium (0.9%) and magnesium (0.5%),
fluorine, zinc, barium, and strontium ions as substitute groups in phosphate and
hydroxyl sites, resulting in poorly crystalline, low calcium and carbonated HA [33,34].
In a study performed on hbMSCs exposed to an osteogenic cocktail for 4 and 10 days,
Procopio et al. showed that biomineralization begins with the nucleation of Zn-
hydroxyapatite within the cell and rapidly develops into hexagonal hydroxyapatite
crystals that are very similar in composition and structure to those found in human bone
[35]. These types of substitutions can lead to changes in the mechanical properties of
bone. They can decrease crystallinity by altering solubility, which is important for

mineral homeostasis and bone adaptation [24].
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Figure 2 A) Evolution of Ca compounds during the early phases of osteogenic differentiation, based
on the model proposed by Sorrentino et al., 2021 [31]. B) Hexagonal unit cell of a hydroxyapatite
crystal Caio(POas)s(OH)2, taken from ChemTube3D. Direction of a-, b-, ¢ axis determines spatial
configuration of apatite structure. Black arrows indicate the positions of A-type and B-type carbonate

substitution.

1.3.2 Magnesium in Bone
Magnesium is quantitatively one of the most important substituent ions for Ca?* in the
formation of biological apatite. In calcified tissues, the amount of magnesium
associated with the apatite phase is greatest at the beginning of the calcification process
and decreases as calcification progresses. The partial replacement of Ca?* by Mg?*
leads to a reduction in the c-axis size, because the radius of Mg?* (0.69 A) is much
smaller than that of Ca?* (0.99 A), resulting in a change in the lattice constants of
apatite. In addition, magnesium inhibits apatite crystallization, destabilizes the HA
structure, and promotes its thermal transformation to tricalcium phosphate (TCP) [32].
Magnesium deficiency negatively affects all stages of skeletal metabolism, resulting in
cessation of bone growth, decreased osteoblastic and osteoclastic activity, osteopenia,

and bone fragility. Magnesium deficiency can lead to bone loss due to altered



mechanisms related to hormone regulation (PTH), stimulation of proinflammatory
cytokines (IL -1b and TNF-a), and alteration of hydroxyapatite crystal formation [36].
Magnesium-substituted HA has been extensively studied for its potential in the
development of artificial bone and other medical applications, as Mg?* promotes the

formation of new bone mineral nuclei. [37,38].

1.4 Osteogenic commitment

1.4.1 Osteogenic Gene markers and regulator proteins

The osteoblast phenotype is promoted by several regulatory proteins and specific
transcription factors that promote the expression of osteogenic phenotypic genes. The
key molecular switch for the incorporation of mesenchymal progenitors into the
osteoblast lineage is the transcription factor Runt-related transcription factor 2
(RUNX2), also known as core-binding factor subunit alpha-1 (CBF-a-1), a protein that
in humans is encoded by the RUNX2 gene. The RUNX2 transcription factor has
several upstream regulators and a variety of targets. Upstream factors are the
Wnt/Notch system, Sox9, Msx2, and Hedgehog signaling [39].

Cofactors of Runx2 include Osx, Atf4, and others. Some paracrine and endocrine
factors act as coactivators, especially bone morphogenetic proteins and parathyroid
hormone [12] . The process is further refined by vitamin D and histone deacetylase
[40]. Osteoblast differentiation is subject to regulation by physical stimuli to ensure the
formation of bone suitable for structural and dynamic support for the body [41].
A brief description of the role of key genetic regulators, transcription factors and matrix

proteins in osteoblast phenotype follows.

MSX2
MSX2 (Msh homeobox 2) is protein coding MSX2 gene and is a decisive factor that
promotes osteoblastic differentiation in conjunction with inhibition of adipogenesis in

mesenchymal stem cells [42]. A marked slowing of ossification in cranial bones and a



general decrease in bone volume has been observed in mice following inactivation of
Msx2. This phenotype is accompanied by a decrease in Runx2, suggesting that Runx2

expression may be regulated directly or indirectly by Msx2 [39].

Hedgehog

The Hedgehog (Hh) signaling pathway plays many important roles during
development and postnatal tissue homeostasis, including bone formation [43]. negative
and positive cellular regulation of Hh is controlled by two transmembrane proteins,
Patched (Ptc), a negative regulator, and Smoothened (Smo), that stimulates
downstream signaling in response to Hh [44]. Hh protein promotes differentiation of
hMSCs into the osteoblastic lineage, increasing the alkaline phosphatase (ALPL)
expression and in vitro mineralized matrix formation, which are markers of mature
osteoblast function. Several developmental bone diseases are associated to a disruption
of the Hh pathway [45].

WNT/NOTCH system

WNT is a paracrine glycoprotein that acts through multiple signaling pathways and it
Is important for osteoblast differentiation. WNT proteins interact with its cell surface
receptor and transmit the signal into the cytoplasm. Once inside the cell, the signal is
converted to B-catenin [46]. NOTCH is an intracellular signaling protein that promotes
the degradation of -catenin by counteracting WNT. Recent studies have shown that
during intramembranous bone formation, NOTCH signaling controls osteoprogenitor
cell proliferation, whereas activation of the WNT pathway regulates differentiation
[47]. The imbalance between the WNT and NOTCH pathways results in ectopic

mineralization [48].



DLX5

Distal-less homeobox 5 (DLX5) protein is considered an important regulator of bone
formation but is not a specific marker for osteoblasts. It is an upstream regulator of
RUNX2 and induces RUNX2-mediated expression of ALPL and osteopontin. DIX5 is
expressed from the earliest stages of embryonic bone formation [49]. Forced
expression of DLX5 leads to an increased rate of mineralized matrix production in
culture, but the effect of the protein on other osteoblast genes (osteocalcin) is highly

inconsistent [50].

RUNX2

Runt-related transcription factor 2 (RUNX2) is the key control gene for osteoblast
phenotype. It mediates the activation and/or temporal repression of cell growth and
phenotypic genes during osteoblastic differentiation. Expression of RUNX2 is observed
in osteochondroprogenitor cells, early in skeletal development and then during later
stages of osteoblast differentiation, with maximal expression in the mature osteoblast
[51]. The target genes of RUNX2 include TGF-p receptor, ALPL, type | collagen al (
COL1A1) and a2 chain (COL1A2), osteopontin, osteonectin, vitamin D receptor, bone

sialoprotein, osteocalcin, and collagenase [39].

OSTERIX

Osterix (Osx or SP7) is one of the few osteoblast-specific genes. The gene was first
identified in mouse models and later in its human homolog SP7 in a variety of bone
cell types and cell lines, such as MG63 and HOS [52,53]. Osterix acts downstream of
RUNX2, which positively activates it, through interaction with a promoter of the gene
itself. It is involved in the regulation of other osteoblastic genes such as osteocalcin,
osteonectin, osteopontin, bone sialoprotein, and COL1A1 [54,55].

It is a downstream zinc finger transcription factor of WNT and can also inhibit it by

acting as a negative feedback loop [56].



ATF4

Activation of transcription factor 4 (ATF4) belongs to the cCAMP-responsive element-
binding (CREB) transcription factor family. It interacts with RUNX2, promoting
osteoblastogenesis and enhancing osteocalcin expression [57]. ATF4 is also required
for the proper synthesis of COL1AL. It also regulates osteoclast differentiation and
bone resorption through its expression in osteoblasts, where it binds to RANKL.
RANKL binds to its RANK receptor on osteoclasts and triggers complex and diverse

signaling cascades that control lineage engagement and osteoclast activation. [58].

ALPL

ALPL is a ubiquitous tetrameric glycoprotein located on the outer surface of cells.
Specifically, in human bone, it resides on the outer membrane of osteoblasts. It serves
to hydrolyze inorganic pyrophosphate to provide inorganic phosphate, which is
required for hydroxyapatite synthesis [59]. Levels of this enzyme have also been shown
to increase in response to mechanical forces. The total serum level of ALPL is an index
of new bone formation and osteoblast activity. In fact, it is used as a diagnostic index
to assess bone-forming capacity in osteoporosis. Clinically, loss of function in the
liver/bone/kidney ALPL gene is associated with hypophosphatasia (HPP), a severe

skeletal deformity characterized by loss of bone mass and subsequent fractures [60].

OPG

Osteoprotegerin (OPG) is a member of the tumor necrosis factor (TNF) superfamily,
and it is an excretory cytokine produced by the osteoblasts. The protein acts as a soluble
decoy receptor that reduces osteoclastogenesis by blocking the interactions of RANKL
with its receptor (RANK) [61]. In normal individuals, the RANKL/OPG ratio is very
low. Benign and malignant bone diseases could be associated to an abnormal
RANKL/OPG ratio [62].

COL1Al



Collagen type | is formed by heterotrimers of two al (I) chains and one a2 (I) chain,

encoded by COL1Al and COL1A2 genes respectively. Collagen type | is a key
component of the extracellular matrix of bone and forms associations with cell surface
integrins and other ECM proteins. The imbalance of the normal ratio of al- and a2-
chains of type | collagen could lead to the formation of a more fragile collagen with
more organic than inorganic components [63].
A common nucleotide substitution in the COL1A1 gene results in less resistant bone
mass synthesis, associated with osteoporosis. Expression of COL1ALl is activated by
RUNX2 binding to sites close to those for Osterix binds. Thus, overexpression of
RUNX2 and Osterix has a cooperative effect on the expression of endogenous
COL1AL1 [64].

BGLAP

Osteocalcin is a 49 aminoacidic protein encoded by BGLAP gene (bone gamma-
carboxy glutamic acid-containing protein). Osteocalcin is considered a specific marker
of osteoblasts. It is highly expressed during the process of bone mineralization. After
its release from osteoblasts, it is incorporated into the extracellular bone matrix. It
constitutes approximately 15% of the non-collagenous protein fraction and is
responsible for calcium and hydroxyapatite binding [65]. Osteocalcin incorporated into
the bone matrix can be released during bone resorption as intact molecules and
fragments. Thus, serum osteocalcin levels should be considered as a marker of bone
turnover rather than bone formation. In fact, serum osteocalcin levels may be

negatively correlated with metabolic syndrome [66].

OPN
Osteopontin (OPN) is a phosphoglycoprotein coded by phosphoprotein 1 (SPP1).

RUNX2 and Osx are required for the activation of this gene and malfunctions within

the gene encoding osteopontin can lead to tumorigenesis. As protein, osteopontin is



isolated from extracellular bone matrix, but it is also expressed by several cell types
including osteoblasts, osteoclasts, macrophages, activated T lymphocytes, smooth
muscle, epithelial and ganglion cells. Moreover, it is a structural component of some
tissues such as bone marrow, placenta, kidney, and secretory epithelia [67].

In soluble form it is present in various biological fluids and actively participates in
pathophysiological events such as bone remodelling, angiogenesis, scarring and some

inflammatory processes of the osteo-skeletal system [68].

SPARC

SPARC (Secreted Protein Acidic and Cysteine Rich) is a gene that encodes for
osteonectin, a phosphoprotein associated with the acid matrix rich in cysteine, the most
abundant non-collagenous polypeptide expressed in bone [69]. Three transcription
variants have been found for this gene that encode for different isoforms. It acts as a
nucleation element for mineral crystals, as it is believed to be able to concentrate
calcium in its vicinity, thus creating the conditions to initiate the precipitation of
calcium phosphate [70]. The mature protein binds selectively to hydroxyapatite,
collagen fibrils and vitronectin at distinct sites. It can allow proper organization of the
bone matrix through contact with the cell surface. It appears to regulate cell growth
through interactions with the extracellular matrix and cytokines. It is also involved in
promoting changes in cell shape. Indeed, in some kinds of tumors, its upregulation has
also been related to metastasis based on changes in cell shape that can promote tumor

cell invasion [71].

TGF-p

Transforming growth factor-beta (TGF-B) stimulates matrix protein synthesis. The
largest source of TGF-p in the body is found in bone (200 ug/kg of tissue), although
the most concentrated source is in platelets [72]. TGF-B has multiple effects on bone

cells depending on their phenotype and/or stage of differentiation. It can induce



osteoblastic differentiation or proliferation [73], it can inhibit osteoclastic precursor

formation and, at high concentrations, isolated osteoclasts [74].

1.4.2 Paracrine and endocrine factors influencing osteoblastic differentiation

Bone Sialoprotein

BSP (bone sialoprotein) is a phosphorylated glycoprotein produced by activated
osteoblasts and odontoblasts but it has also been found in osteoclastic and malignant
cell lines [75]. It plays a significant role in extracellular matrix organization and cell-
matrix adhesion processes. Indeed, this protein contains an Arg-Gly-Asp (RGD)
integrin recognition sequence, which enhances the attachment of osteoblasts and
osteoclasts to plastic surfaces. It also binds to the a2 chain of collagen, promotes
nucleation of hydroxyapatite crystals in vitro, and it appears to increase bone resorption
[76].

PTH

Parathyroid hormone (PTH) is fundamental for the calcium homeostasis and, it is one
of the upstream regulators of RUNX2 [57]. It thus contributes to the regulation of bone
absorption. High levels of this hormone cause an increase in bone resorption. PTH
receptor signaling in osteoblasts and osteocytes can increase the RANKL/OPG ratio,
promoting osteoclast recruitment and activity. If the elevation is not continuous, the

resorbed bone releases TGF-B and recruitment of new osteogenic progenitors 0CCUI'S

[4].

Vitamin D

Vitamin D acts directly and indirectly on the bone. It acts directly on osteoblasts,
osteocytes, and osteoclasts affecting the production of type | collagen and numerous
non-collagen proteins (osteocalcin, osteopontin, BSP). Under the influence of vitamin

D, osteocytes produce phosphatonin (FGF-23, Fibroblast growth factor 23), which



regulates the renal hydroxylation of 1,25-(OH), vitamin D3, inhibits phosphate
reabsorption and reduces PTH synthesis. It stimulates the preosteoblasts to secrete the
M-CSF, which in turn activates the proliferation of preosteoclasts and prevents their
apoptosis. It causes increased RANKL expression in osteoblasts and inhibits OPG
expression, thus stimulating osteoclastogenesis [77].

As mentioned above, vitamin D has an indirect action on the bones by regulating the
body's calcium and phosphate metabolism. Indeed, it acts on the intestinal epithelium
to regulate calcium absorption and interacting with PTH to stimulate the reabsorption

of calcium and phosphate in the kidneys from tubular fluid into the blood [78].

1.5 Stage of osteoblastic differentiation

The osteoblastic differentiation starts from mesenchymal stromal cells (MSCs), that
can give rise to myoblasts, osteoblasts, chondrocytes, or adipocyte lineages. The
commitment of MSCs to the osteoprogenitor lineage requires the expression of specific
genes, as previously described. The osteogenic differentiation proceeds through a
series of steps (Fig. 3).

In stage 1, cells proliferate and express collagen, TGF-f receptor 1, osteopontin, and
fibronectin, another ECM protein able to bind growth factors relevant for bone
regeneration. In stage 2, they exit the cell cycle and begin to differentiate, and there is
the expression of RUNX2, DLX5 and SP7, crucial for the differentiation of osteoblasts
[73]. Furthermore, COL1A1, ALPL, BSP, BGLAP genes are upregulated by RUNX2.
At this stage, osteoblast progenitors exhibit ALPL activity and are considered pre-
osteoblasts. In stage 3, the pre-osteoblasts become mature osteoblasts, and there is an
increase in SP7 expression and secretion of bone matrix proteins such as BSP,
COL1A1 and BGLAP that stimulate mineral matrix deposition. At this stage, the
osteoblast assumes its characteristic cuboidal shape [79]. During the bone formation

process, between 5% and 20% of osteoblasts become osteocytes, reducing up to 70%



of their cellular body, when osteocyte maturation is complete. Part of the osteoblasts
can undergo apoptosis or become quiescent, that is, lining cells along the bone surfaces
[80].

Mature bone

Commitment Proliferation Maturation Mineralization tissue
[ | | 1 L |
ALPL low ALPL high ALPL high
COL1A1 low COL1A1 high COL1A1 high :
BSP BGLAP | Apoptotic
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Figure 3 Osteoblastogenesis and fate: diagram illustrating the origin of osteoblasts, the main
transcription factors and signaling molecules involved in their proliferation and differentiation. Upon
completion of bone formation, mature osteoblasts may flatten to cover the quiescent bone surface as

lining cells, die for apoptosis, or become osteocytes.

The figure was modified from Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0

Unported License (https://smart.servier.com/).

1.6 Bone Remodeling Process

Bone remodeling is a lifelong physiological process based on a complex cell-bone
crosstalk. It consists of several phases in which the osteoclasts reabsorb the bone which
is replaced by new tissue formed by osteoblasts (Fig. 4) [13].

Osteoblasts secret the constituents of extracellular organic matrix, as mentioned above.
Once the extracellular matrix is secreted, it undergoes mineralization. Primary

mineralization by deposition of hydroxyapatite crystals begins about two weeks after



unmineralized matrix (osteoid) is laid down by the osteoblasts and continues for about
six months. The spawning of young mineral crystals continues slowly for months with
incorporation of more mineral and development of crystal structure (secondary
mineralization). The osteoblasts, recalled in the bone formation sites by cytokines and
growth factors, after the secretion of the matrix, remain incorporated in it, taking the
name of osteocytes. The body of osteocytes remains enclosed in a niche carved into
the intercellular substance, the bone gap, while the extensions are housed inside the
thin bone canaliculi [79]. The signal to initiate remodelling may be endocrine, such as
increased PTH in response to hypocalcaemia, which leads to a generalized increase in
osteoclast activation [57]. Localized remodelling is initiated in response to
microdamage, by signals from osteocytes. The molecules responsible for the
interaction between these different cell types, and therefore for the balance between
the two processes (resorption and renewal) are numerous proinflammatory cytokines
(IL-6, TNF-o and IL-1). They stimulate osteoclastogenesis and proteins such as OPG,
the NFk-p activating receptor RANK and the RANKL, which represent a key triad of
bone biology [81].

Osteoblasts produce osteoclast activators, RANKL, and M-CSF, both by directly
secreting proteolytic enzymes and cleaving the organic component. Among these,
collagenase is secreted in an inactive form (procollagenase) and made operative in the
extracellular environment after proteolytic cleavage by plasmin. Collagenase works by
removing the layer of non-mineralized osteoid tissue that covers the surface of the
bone, allowing the osteoclasts to adhere to the mineral matrix and dissolve it. Active
bone resorbing osteoclasts show cellular polarization with the apical membrane
consisting of the clear zone (or sealing zone, SZ) and ruffled edge and a basolateral
plasma membrane [82]. The SZ is the bone attachment site that delineates the bone
resorption space where the ruffled edge is formed. The SZ appears as a filamentous
actin ring (F-actin also called an actin ring or podosomal belt), with the podosomes

acting as focal adhesion points. It serves to isolate the compartment that reabsorbs the



bone from the extracellular fluid [83]. The actual bone resorption process is a two-step
process, which begins with the dissolution of the mineralized part, followed by the
enzymatic degradation of the organic matrix. At the level of the sealed area, the
osteoclast carbonic anhydrase Il (CA 11) converts CO, and H,O into H" and HCO3 ™. H*
Is transported across the ruffled border into resorption lacuna by a vacuolar type H*-
ATPase [84]. The resulting lowering of the pH leads to the dissolution of the apatite
crystals. At the same time, the osteoclasts evocate the content of lysosomal enzymes
such as hydrolases which are activated at low pH and digest the organic components
of the bone matrix. The lytic action of osteoclasts is manifested by the formation of
Howship lacunae. Once the gap is formed, the osteoclasts detach from the matrix, move
to the portion of bone adjacent to the reabsorbed one, starting the formation of a new
gap. Osteoclastic function is finely regulated by local and hormonal factors. These are
the only bone cells that possess the receptor for calcitonin, a hormone produced by the
parafollicular cells (C cells) of the thyroid and PHT antagonist. Calcitonin is an
inhibitor of bone resorption as it is able to induce the detachment of osteoclasts from
the bone, the disappearance of the brush border and the reduction of cellular
metabolism. The receptor for the molecule is already expressed in the circulating
precursors of osteoclasts, so much so that it is used as a discriminant for the
identification of this cell type [85,86].

Bone remodelling has a circadian rhythm. Bone resorption increases at night and
decreases during the day. The pace is driven by a combination of endocrine factors
(which may include cortisol, oxytocin, and melatonin), local factors (such as the

peroxisome proliferator-activated g receptor, PPARG), and clock genes [87].
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Figure 4 Bone remodeling process involves the following steps: resorption, reversal, formation,
mineralization and resting. Osteoclasts and osteoblasts work together to maintain the balance between

bone loss and bone formation. The figure was modified from Servier Medical Art by Servier is licensed under a

Creative Commons Attribution 3.0 Unported License (https://smart.servier.com/).

1.7 Bone mineralization

Biomineralization (BM) is a lifelong process that is essential in bone formation and
repair. Mineralization is a highly controlled process, absent in tissues other than bone,
during which ions (calcium, magnesium, zinc, phosphate...) are converted into
biominerals that nucleate and grow within an organic matrix structure [3].

Osteoblasts are the cells responsible for the synthesis of the extracellular matrix, a
complex structure consisting of collagen microfibrils that direct the formation of
nanometer-sized HA platelets oriented parallel to the axis of the collagen fibrils, for
interfibrillar mineralization [88]. To induce cell-mediated mineralization, the organism
must create an environment in which the balance between Ca?* and PO,* is disturbed,
leading to the precipitation of a Cax(PO.)y complex. In physiological mineralization

this nucleation process occurs through several cooperative mechanisms, in which there
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Is careful interaction between structures that initiate mineralization and molecules that
suppress it [89,90].

In the last decades, several researchers have proposed various mechanisms to explain
early bone mineral formation, but many aspects remain unclear.

One of the hypothesized mechanisms to trigger BM provides for the involvement of
ALPL. It facilitates bone ECM mineralization in two ways: first, it reduces the level of
inorganic pyrophosphate (PP1), an inhibitor of mineralization, and second, it generates
inorganic phosphate (Pi), an activator of ECM mineralization. This coupled activity of
ALPL alters the Pi/PPi ratio in the bone microenvironment to promote bone
mineralization [91].

An alternative pathway involves amorphous mineral precursors being transiently
produced and deposited within collagen fibrils. The compact hierarchical assembly of
collagen molecules in fibrils and fibers results in nanoscale gaps both intra- and
interfibrillar. These gaps are accessed by Ca?* and Pi ions, which cluster as amorphous
calcium phosphate (ACP) and where they transform into more crystalline apatite
platelets [30,92].

An auxiliary mechanism for bone mineralization involves vesicular bodies. Portions
with a diameter ranging from 30 to 300 nm, called matrix vesicles (MVs), are released
from the apical membrane domain of osteoblasts. Within these vesicles, enzymes such
as sphingomyelin phosphodiesterase 3 (SMPD3) and phospholipases cleave
phospholipids (sphingomyelin [SM]) to generate phosphocholine, which in turn can be
cleaved by another cytosolic enzyme orphan phosphatase 1 (PHOSPHQO1) releasing
free Pi. An increase in intravesicular Pi leads to its precipitation with Ca?* to form first
ACP and then nascent HA crystals [93].

Boonrungsiman et al. suggested another model, according to which amorphous
calcium phosphate is stored in mitochondria and are transported via vesicles to the
ECM before converting to a more crystalline form of apatite. The authors observed

calcium-containing vesicles joining the mitochondria, which also contained calcium,



suggesting a mechanism of storage and transport. Probably, ionic calcium (and
phosphate) is transferred from mitochondria to intracellular vesicles, through a direct
process such as diffusion [94].

More recently, Tang et al. have proposed the ER as initiating site for mitochondrial
mineral precursors. According to this process, calcium and phosphorus clusters are
generated on ER membranes and then transported into mitochondria [95].

The different hypothesises about the biomineralization mechanisms have been

graphically summarized in Fig. 5.
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Figure 5 Graphic summary of current proposed mechanisms for bone biomineralization. (A) Alkaline
phosphatase (ALPL), tethered to the osteoblast cell membrane, cleaves PPi into Pi. Simultaneously,
compact hierarchical assembly of collagen fibers results in both intra and interfibrillar nanoscale gaps,
accessible by Ca?* and Pi ions that crystalize into HA (hexagonal violet shapes) [91]. (B) Calcium
and phosphorus clusters (orange spots) are generated on the ER membranes and are transported into
the mitochondria [95]. Additionally, calcium and phosphorus clusters stored in mitochondria are
transported via vesicles to the ECM [94]. (C) Matrix vesicles bud from the plasma membrane and
accumulate ACP extracellularly. Before associating with the collagenous ECM, ACP is converted to
crystalline apatite and propagates from dense foci. (D) Matrix vesicles (MVs) contain enzymes such



as SMPD3 able to cleave SM to generate phosphocholine, which in turn can be cleaved by
PHOSPHOL1 releasing free Pi. Such an increase in intravesicular Pi leads to its precipitation with Ca2*

ions (transported by annexins) to form ACP and then nascent HA crystals [93].

The figure was modified from Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0

Unported License (https://smart.servier.com/).

1.8 Osteosarcoma

Osteosarcoma (OS) is an osteoid-producing malignant tumor of mesenchymal origin,
usually accompanied by lung metastasis. While primary bone cancers represent less
than 0.2% of all cancers, their frequency has been increasing by 0.3% per year over the
last decade [96]. It is the most common malignant primary bone tumor and occurs most
frequently in patients between 5 years of age and early adulthood. The incidence peak
in the older (>65 years) populations has been associated with pre-existing Paget’s
disease and prior radiation therapy [97].

Studies have shown that OS possesses various cytogenetic and genetic abnormalities
[98]. OS etiology, as well as the molecular pathogeneses and genetics of OS are wide
and extremely heterogeneous [96]. The most commonly dysregulated genes in
osteosarcoma are p53 such as in Li-Fraumeni syndrome and RB1 gene as in
retinoblastoma caused by inherited alteration of this tumor suppressor [99]. Other
alterations have been identified in MDM2 (negative regulator of the p53 tumor
suppressor), B-catenin, and pathways related to cell proliferation and genome stability
[100]. Most of osteosarcomas are not caused by inherited gene mutations, but by gene
changes caused by radiation therapy used to treat previous form of cancer [101].
Several studies pointed out that OS development may be associated with defects in
osteogenic differentiation, being associated with high cell proliferation [102].
Osteosarcoma originates systematically from MSCs of the osteoblastic differentiation
pathway [103]. OS cells express typical markers of osteoblast cells (alkaline

phosphatase, osteocalcin and/or bone sialoprotein) and the resultant tumor is
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characterized by the presence of a mineralized osteoid-type matrix, according to its
degree of differentiation [104].

Several OS types exist and they can be divided into osteoblastic, chondroblastic and
fibroblastic subtypes [105].

An osteoblastic subtype is seen with the most differentiated cells; in this case, OS cells
produce copious quantities of osteoid matrix that is organized in a complex trabecular
structure, often external to the normal bone and described as a “sunburst” pattern (due
to expansion of the tumor, mineralization and formation of periosteal spicules or
“streamers”) when seen on radiography.

A chondroblastic OS subtype results from mutation in less differentiated cells, where
OS cells produce a more cartilaginous matrix in addition to the osteoid matrix as is
reminiscent of endochondral ossification. The last subtype is a fibroblastic OS, which
arises from the least differentiated OS cells and gives a morphology reminiscent of
fibroblastic matrix tissue [106,107].

OS is also subclassified based on grade of malignancy as low-grade and high-grade
[108,109]. While the prognosis for low-grade OS is usually favourable and most
patients are treated only with surgery, long-term clinical outcomes of high-grade OS
are much less satisfactory [110]. High-grade OS is a malignant aggressive primary
bone tumor that commonly arises in the long bones of children and adolescents.

The high heterogeneity in OS due to its histological heterogeneity and the instability
of its genetic makeup [107], as well as the rarity of the disease, have limited therapeutic
developments and new discoveries.

Current treatment involves combined approach with neoadjuvant chemotherapy
followed by surgery. The chemotherapy-based treatments remain the same since
around the 1970s, with doxorubicin and methotrexate being the main drugs of choice,
with cisplatin and ifosfamide later added [111,112].

This toxic cocktail of DNA intercalators, DNA/RNA synthesis inhibitors and
alkylating agent improve the 5-year disease-free survival of OS patients [113].



However, clinical treatment faces numerous difficulties, including the adverse effects
of chemotherapies, chemoresistance, and recurrence [114]. Most of research activity is
focused on the investigation of alternative treatments capable of overcoming these
defects. In this light, differentiation therapy is viewed as a challenge in osteosarcoma
treatment research. It represents the use of agents that can induce differentiation in
neoplastic cells, with the irreversible loss of tumor phenotype. The understanding of
the relationship between defects in osteogenic differentiation and tumor development
holds tremendous potential for treating OS. Nowadays, several differentiative
treatments have been clinically tested for several types of sarcomas, and they are
currently in preclinical screening for OS [115]. Among the most promising drugs in
the differentiative arsenal for OS are metformin and pioglitazone because there is
extensive data on their safety, and preliminary data on the additive effect with
chemotherapy are available [116,117]. Thiazolidine, pioglitazone and troglitazone are
a family of drugs that are PPARy agonists and are currently used as anti-diabetic drugs
treating millions of patients worldwide. Most of these agents are able to sensitize OS
cells to chemotherapy. Moreover, the cells that survive chemotherapy can be induced

to differentiate, acquiring a non tumor phenotype.

1.9 Osteoblast cell models in vitro research

The in vitro study of osteosarcoma is carried out by different types of cells. In the era
of intensive bone tissue engineering research, a plethora of osteosarcoma-derived cells
are commonly used as osteoblastic models due to limited availability of primary human
osteoblast cells [118]. Human bone marrow mesenchymal stem cells (hbMSCs) are
excellent model systems, but scarcity, heterogeneity and limited lifespan restricted
their use [119]. Undifferentiated human fetus osteoblast (hFOB) cells possess similar
markers as hbMSCs and are widely used as a model of normal osteoblastic
differentiation [120].



Various methods have been developed for the isolation of primary human osteoblasts
from bone explants, including enzymatic digestion and spontaneous culture of bone
fragments, but are more difficult to obtain. Moreover, it has been demonstrated that
behaviour and characteristics of human osteoblastic cells are affected by factors such
as site of isolation, age of the individual and gender differences. For all these reasons
in general osteosarcoma cell lines are preferred and chosen as osteoblastic models. The
use of immortalized cell lines possesses several advantages: ease of maintenance,
unlimited number of divisions (avoid new isolations) and relative phenotypic stability.
On the other hand, the disadvantages may arise from: i) heterogeneous populations in
the same line (different cell cycle phase), ii) full range of phenotypic characteristics of
the original cells not expressed; iii) not physiological proliferation (loss of contact
inhibition) [121-123].

The available in vitro culture models include immortalized cell lines derived from
varied species (human, rat, mouse, bovine, ovine and rabbit), malignant cell lines, and
more recently pluripotent stem cells induced to differentiate [121,124].

The most used animal cell lines are mouse pre-osteoblast MC3T3E1 [125], and rat
osteosarcoma cells ROS 17 /2.8 or UMR106.01 [126].

The first human cell line used was U20S in 1964, isolated from the tibia of a 15-year-
old female [127] and was followed by the HOS-TES5 cell line derived from a 13-year-
old female in 1971 [128,129] -HOS, KHOS and 143B cell lines derived from the
parental cell line HOS-Te85 [130-135], the SaOS-2 cell line derived from an 11-year-
old female [136] and the MG-63 cell line derived from a 14-year-old male [137,138].
Several differentiation markers of osteoblasts have been demonstrated in these
osteosarcoma cell lines. MG-63, Saos-2 and U-2 OS, cells revealed an osteoblastic
labelling profile [139]. They are able to secrete MVs [140] and are good in vitro models
of human osteoblast-like cell implant materials [119].



The origin and major features of commonly used human osteosarcoma cell lines were
briefly described in table 1. A deeper description of SaOS-2 cell line is reported in the

following paragraph.



Table 1 - Commonly used human osteosarcoma cell lines.

cell line

year

gender

age

phenotype

Features

References

HOS-TES85

1971

female

13

Immature osteoblast

Mixed fibroblast and epithelial like
cells with flat morphology, sensitive
to chemical and viral
transformation; higher levels of
ALP activity than MG63 cells, low

osteocalcin expression.

[128,129]

MNNG-
HOS

1975

female

13

Osteolytic/osteogenic

Derived from HOS-TES85 by
transformation with 0.01 mcg/ml h
N-methyl-N’-nitro-N-
nitrosoguanidine (a carcinogenic
nitrosamine). This cell line is not as
aggressive as 143B but is more
aggressive than the HOS-TE85
parental cell type.

[130,131]

KHOS

1975

female

13

Osteolytic/osteogenic

Cell line produced by the
transformation of HOS cells by the
Kirsten murine sarcoma virus (K-
MSV) which carries the K-ras
oncogene

[132,133]

143B

1979

female

13

Osteolytic

K-Ras oncogene transformed HOS-
Te85 derivative; highly tumorigenic

and metastatic

[134,135]

u20S

1964

female

15

Very early
osteoblast/fibroblastic

Negative for almost all osteoblastic
markers, positive for cartilage
markers like collagen 11, IX, X. and
for type IV collagen, Not
consistently classified as

osteoblastic, but also as fibroblastic.

[127,139]

MG-63

1977

male

14

Immature osteoblast

Sensitive to hormonal
administration, low ALP enzyme
activity, low mineralisation

capabilities of monolayer.

[129,139]

Sa0s-2

1973

Female

11

Mature osteoblast

Cytokine and growth factor
expression profile similar to human
osteoblast cells, sensitive to
hormonal administration, high ALP,

and mineralizing activity.

[136,140]




1.9.1 Characteristics of SaOS-2 cell line

Sa0S-2 cell line has been widely used as an in vitro model with "normal™ osteoblast
behaviour. Rodan and colleagues characterized the osteoblastic properties of the
human osteosarcoma cell line SaOS-2, which were isolated from an 11-year-old
Caucasian female in 1975 [136]. These cells have a mature osteoblastic phenotype with
a much higher level of ALP activity (4-6 pumol / mg / min) than other OS cell lines,
such as MG-63 and SaOS-1 (2.5 nmol / mg / min). The ALPL level is comparable, at
least in the early moments of culture, to human osteoblastic cells [121,141] but
increased 120-fold after 14 days of cell culture under the same conditions [142]. ALP
in Sa0S-2 cells can be further stimulated by dexamethasone and by phosphate
substrates, producing more different phenotype [141,143].

Interestingly, SaOS-2 cells form a calcified matrix typical of intertwined bone [136].
A detailed analysis of the collagen structure synthesized by SaOS-2 revealed that it is
similar to collagen formed by human primary osteoblastic cells but with a higher level
of lysyl hydroxylation [144]. Regarding the expression of osteoblastic markers, SaOS-
2 cells expressed the osteoblastic markers osteocalcin, bone sialoprotein, and
procollagen-I. Type Il collagen and osteoprotegerin can only be detected in about 15%
of cells, the expression of cytokines and growth factors is similar to that of osteoblasts.
Furthermore, the expression of cytokines and growth factors of Sa0S-2 cells has been
shown to be like normal primary human osteoblastic cells [145], as well as the
expression of receptors for PTH and calcitriol and the expression of COL1AL, which
Is upregulated during the preliminary stages of differentiation, and decreases upon
mineralization [141].

However, unlike osteoblasts, most have tested positive for type IV collagen and some
genes usually present in osteocytes which increased as a function of culture time. The
most important alterations of the line, however, resulted from the expression of MMP-
9 and type X collagen. Therefore, its differentiation capacity and its similarity to the



ROS 17 / 2.8 rat OS cell line show that the line is a good model for studying the
differentiation of human osteoblasts in vitro [136,139,146].

1.10 3D cell cultures

Cell cultures represent a valuable in vitro tool to deepen our understanding of cell
biology, tissue morphology and disease mechanisms, drug action, and protein
production.

Two-dimensional (2D) cell cultures since the early 1900s have been the most widely
used method to culture cells. They have several advantages associated with the simple
and low-cost maintenance of the cells and the possibility to perform simple functional
tests. However, they also have many limitations: the impossibility of faithfully
representing cell-cell and cell-extracellular interactions; any changes in cell
morphology, in cell division mode and the loss of polarity following isolation [147].
Currently, much more advanced experiments can be performed using new culture
methods known as three-dimensional (3D) cell culture. In these systems, the cellular
environment can be manipulated to mimic that of an in vivo cell. Moreover, 3D cell
cultures provide more accurate data on cell-cell interactions, metabolic profiling, cell
behaviour in the tumor microenvironment, but also on stem cells and several types of
diseases [148]. 3D cell cultures represents an alternative system to study organs with
the goal of reducing the gap between 2D cell culture and animal models [149].
Depending on the method of preparation, 3D models can be divided into i) suspension
cultures on non-adherent plates; ii) cultures in concentrated medium or in gel-like
substances, and iii) cultures on a scaffold. The different technical approaches to
obtaining 3D models possess their advantages and their limitations. The proper choice
of 3D system mostly depends on the research area.

In the wider and multidisciplinary field of investigation of tissue engineering (TE), the

use of 3D scaffolds constitutes an alternative and promising approach for grafts, i.e.,



autografts, allografts, and xenografts, especially for studying of bone and for repairing

its damages.

1.10.1 Biomaterials for bone tissue engineering

Tissue engineering focuses on providing appropriate solutions that enable the repair or
replacement of damaged tissues by highly porous scaffold biomaterials [150].
Scaffolds are 3D fabricated structures consisting of a series of materials to which cells
and occasionally growth factors are added. They are often used in conjunction with a
bioreactor, a device or system capable of applying several types of mechanical or
chemical stimuli to cells. Characteristics such as porosity, permeability, surface nature,
and mechanical stability are modulated to design an architecture that is representative
of the microenvironment of the tissue being mimicked and able to providing a model
for the formation of the tissue itself [151].

Several factors must be considered when designing or determining the suitability of a
scaffold for use in tissue engineering. Firstly, the biocompatibility must be considered:
any tissue-engineered scaffold must support cell adhesion, migration on the surface
and across the scaffold, and their normal function and ability to lay down new matrix.
Secondly, the biodegradability must be taken into account scaffolds are not intended
to be permanent implants but must be biodegradable. Cells must be able to produce
their own extracellular matrix and degrade the existing matrix. The products of this
degradation should also be non-toxic.

Next, the mechanical properties represent a key figure to consider. The scaffold must
have mechanical properties consistent with the anatomical site in which it is to replicate
or in which it is to be implanted. Producing scaffolds with appropriate mechanical
properties is one of the great challenges in attempting to engineer bone or cartilage.
Finally, the scaffold architecture must be regarded. The scaffolds should have an
interconnected pore structure and high porosity to ensure cellular penetration, adequate

diffusion of nutrients and at the same time must allow waste products to diffuse out of



the scaffold. The size of the pores may vary depending on the type of cells used and
the tissue to be engineered.

The choice of the biomaterial is fundamental to determine the characteristics of the
scaffold and is made considering all the previous criteria.

The European Society for Biomaterials (ESB) defines a biomaterial as a "material
intended to interface with biological systems to evaluate, treat, augment or replace any
tissue, organ or function in the body". Three types of polymers are used to produce
scaffolds: synthetic, natural, and ceramic [152].

The most used synthetic polymers include polystyrene, polylactic acid (PLLA),
polyglycolic acid (PGA), and poly-lactic-co-glycolic-acid (PLGA). The disadvantage
of these materials is related to their degradation process. PLLA and PGA degrade by
hydrolysis, producing carbon dioxide and thus lowering the local pH, which can cause
cell and tissue necrosis.

Among natural hydrogels collagen, gelatin, various proteoglycans, alginate-based
substrates, and chitosan are used. Unlike synthetic polymers, natural polymers are
biologically active and promote excellent cell adhesion and growth. Another advantage
is their biodegradability, so they allow host cells, over time, to produce their own
extracellular matrix and replace the degraded scaffold. However, the fabrication of
scaffolds from natural polymers with homogeneous and reproducible characteristics is
still a challenge. In addition, natural polymer scaffolds have poor mechanical
properties, which limits their use, for example, in load-bearing orthopedic applications
[153].

For improving the mechanical strength and the osteoconductive properties, inorganic
materials (bioceramics) are applied in bone tissue engineering. These materials could
be divided into bioinert and bioactive ceramics. The characteristics of bioinert ceramics
are high mechanical strength, outstanding biocompatibility, and chemical stability,
while bioactive ceramics have a good biocompatibility and degradation ability in

physiological environment and a good bioactivity in vitro and in vivo [154].



To enhance the mechanical properties of different polymers, to utilize their excellent
characteristics and to increase tissue interaction, scaffolds consisting of natural or
synthetic polymers combined with ceramics have been developed. The aim is to
provide sufficient architecture and rigidity for the tissue to replace, surpassing the limit
of using a single polymer.

In the composite scaffolds the bioactive glasses are characterized by a similar
mechanical stiffness (elastic modulus about 40 GPa) as cortical bone (about 20 GPa).
In addition, they exhibit excellent biocompatibility due to their chemical and structural
similarity to the mineral phase of native bone. On the other hand, synthetic polymers
have lower strength values (about 10 GPa), and natural polymers even lower (about 70
Mpa).

Another notable application of scaffolds is their use as supporting materials for
different drug loadings (growth factors or antibiotics) , allowing for the sustained and
controlled release of drugs over the desired time period and improving bone ingrowth,

bone healing, and the treatment of tissue defects [150].

1.11 Instrumental methods of investigation

The analysis of complex systems, such as biological samples, requires the use of
different approaches to obtain an overview of the phenomenon of interest.

In this regard, microscopy and spectroscopy are great tools for analysis singly, but
when combined they can yield even more powerful results.

In recent years, the need to imagine the detailed relationship between structure and
function, at various levels of resolution and length scales, has led to the development
of increasingly performing imaging studies, often combining two-dimensional and 3D
microscopic techniques. Over the years, new microscopic techniques have been added
to optical microscopy, such as electron microscopy and X-ray transmission microscopy

which, under the most favourable conditions, are able to resolve single elements with



a resolution of a few nanometres. In addition, the spectroscopic analytical techniques
based on the interaction between electromagnetic radiation and matter offer a series of
advantages  (sensitivity, safety, non-invasiveness and/or remote access,
miniaturization, little or no sample preparation).

Below is a brief overview of the different microscopic and spectroscopic approach used

for this thesis project.

1.11.1 Electron-transmission microscopy (TEM)

TEM was discovered in 1931 by Ernst Ruska and Max Knolls.

In this kind of microscope, a thin electron beam is created by a high-voltage tungsten
filament and focused by magnetic lenses. As the electron beam passes through the
sample, electron particles begin to scatter. The electromagnetic lens of the EM
(Electron Microscopy) focuses the scattering electron onto a screen and creates a highly
magnified and detailed black and white image of the sample. During transmission, the
speed of the electrons is related to the wavelength of the electron. At shorter
wavelengths, the electrons move faster, and the quality and detail of the image will be
greater. The lighter areas of the image represent the points where more electrons have
passed through the sample, and the darker areas reflect the denser areas of the object,
therefore traversed by fewer electrons. These differences provide information about
the structure, texture, shape, and size of the sample. To achieve good TEM analysis,
samples must have certain properties. They must be thin (<100 nm) so that electrons
can pass through, a property known as electronic transparency [155].

TEM has provided a better understanding of the structure and organization of the
components of tissues, cells, and organisms than a simple microscope. This technique
offers several advantages, first their high-resolution power, they also have a wide range
of applications and can be used in a variety of different scientific fields. The use of this

technique depends on certain characteristic of the sample: transparency, size, and

~ A4~



ability to tolerate vacuum. Among the disadvantages there is certainly the sample

preparation with the consequent risk of artifacts [155].

1.11.2 Synchrotron-based techniques

The application of new powerful and unconventional techniques based on synchrotron
light is now having a significant impact in many areas of physics, chemistry, materials
science, and engineering, as well as other sciences, such as life sciences and medicine.
The synchrotron is a circular accelerator of particles (such as electrons and ions) that
move at speeds close to that of light and, traveling in a tangential direction to the
synchrotron orbit, generate an electromagnetic wave called synchrotron radiation (Fig.
6). This radiation is highly polarized and continuous. Its intensity and frequency are
related to the intensity of the magnetic field in vacuum and the energy of charged
particles affected by the field. Consequently, the stronger the magnetic field and the
greater the energy of the particles, the greater will be the intensity and frequency of the
emitted radiation. A synchrotron radiation system typically consists of (a) an electron
accelerator (cannon), to accelerate electrons to a given energy (about hundreds of MeV
to multi-GeV); (b) a high vacuum storage ring, in which accelerated electrons are
injected in the form of pulses (clusters); and (c) magnetic field devices, such as bending
magnets, oscillators, and undulators, to tune the emitted light and conduct it to the
beamlines. In addition, SR structures enable wavelength and spot selection using
devices such as slits, mirrors, and monochromators. The emitted spectrum is broadband
from the microwave (pilot RF field harmonics) to the X-ray spectral regions. A
particular advantage of synchrotron radiation sources over conventional X-ray sources
is their extremely high brilliance. Brightness is expressed as the number of photons
emitted per unit area of the source over a unit angle of emission and per unit energy
(photons s mrad? mm2 per 0.1% of the radiation bandwidth). Because of its high

intensity and directionality, SR can provide micro and nano X-ray beams with flux



densities greater than 103 photons/s, for example, using broadband nano-focusing X-
ray optics [157].

Synchrotron light has many advantages, which make it much more powerful for some
biological applications than the laboratory source. By achieving submicrometric
resolutions, synchrotron-based techniques allow the analysis of single cells, helping to
elucidate their structure and the distribution, concentration, and chemical state of
metals at the organelle level [158].

To date, there are numerous techniques that exploit the interaction phenomena between
SR and matter, such as absorption and scattering. Fourier transform infrared
spectroscopy (FTIR), X-ray absorption spectrometry (XAS) and X-ray computed
tomography (X-CT), etc. are based on the absorption of synchrotron radiation by
matter. X-ray diffraction (XRD) and small-angle X-ray scattering (SAXS), etc. rely on
the scattering of synchrotron radiation. In contrast, other techniques exploit the
detection of secondary particle emission such as X-ray fluorescence spectrometry
(XRF) and X-ray photoelectron spectroscopy (XPS).

The following is a brief review of synchrotron-based techniques used for this thesis

project purposes.
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Figure 6 Schematic planar view of a synchrotron radiation facility. Electrons are first accelerated in
the linear accelerator (linac) and in a booster synchrotron, and then they are injected into a storage

ring.

1.11.2 Synchrotron X-Ray fluorescence microscopy

Synchrotron X-ray Fluorescence Microscopy (XRFM) is a powerful technique that
harnesses the spectrally pure and finely focused X-ray beam from a synchrotron,
allowing the identification of the elemental composition and quantitative analysis of a
wide range of inorganic materials that are present in, or make up, the sample examined
[159].

In the XRFM process a photon is absorbed by an atom creating a hole (lacunae) in the
atom with the ejection of an electron. Electron cascading from outer electron shells fill
the electron gaps created by the incoming photon. These have higher energy states than
the inner shell electrons, and the rearrangement of the electrons causes the emission
characteristic X-Ray fluorescent photon (Fig. 7A). X-ray fluorescence lines are
historically named with the letter K, L or M, which indicates which shell had the
original vacancy. While the subscript alpha (a) or beta (B) indicates which outer
electron fill the lacunae (Fig. 7B) [160].
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Figure 7 A) Bohr atom model - a positively charged nucleus surrounded by electrons that move
within defined areas (called “shell” or “orbitals”) - which illustrate the basic principle of X-ray
fluorescence. (a) and (b) Excitation with X-ray leads to the ejection of an inner orbital electron from
the atom. (c) The generated vacancy is filled by a higher-shell electron, during this process a photon,
whose energy is equal to the difference in binding energies of the two shells involved in the transition,
is emitted. B) X-ray emission lines. (a) Bohr atomic model, showing electron transitions in K and L
emission lines that may follow electron vacancies. (b) X-ray emission lines described according to
the “Siegbahn notation” [161].

Image sources: top image available from https://www.diamond.ac.uk/industry/Techniques-Available/Spectroscopy/X-ray-
Fluorescence-XRF/How-XRF-works.html

Bottom left available from “Characteristic Radiation" by English Wikipedia user HenrikMidtiby. Licensed under CC BY-SA 3.0 via
Wikimedia Commons-
https://commons.wikimedia.org/wiki/File:CharacteristicRadiation.svg#/media/File:CharacteristicRadiation.svg

Bottom right: Thompson AC, Kirz J, Attwood DT, Gullikson EM, et al. X-Ray Data Booklet. Third edition, September 2009.
Thompson AC, editor. Lawrence Berkeley National Laboratory - University of California; available from:
http://cxro.lbl.gov//PDF/X-Ray-Data-Booklet.pdf.
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Each secondary X-ray photon (sometimes called characteristic radiation) emitted by
the sample has a specific energy, characteristic of the atom it originated from. Thus, it
Is possible to establish the elemental composition of the sample at the point where the
X-ray beam hits the sample, by measuring the energy of the secondary photons. XRFM
provides the spatial distribution of different elements simultaneously and has been used
to map trace elements in cells. Indeed, in uXRF mapping it is used a focussed spot to
illuminate only a small section of the sample and to determine the composition at that
point. Moving the sample in a grid pattern allows to generate a spectrum for each pixel
of a 2D sample image. The spectra will then form the elemental map [162,163]. By use
of calibrated standards, it is possible to make synchrotron XRF a quantitative

technique.

1.11.3 X-ray Absorption Spectroscopy

The spectroscopy XAS (X-ray Absorption Spectroscopy) studies the absorption
coefficient of a substance in function of the incident radiation energy in the X-ray
region, from an energy that is just lower that the photoelectric absorption threshold tills
to 1000 eV after the threshold. It allows studying the structure of atoms in molecules
and materials. The energies involved in the XAS spectra range from a few hundred eV
(soft X-rays) to several tens of thousands of eV (hard X-rays), usually used for with
biological samples. Since it is necessary to continuously vary the energy of the
radiation over a wide range, and since the useful signal is typically thousands of total
signals, XAS experiments require an intense and polychromatic source. This is the
reason it needs the use of synchrotron radiation.
The XAS spectrum is frequently divided into three distinct regions (Fig. 8) and
different information can be obtained depending on the energy range considered [164]:
1) Pre-edge region: the energy range is limited to some eV before the absorption
threshold. There is the presence of weak discontinuities due to the transitions of

the core electron to other bound states.



i) XANES (X Ray Absorption Near Edge Structure): the part of the spectrum
where the local electronic structure is characterized by studying the absorption
cross section within 50-100 eV of an edge. The XANES study, combined with
the pre-edge region, provides information about the local geometry of the
absorbing metal and the oxidation state.

1)) EXAFS (Extended X Ray Absorption Spectroscopy Fine Structure): the
region of the spectrum that is between 100 eV and 1000 eV beyond the
absorption threshold. From the EXAFS analysis, it is possible to determine the
chemical state of the sample in the immediate vicinity of the absorptive atom

(about ten Angstroms), that is provides information about metal site ligation.

The main advantages of the XAS method are its subatomic (angstrom) resolution, the
ability to analyze almost any type of samples including amorphous (non-crystalline)
materials, the possibility to analyze such materials in situ requiring minor or no sample
preparation. The main limitations of XAS are its sensitivity in the mM (or mg g?)
range, the difficulty to deconvolute the bulk data when the sample is composed of a
mixture of structures of the absorber element, and the limited chemical selectivity of

ligands to within one row of the periodic table [165,166].
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Figure 8 Variation of the linear absorption coefficient u(E) as a function of the incident X-ray energy.
Image modified from Ortega et al, 2012 “ [164].

1.11.3.1 X-Ray Absorption Near Edge Structure

As mentioned above, XANES spectroscopy using synchrotron radiation is a well-
established technigue providing information on the electronic, structural, and magnetic
properties of materials. A photon is absorbed, and an electron is excited from a central
state to an empty state. To excite an electron in a given central level, the energy of the
photon must be equal to or greater than the binding energy of this central level. The
energy of an absorption edge corresponds to the energy of the central level, which is
characteristic for each element, making XANES an element-selective technique. The
region of the XANES spectrum is sensitive to a large amount of electronic structure
information, which can be analyzed in three sections: i) before the boundary, the
intensity of the pre-boundary features is strongly influenced by the coordination
geometry of the central atom; ii) at the boundary, the formal oxidation state can be
qualitatively assigned since the energy of the boundary position is not an invariant

quantity for a given element, but shifts in accordance with the electronic density; iii)



beyond the boundary, the coordination shells are interrogated and the emitted
photoelectron scatters onto neighbouring atoms [167].

Its element specificity and the possibility to obtain detailed information about local
electronic structure of the element studied represent the main assets of XANES
spectroscopy. XANES experiments can be performed with X-ray microscopes. Several
transmission X-ray microscopes (TXM) or scanning transmission X-ray microscopes
(STXM) exist for the soft X-ray range and the hard X-ray range. Typical resolutions
that can be obtained are of the order of 20 nm [168,169].

1.11.4 Soft X-ray microscopy and X-ray cryotomography

Soft X-rays are a versatile probe for studying biological samples thanks to their specific
interaction with matter in the so-called energy range of the water window, enabling
high resolution imaging of intact and thick hydrated samples. The basic idea is to use
the large absorption difference between carbon (e.g., proteins and lipids) and oxygen
(e.g., water) in the “water window” (E~285-535eV; A =2.3—4.3 nm). This is due to (i)
a high intrinsic depth of penetration into water and (ii) a high natural contrast between
water and carbon-based cellular ultrastructure [31,170].

Single cells can be viewed through water layers up to ~ 10 um thick, but the photon
exposure required for imaging at 30 nm resolution leads to cells receiving a radiation
dose of 106-108 Gray (108-1010 rad), excluding repeat imaging of live specimens. In
recent years, 3D soft X-ray microscopy of cryo-fixed cells (“X-ray cryotomography")
has emerged and is now providing unique results on a wide range of biologically
relevant topics. Cryogenic sample preparation is essential for mitigating dose damage
and is particularly interesting for its ability to study cells without modifications
resulting from chemical fixation. [171].

Cryo-SXT consists of recording 2D soft X-ray transmission projections on a CCD
(Charge Coupled Device) detector that changes the orientation of the sample with

respect to the incident photons. X-ray cryotomography allows the classification of



different intracellular structures (e.g., lipid droplets, mitochondria, nuclei, vacuoles)
providing 3D images of intact hydrated cells in their near-native state. This is possible
thanks to the quantitative determination of the local absorption coefficient by the Beer-
Lambert law, in analogy to macroscopic X-ray imaging of computed tomography (CT)
[172,173].

These results were all obtained at the (few) soft X-ray microscopes which require a
high photon flux, and which are currently available at the synchrotron radiation
facilities in ALBA (Spain), HZB-Bessy Il (Germany), Diamond (UK) or ALS (US).
[171].

1.11.5 Micro-computed tomography (#CT)

X-ray computed tomography (XCT) is a powerful non-destructive technique that uses
the penetrating power of X-rays to reconstruct 3D images of the internal structure of
objects with a high spatial resolution, from 1 mm down to a few tens of nanometres.
The technique consists of collecting radiographs of the sample (typically over 1000)
from different angles (typically 360 ° or 180 °), which are then used to calculate the
internal 3D structure of the object.

There are two main types of systems available: laboratory systems using X-ray tubes
and synchrotron-based experimental stations.[174].

Synchrotron radiation micro computerized tomography (SR-puCT) has significant
advantages: high flux of photons over a wide range of X-ray energies, high brightness,
small angular divergence of the beam, high level of polarization and coherence, low
emittance, and possibility of monochromatizating [175].

SR-uCT requires an experimental setup which consists of a high-precision sampling
phase, with a sample holder, a scintillator, and subsequent light optics with a charge-
coupled device (CCD) camera (Fig. 9). To obtain tomographic images, with a true
micrometric resolution, a series of experimental conditions must be taken into

consideration: the mechanical stability of the movement of the sample (translation and



rotation), the quality of the scintillator material and the number of angular projections
recorded. The Radon transform is the mathematical approach commonly used to obtain
the three-dimensional reconstruction of projection images [176].

The computational reconstruction of data is performed, producing a greyscale virtual
3D volume. The virtual slices can be extracted in any orientation and depth for viewing.
Through image analysis processing tools, it is possible to obtain quantitative
information from the investigated samples. Geometrical or morphological features
inside the sample volume can be analysed and useful specific parameters can be
extracted.

Since the sample is not damaged during the imaging process, this technique is routinely
used in different scientific fields. In recent years, several papers have highlighted the
potential of phase contrast SR-uCT as a promising technique for revealing the
complexity of 3D bone features [177]. In the medical and bioengineering fields, the
SR-uCT has been used to evaluate bone stiffness and the resistance of trabeculae and

cortical tissue [178].
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Figure 9 Schematic synchrotron radiation uCT experimental setup.



2. AIM of the project

The aim of this PhD thesis project was to investigate the early stages of bone
biomineralization by assessing the formation of the first mineral core deposits and their
evolution to hydroxyapatite in an osteosarcoma cell line as an osteoblast-like model.
To achieve this goal, 2D and 3D in vitro cultures of SaOS-2 cells were induced to
differentiate by an osteogenic cocktail of dihydroxy vitamin D3, ascorbic acid and B-
glycerophosphate. Successful osteogenic differentiation and development of
intracellular and extracellular Ca mineral deposits were assessed at 3 different times
after osteogenic induction.

The key point of this project was the use of multimodal and multiscale approaches that
allowed us to study the phenomenon of differentiation and biomineralization from
different angles. Firstly, the conventional laboratory methods such as gene expression
analysis, histochemical stainings, enzyme activity assays and mitochondrial activity to
primarily evaluate the efficacy of osteogenic treatment and the resulting metabolic
changes were used.

The versatility of X-ray techniques generated by high-brilliance synchrotron light
allowed the investigation at high spatial resolution of intracellular morphology and the
actual localization and evolution of mineral nucleation during osteogenic engagement.
Moreover, the study of osteogenic differentiation performed on a tumor line is part of
a broader and more ambitious context. A deeper understanding of the changes in
mineral nanostructures in bone tumor cells could help to understand the mechanisms
underlying the defective differentiation process occurring in osteosarcoma. Indeed,
several studies suggested that the development of osteosarcoma may be associated with
defects in osteogenic differentiation.

In light of this, most research efforts have focused on investigating alternative
treatments that may overcome these defects while allowing for terminal differentiation

and subsequent tumor inhibition.



Understanding the relationship between defects in osteogenic differentiation and
tumorigenesis holds enormous potential for osteosarcoma treatment. The application
of differentiation as a therapeutic approach may be a new desirable strategy for the

treatment of osteosarcoma.



3. Materials and methods

3.1 Sa0S-2 cell culture and Osteogenic Induction

Human osteosarcoma cell line SaOS-2 cells were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). For both 2D and 3D cell cultures,
the cells were grown in RPMI 1640, supplemented with 10% heat inactivated FBS, 2
mM Glutamine, 1000 units/mL penicillin, and 1 mg/mL streptomycin, at 37 °C in a
5% CO,/95% air humidified atmosphere.

To induce osteoblastic commitment, the 2D and 3D cells culture were treated with an
osteogenic differentiation cocktail, after 24 hours from the seeding and then each 48
hours. The osteogenic cocktail contained 20 nM 1,25-Dihydroxyvitamin D3 (Sigma-
Aldrich, Milan, Italy), 50 uM L-Ascorbic acid 2-phosphate (Sigma-Aldrich, Milan,
Italy) and 10 mM B-Glycerol phosphate (Sigma-Aldrich, Milano, Italy). We selected
3 time points (3 or 4-7-10 days from cell seeding) for analyzing samples and evaluating

the effect of osteogenic induction.

3.2 Experimental section on 2D cell cultures

3.2.1 Von Kossa and Alizarin Red staining

Von Kossa (Sigma-Aldrich, Milan, Italy) and Alizarin red (Sigma-Aldrich, Milan,
Italy) stainings were used for the identification of mineralized deposits in the samples.
Sa0S-2 cells were seeded at 1x10%cm?, grown in RPMI and treated with osteogenic
cocktail as reported in section 1. For von Kossa staining the cells were washed with 1
mL of PBS for 3 times and fixed with EtOH 70% for 1 hour at RT. The fixed cells were
washed 3 times with DDW and then 1 mL of 5% silver nitrate solution was added and
left for 30 minutes under UV light. After 3 washes with DDW, it was added 1 mL of
5% sodium thiosulfate solution and left at RT for 5 minutes. Finally, the samples were

washed three times with DDW and observed under light inverted microscope.



For Alizarin red staining the cells were washed with 1 mL of PBS for three times and
fixed with cold EtOH 70% for 1h at RT. After 3 washed with DDW, 1 mL of 2%
alizarin red solution was added and left for 30 minutes. The excess dye was removed,
cells were washed twice with DDW and finally, the analysis under a microscope was

performed.

3.2.2 Alkaline phosphatase activity (ALPL) assay
For evaluation of ALPL activity SaOS-2 cells were seeded at 2x10* /cm?, grown in

RPMI and treated with osteogenic cocktail as reported in paragraph 3.1. After 7 days
of treatment the cells were harvested, washed twice in ice-cold PBS, and centrifuged
at 3000 rpm for 5 minutes. For the treated samples we used a cell scraper to detach
cells and collect them into ice-cold PBS before pelleting via centrifugation. The pellets
were lysed in ice by 1 mL solution of 40 mmol/L HEPES, 110 mmol/L NaCl, 0.25%
deoxycholate and 1 mg/mL aprotinin, (pH 7.4), stored at -20°C overnight and then
centrifuged at 15000 rpm for 30 minutes. The supernatant containing proteins was
tested for the ALPL spectrophotometric assay by using p-nitrophenyl phosphate
(Sigma-Aldrich, Milano, Italy) as a substrate. ALPL activity was normalized for the
protein content, measured by the Bio-Rad protein assay method. One unit of ALPL
activity is defined as the amount of protein capable of transforming 1 mmol of substrate
in 1 minat 25 °C [179]. Statistical analysis was performed by GraphPad Prism 8

software using a t-test and differences were deemed significant for *p < 0.05.

3.2.3 Gene expression analysis

Total RNA from cells collected after 7 days of osteogenic induction and extracted using
the NucleoSpin®RNA (Macherey Nagel, Diren, Germany) following the
manufacturer’s instructions. The level of expression of the osteogenic markers runt-
related transcription factor 2 (RUNX2), collagen type | (COL1A1), osteocalcin
(BGLAP), osteopontin (SPP1) and osteonectin (SPARC) was analyzed by quantitative
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real-time PCR (gqPCR), as previously reported [180]. Data analysis was performed
using the CFX Manager™ Software (Bio-Rad), creating a gene study that uses an
intern calibrator to normalize the variability between the experiments. Data are
reported as mean value + SEM of at least three independent biological replicates.
Statistical analysis was performed using GraphPad Prism 6 software using a two-way
ANOVA followed by a Sidak’s multiple comparison test. P values less than 0.05 were

accepted as significant.

3.2.4 Electron transmission microscopy (TEM)

For ultrastructural evaluation, SaOS-2 cells was seeded in 6-well plates at 1x10*
cells/cm? and were treated with vehicle or osteogenic differentiation cocktail as
previously reported in paragraph 3.1.

After 4,7 and 10 days from osteogenic induction, the samples were fixed with
glutaraldehyde (2.5%) in cacodylate buffer (0.1M pH 7.4) for 10 minutes and then
detached by cell scraper. The cells were harvested, centrifuged at 3000 rpm for 20
minutes and fixed for 50 minutes at RT in the same solution. Post fixation, the pellets
were washed twice in cacodylate buffer 0.1M pH 7.6.

After post-fixation with 1% osmium tetroxide (OsO4) in sodium cacodylate buffer
0.1M for 1 h, the pellets were dehydrated in an ethanol series, infiltrated with propylene
oxide, and embedded in Epon resin. Ultrathin sections (80 nm thick) were stained with
uranyl acetate and lead citrate (15 min each) and were observed with a JEOL JEM-
1011 transmission electron microscope, operated at 100 kV. At least 100 cells per

sample were observed.



3.2.5 Cryo-X-Ray Absorption Near-Edge Spectroscopy (cryo-XANES)
and Cryo-Soft-X-ray Tomography (cryo-STX)

Sample preparation: Sa0S-2 cells were seeded onto gold QUANTIFOIL® R 2/2 holey

carbon-film microscopy grids, placed in a Petri dish p60. The cells were plated at a
concentration of 2x10* cell/cm? on the grids previously sterilized by UV light for 3

hours. After 4 and 10 days from the osteogenic induction, the attachment and spreading
of the cells was carefully verified using visible light microscopy prior the freezing. Cell
culture medium was removed, and the membranes were briefly washed in PBS. The
cells were stained with Mito tracker green 200 nM (Sigma-Aldrich, Milano, Italy) and
incubated for 10 minutes at 37 °C. Immediately prior to freezing 1.5 pyL of 100 nm
gold fiducial aliquot (Chemical reference: gold nanoparticles 100 nm, EMGC100, BBI
Group, Cardiff, UK) was added to the grids, necessary as external marker for the
tomographic reconstruction. The grids were frozen hydrated by a rapid plunge freezing
in a liquid ethane pool cooled with liquid nitrogen with a GP-Leica Microsystems
Excess. Water is removed before plunge freezing via blotting. Quality of the sample’s
preparation was checked in cryo-conditions prior the loading in the microscope
chamber. After plunge freezing, a cryogenic workflow is maintained until and during
the measurements. Calcite reference sample were prepared by finely crushing calcite
powders (Sigma—Aldrich, Milan,ltaly) in a mortar, and the obtained dust was laid down
on a Quantifoil Au TEM grid. The same procedure has been used for the preparation

of HA and Ca3(PO,), reference samples (provided Bio Eco Active S.R.L, Bologna,
Italy).

Cryo-SXT and cryo-XANES images were recorded at the MISTRAL beamline of the
ALBA Synchrotron. Scanning the X-ray energy through the Ca L3, edge, cryo-XANES
can be used to determine the Ca bulk chemical state. L-edge spectroscopy measures X-
ray absorption caused by the excitation of a metal 2p electron to unfilled d orbitals,

which creates a characteristic absorption peak called the L-edge. It is, in general, more
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sensitive to the electronic, structural, and the spin state changes of the element
compared to the K-edge spectroscopy (when the photoelectron originates from a 1s
core level) [181].
2D Ca L3, edge XANES images were collected on representative areas (12 s exposure
time) using an effective pixel size of 13 nm and with a variable energy step (0.5 eV of
pre-edge and post-edge, 0.1 elsewhere). The necessary total acquisition time was about
1.5 h per energy scan, including the flat field acquisition at each energy step. The
transmitted intensity at each energy value is normalized to unity dividing by the
corresponding flat field image. Then, all the transmission images are aligned with
respect to the first image, applying the x—y shifts, which maximize the cross-correlation
between the same selected ROI in the two images. Finally, the absorbance for each
pixel can be calculated from the measured transmission as:
A=ut=-In(1/10)
and can be related as a function of the energy to the linear absorption coefficient using
the Beer—Lambert law:
T(x,y)=1(x,y)/10(x,y)=e(-[ul(x,y,EO)dt)=e(-fum(x,y,EO)podtm)
(2)
where t is the thickness, pl is the linear absorption coefficient of the material, and um
Is the mass absorption coefficient. Spectra were extracted only from pixels that satisfy
the following signal to noise criteria:
Ault=[ul(349.2eV) —ul(342eV)]t>2N
(3)
with pl as the linear absorption coefficient, t as the thickness, and N as the noise defined
as the absorbance standard deviation in the pre-edge energy region (341-343.5 eV).
The pixel selection operation was performed using a homemade function created in
Matlab.
Cryo-SXT was carried out at 352.9 eV to optimize the contrast between the calcium-

and carbon-rich objects and the surrounding water-rich cytoplasmic solution without



staining, sectioning, or using enhancing agents. For each cell, a tilt series was acquired
using an angular step of 1° on a 110° angular range. The effective pixel size in the
Images was 13 nm at 352.9 eV. Each transmission projection image of the tilt series
was normalized using flat-field images of 1 s acquisition time. The tilt series were
manually aligned using eTomo in the IMOD tomography software suite [182]. Au
fiducials of 100 nm from BBI solution were used for projection alignment purposes.
The transmission tilt series were finally reconstructed with TOMO3D, using the SIRT
iterative algorithm with 30 iterations and then segmented by Amira (Thermo Fisher
Scientific, Waltham, MA, USA).

3.2.6 Mito-stress Seahorse assays
Cells were seeded at 2.5x10° cells/cm? into Seahorse XF96 V3 PS Cell Culture
Microplates (Agilent, Santa Clara, California, United States) for 4 days prior to

experiments. After 24 and 72 h from the seeding, cells were treated with vehicle or
osteogenic differentiation cocktail as previously reported. Complete seahorse medium
was prepared from Agilent Seahorse XF Base Medium (Agilent) to contain 10 mM
glucose, 2 mM glutamine and 1 mM pyruvate, with pH 7.4. The cells were incubated
in 180 pL complete seahorse medium at 37°C for 1 hour before measurements in
Seahorse XFe96 Analyzer. The following working concentrations of compounds were
used: 1 uM Oligomycin, 1 uM FCCP, 1 uM Rotenone, and 1 uM Antimycin A. The
oxygen consumption rate (OCR) was normalized to the protein content. Statistical
analysis was performed by GraphPad Prism 8 software, using a T-test. The differences
were deemed significant for *p < 0.05. All data are presented as meant SEM n =5

technical replicates from five biological samples for each group.



3.3 Experimental section on 3D cell cultures

3.3.1 3D Collagen-Cell Cultures

Rat Tail Collagen solution 3.8 mg/mL pH 3-4 (RatCol®; CellSystems GmbH,
Troisdorf, Germany) was mixed with formulated neutralization solution into a sterile
mixing tube in a ratio 9:1 for a total of 10 parts for the formation of a collagen gel.

2x10° osteosarcoma Sa0S-2 cells suspended in 55 pL of complete medium were added

to 245 pL of collagen solution. The final Rat Tail Collagen mixture was divided up
into 96-well plates, in a final volume of 300 uL for each scaffold. After gelification,
the cell-laden scaffolds were incubated in humidified atmosphere at 37°C with 5% CO,
in 1 mL of basal culture medium. The cells were treated with vehicle or osteogenic
differentiation cocktail after 24h and every 48h. At indicated time points, the scaffolds
were dissolved with a 0.25% collagenase solution and then processed for following
analysis. To obtain cell growth curve, viable cells from triplicate wells were counted
at 1, 3, 7, and 14 days. To determine cell cycle distribution, SaOS-2 cells were washed
in PBS, and centrifuged. The pellet was resuspended in 0.01% Nonidet P-40, 10 pg/mL
RNase, 0.1% sodium citrate, and 50 pg/mL propidium iodide for 30 min at 37 °C in
the dark. Propidium iodide fluorescence was analyzed by using a flow cytometer Bryte
HS (BioRad) and cell cycle analysis was performed using the Modfit 5.0 software
(Verity Software House, Topsham, ME, USA).

3.3.2 Gene Expression Analysis

Total RNA from cells collected at the indicated time points from up to three scaffolds
cultured in control condition or under osteogenic induction. At indicated time points,
the scaffolds were dissolved with a 0.25% collagenase solution and then washed in
PBS twice and then the pellets were extracted using the NucleoSpin®RNA (Macherey
Nagel, Diiren, Germany) following the manufacturer’s instructions. The level of

expression of the osteogenic markers RUNX2, COL1Al, BGLAP and SPP1 was



analyzed by quantitative real-time PCR (qPCR), as previously reported in section 3.2.3
for 2D cell culture. Data are reported as mean value zSEM of three independent
biological replicates. Statistical analysis was performed using GraphPad Prism 6
software using a two-way ANOVA followed by a Sidak’s multiple comparison test. P

values less than 0.05 were accepted as significant.

3.3.3 Total Intracellular Mg Quantification
After the scaffold dissolution with collagenase 0.25%, SaOS-2 cells were washed twice
with PBS without Ca?* and Mg?*, counted and resuspended at 1x10° cells/mL. Samples

were lysed by sonifier, and 100 pL of the sample were added to 100 pL of PBS without
Ca?*and Mg?*, 22 pL of the magnesium probe DCHQ5 1.37 uM in DMSO and 1778
puL of MOPS 20 mM/Methanol 50%. Fluorescence spectra were collected with Aex 363
nm. Mg concentration was assessed comparing the fluorescence intensity at Aem 510

nm of the samples with a calibration curve prepared with MgSO, [183].

3.3.4 Histochemical Analysis

Collagen scaffolds were fixed with paraformaldehyde (4%) for 1 h at RT, dehydrated
through a graded alcohol series up to 100% and embedded in paraffin with standard
methods. Sections of 10 um thickness were cut orthogonally to the scaffold axis,
deparaffinized with xylene, rehydrated to 70% alcohol, and stained according to
standard hematoxylin/eosin staining protocol with Mayer’s hematoxylin and 1% eosin
solution (Bio-Optica, Milan, Italy) and mounted in permanent medium. For Alizarin
red S staining, the deparaffinized rehydrated sections were rinsed rapidly in distilled
water and stained with 2% Alizarin red S solution for 5 minutes. Excess dye was shaken
off and stained sections were fixed with acetone (20 dips), acetone-xylene (20 dips),
cleared with xylene and mounted in permanent medium [184]. Quantitative analysis of
ECM mineralization was performed on images acquired from cellularized collagen

scaffold slices. Control and treated images acquired with optical microscope were



processed by using ImageJ software (National Institute of Health, USA), in order to
determine the size of the red (Alizarin red staining) area. This was calculated using the
maximum entropy threshold-based image segmentation method [185]. Four separate

fields out of each single microphotograph were analysed.

3.3.5 X-ray Fluorescence Microscopy Analysis

Collagen scaffolds treated for 7 days was fixed with paraformaldehyde (4%) for 1 h at
RT and embedded in paraffin with standard methods. Histological sections (thickness,
10 um) were cut orthogonally to the scaffold axis by microtome. Ultralene foil (Spex
Sample Prep 3525 Ultralene® Window Film 0.16 mil (4 um) Thick, 2 7/8 in Wide;
300 ft; Cole-Parmer Srl, Milano) was used as support material.

The XRFM and STXM measurements were carried out at the Twinmic beamline of the
Elettra Synchrotron light source (Basovizza, Trieste, Italy). A Fresnel zone plate
focused the incoming beam (2150 eV), monochromatized by a plane grating
monochromator, to a circular spot of about 1.25 /m in diameter. The sample was
transversely scanned in the zone plate focus, in steps of 1.2 um. At each step the
fluorescence radiation intensity (dwell time 8-10 s) was measured by eight Si-drift
detectors (active area 30 mm?) (chips from PnDetector, Munich, Germany and
electronics from XGLab, Milano, Italy) [186] concentrically mounted at a 20° grazing
angle with respect to the specimen plane, at a detector-to-specimen distance of 28 mm.
Simultaneously, the transmitted intensity was measured by a fast-readout electron-
multiplying low-noise charge-coupled device (CCD) detector (Andor Technology,
Belfast, Ireland) through an X-ray to visible light converting system [187]. Zone plate,
sample, and detectors were accommodated in vacuum, thus avoiding any absorption
and scattering by air. The X-ray fluorescence spectra were analysed by PyMCA
software [188] which provides the total counts for the fluorescence K-lines of Mg and
P.



3.3.6 Laboratory-Based X-ray Computed Microtomography Analysis

For Laboratory-based X-ray computed microtomography (UCT) one control and one
treated sample for 7 days were analyzed. The samples were fixed with
paraformaldehyde (4%) for 1 h at room temperature and embedded in paraffin with
standard methods.

The uCT measurements were carried out at the TomoLab station [189] at Elettra. This
instrument, based on a microfocus X-ray source (minimum focal spot size of 5 um),
can operate at a VVoltage ranging between 40 and 130 kV with a maximum power of 39
W. A 12-bit, water cooled, 4008 x 2672 pixels CCD camera was used as detector. The
camera chip is coupled via a fiber optic bundle to a Gadox scintillator screen, and a de-
magnifying optics allows to obtain an effective pixel size of 12.5 um yielding a
maximum field of view of 50 x 33 mm? at sample. Due to the focal spot size of the
source and the specific design of the TomoLab station [190] it was possible to perform
propagation-based phase-contrast X-ray UMCT measurements. The experimental
parameters used for the imaged samples are summarized in Supplementary Table S2.
The tomographic reconstruction was performed by the commercial software COBRA
(Exxim, USA) while the 3D visualization of the reconstructed and processed data was
obtained by the commercial software VGStudio MAX 2.0 (Volume Graphics,
Heidelberg, Germany).

3.3.7 Synchrotron-Based X-ray Computed Microtomography Analysis
One tomographic data set for a sample treated for 7 days has been acquired, after
embedding in PFA 4% as reported above.

The measurements were conducted at the SYRMEP beamline of Elettra [191], which
was operated at an electron energy of 2.0 GeV. The source of the synchrotron radiation
is a bending magnet featuring a magnetic field of 1.2 T, which generates a white
spectrum of synchrotron radiation with a critical energy of about 3.2 KeV. This white

beam spectrum has been filtered by a 500 um thick Be window and additional Si filter



of a thickness of 500 um resulting in a bell-shaped curve centered around 24 keV. The
Images were recorded in phase-contrast (propagation-based) mode. The source-to-
sample distance was around 22 m while the sample-to-detector (thus the propagation)
distance was set to 150 mm. The detector was a SCMOS imager (Orca Flash from
Hamamatsu) optically coupled to a 45 um thick GGG:Eu (Gd3Ga5012:Eu) scintillator
utilizing a set of optical lenses with different magnifications. The SCMOS sensor
comprises 2048 x 2048 pixels? (with a size of 6.5 x 6.5 um?) and features a dynamic
range of 37,000:1. For the data set described here the highest optical magnification has
been used, which translates into a field of view of 1.85 mm x 1.85 mm and a pixel size
of 0.9 x 0.9 um?. A total of 1800 equiangular projections have been acquired over a
total scan angle of 180 degrees using an exposure time of 100 ms per projection.

The tomographic reconstruction was performed utilizing an in-house software tool,
the so-called SYRMEP Tomo Project (STP) software
(https://github.com/ElettraSciComp/STP-Gui) [192]. Prior to image reconstruction
based on a filtered back projection algorithm, each projection was independently pre-
processed with a phase-retrieval algorithm based on the transport of intensity equation
[193].

3.3.8 3D Cell-Laden CTL/agarose scaffolds

Hydrochloride form of lactose-modified chitosan, CTL (CAS Registry Number-
2173421-37-7) was kindly provided by BiopoL.ife s.r.l. (Trieste, Italy) [194]. Briefly,
110 mg of polymer was solubilized in 8.5 mL of milliQ water; the pH was then adjusted
to 7.4 by adding NaOH 5 M. Then 1 ml of PBS 10x and deionized water amounts
were added to have a final volume of 10 mL. Finally, 110 mg of agarose (Sigma-
Aldrich, Milan, Italy) was added under magnetic stirring for 1h. The final solution was
autoclaved and flow to 38°C. SaOS-2 cells were encapsulated into gel composed of
CTL 1% w/v and agarose 1%w/v in 1:10 ratio and mixed into a tube. The final

concentration of the cells was 4x10%/ml. The resulting suspension was dispensed into



48-well plates, in a final volume of 200 pL for each scaffold and left for 1 h at RT for
gelation. The scaffolds were removed and placed in 24-well plate and incubated in
humidified atmosphere at 37 °C with 5% CO; in 1.5 mL of basal culture medium. After
24 h, cells were treated with vehicle or osteogenic differentiation cocktail, replacing

the media every 48 h as previously reported.

3.3.9 Alamar Blue cell viability assay on CTL/agarose scaffolds

Cell viability/cytotoxicity was estimated using the colorimetric indicator AlamarBlue®
assay (Life Technologies, Carlsbad, California, United States). At established time
point (1, 4, 7 and 10 days after seeding), the culture medium was replaced by 1 ml of
RPMI and AlamarBlue® solution (in a 10:1 ratio) for each scaffold and incubated for
4 h at 37 °C. Next, the medium was collected, and the fluorescence was measured with
a plate reader (EnSpire Multimode Plate Reader, Perkin-Elmer) by applying a Aex Of
560 nm and Aem Of 590 nm. For each experiment two scaffolds were measured in
triplicates and the percentage of AlamarBlue reduction was normalized to that of the
basal medium by using the equation: F590 sample*100/F590 basal medium. The

experiment was repeated three times.

3.3.10 Live/dead assay on CTL/agarose scaffolds

To visualize the cell viability and distribution, the cell-laden scaffolds were dissected
using a sterile scalpel and stained using live/dead viability/cytotoxicity assay. Briefly,
cell-gel samples were washed two times with PBS and then incubated with propidium
iodide (5 png/ml) and calcein AM (2uM), according to manufacturer instructions, for
45 min at 37 °C and 5% CO2. Each section was observed under confocal fluorescence
microscope. 100 um z stacks were taken with 4 pm between each slice. Images were
acquired with a Nikon eclipse 90i fluorescence microscopy (Nikon Corporation,
Tokyo, Japan). Three images were taken per scaffold, at 3 different time point. Live
and dead cells were counted using FiJi. The percentage of live cells was calculated as
total dead cells / total cells - 100% = % dead cells



3.3.11 Phalloidin/Hoechst staining on CTL/agarose scaffolds

Cell-laden scaffolds were fixed in 4 % formaldehyde in PBS at room temperature for
3 hours, washed with PBS and then incubated with phalloidin-conjugate working
solution and Hoechst working solution (1:500) at room temperature for 30 minutes.
Each scaffold was rinsed with PBS, 5 minutes per wash, mounted to preserve the

fluorescence and observed under confocal fluorescence microscope.

3.3.12 Alizarin red staining on CTL/agarose scaffolds

To investigate calcium depositions in differentiated SaOS-2 cell line cultured in the
CTL/agarose scaffolds, Alizarin red S staining was carried out after 4, 7 and 10 days.
The scaffolds were rinsed with PBS, fixed (PFA 4%, 1 h), and stained for 30 min with
2% Alizarin Red S pH 4.2 (Sigma—Aldrich, Milano, Italy). The scaffolds were washed
in water to remove the excess of dye. Quantification of ARS was achieved by
dissolving the samples in 2 mL of 10% wi/v Cetylpyridinium Chloride (Sigma Aldrich,
Milano, Italy) prepared in 10 mM Na,PO, (pH 7.0). After overnight ARS solutions in
CPC before were transferred into 96 well plates and the absorbance at 562 nm was
measured by a microplate reader (EnSpire Multimode Plate Reader, Perkin-Elmer).
The average value of negative controls (scaffolds without cells) was subtracted from
the values of the corresponding experimental groups. The experiment was repeated

three times in triplicate.



4. Results and Discussion

4.1. Differentiating effects on 2D cell cultures

4.1.1 Analysis of mineralization by histochemical stainings

Sa0S-2 cell line was cultured for 7 days with basal and osteogenic media. In order to
assess mineralization of extracellular matrix, two different staining were performed: 1)
von Kossa staining, that highlights the presence of carbonate and phosphate calcium
salts replacing calcium with silver and, ii) Alizarin red staining that binds all calcium
ions. Representative pictures of control and treated samples (Fig. 1 A and B) showed
that after 7 days of osteogenic stimuli, microscopically visible silver glow spots
appeared in treated sample. Likewise, Alizarin red staining showed that in the cells
exposed to the control medium, the Ca-depositions were smaller and less intensely
stained respect to the treated sample, where the calcified nodules were bigger and more
intensely marked (Fig. 1 C and D). These results evidenced the presence, by Von
Kossa and Alizarin red stainings, of carbonate and phosphate calcium salts in the

extracellular matrix of cells undergoing osteogenic treatment.
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Figure 1 SaOS-2 cell culture after 7 days of osteogenic induction. A) and B) Von Kossa staining of
and C) and D) Alizarin red staining of Ctrl and Treated sample. All pictures are obtained by inverted

light microscope at 4x magnification. Scale bar is 200 um.

4.1.2 Evaluation of osteogenic marker expression

Gene expression analysis of six osteogenic markers was evaluated by real-time qPCR
in Sa0S-2 cells at 7 days of treatment with osteogenic cocktail. The results obtained
showed a relevant upregulation of all osteogenic markers in the treated sample, except
for osteonectin (SPARC1) (Fig. 2). The early osteogenic commitment transcription
factor (RUNX2) and alkaline phosphatase (ALPL) showed two-fold increase of mRNA
expression levels in the treated sample respect to control. In addition, the other early

osteogenic marker collagen type 1 (COL1A1) was much more upregulated, as well as



the late osteogenic markers osteocalcin (BGLAP) and osteopontin (SPP1) compared to
their specific control counterparts. In detail, the upregulation of BGLAP and SPP1
genes was 5-fold higher, for both. Meanwhile, after 7 days of treatment, the
upregulation of the osteogenic marker COL1A1 was scored, showing about a 9-fold
increase in its MRNA expression level with respect to its control. SaOS-2 cells have
been described as more differentiated osteoblasts respect to other osteosarcoma cell
line, normally with an intrinsic low expression level of two initial-stage osteogenic
marker COL1AL and ALPL [139].

Overall, our results show the overexpression of both early osteogenic genes (RUNX2,
COL1A1, ALPL) and late osteogenic genes (BGLAP, SPP1) confirming a greater

osteoblastic commitment following differentiating treatment, already after 7 days.
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Figure 2 Gene expression analysis of Sa0S-2 cells cultured for 7 days and treated with the
osteogenic cocktail. gPCR analysis of osteogenic markers (RUNX2, ALPL, SPARC, COL1AL,
BGLAP, and SPP1) was performed using GAPDH and HPRT1 as reference genes (2-AACT method).
Fold changes from control untreated cells were calculated. Data of three biological replicates are
reported as mean + SEM. Two-way ANOVA followed by a Sidak’s multiple comparison test was
performed, * p < 0.05; ** p < 0.01.



4.1.3 Assessment of Alkaline phosphatase activity

Alkaline phosphatase enzyme plays a key role in bone mineralization, and it is well
accepted that it represents an early marker of osteogenic differentiation since it is
involved in bone formation. Its activity in SaOS-2 cells was examined to evaluate the
osteo-inductive effect of cocktail after 7 days of treatment. Treated cells showed a
significantly higher ALPL activity than the untreated samples, as indicated in Fig. 3.
The osteogenic stimulation of SaOS-2 cells leads to a prompt increase in enzyme
activity, although SaOS-2 is an osteoblast-like cell line with a high basal alkaline
phosphatase activity [195]. Indeed, several studies suggest that in SaOS-2 cells ALPL
activity can be considered an osteogenic marker and its increase correlates with

differentiation toward an osteoblastic phenotype [196].
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Figure 3 Alkaline phosphatase activity on SaOS-2 cells after 7 days of osteogenic induction. Data

are reported as mean £ SEM of three biological replicates. Unpaired T-test was performed, *p < 0.05.



4.1.4 Ultrastructural characterization by TEM

TEM analysis showed that both control and treated samples had a cytoplasmic
environment typical of a functioning cell, rich in mitochondria and with high vesicular
trafficking. Great differences appeared in term of mineralization process, afterwards
osteogenic treatment. Representative TEM images indicate that at 4 days of induction
an increased intra-vesicular trafficking is noted in the treated sample respect to the
control ones (Fig. 4 A, B, C). The effect of induction was well evident at 7 and 10 days
of treatment. In particular, the cytoplasm of stimulated SaOS-2 cells at 7 days was rich
in organelles not loaded with mineral material (Fig. 4E, light green arrow) or
containing well compartmentalized mineral deposits (Fig. 4E, red arrow). In addition,
a mineralization front was already appeared outside the cytoplasmic membrane (Fig.
4F, blue arrow). While, at 10 days the control sample appeared rich of organelles
containing dense mineral material (Fig. 4G, red arrow), but it did not show the
presence of extracellular matrix. At same time, in the treated sample there were more
dilatated organelles, and the extracellular matrix became thicker and darker (Fig. 4 H
and I, blue arrow). Therefore, there was a compaction of the mineral matrix probably
due to the evolution of CaP (Calcium phosphates) in HA. The picture in the yellow box

(Fig. 4) showed a representative HA crystal.
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Figure 4 TEM images of SaOS-2 cells. The upper panel showed Ctrl sample (A, D, G) at 3 different
time point. Magnification 25000%. The middle and lower panel showed Treated samples at 4,7,10
days of osteogenic treatment. B, E, H) Magnification 25000x%; C, F, 1) Magnification 30000x. Yellow
box= HA crystal, magnification 25000%. Scale bar is 1um. Arrow legend: White=nucleus, light
yellow=Golgi  apparatus, dark yellow=endoplasmic  reticulum, orange=mitochondria,
green=autophagic vacuole, red =MVBs with mineral deposits, light green= MVBs without Ca-

deposits, light blue= extracellular mineral matrix. At least 100 cells per sample were observed.

TEM microscopy results revealed that the process of mineralization proceeds
differently over time for ctrl and treated samples, also showing an evident implication
of vesicles-like organelles in the matrix mineralization. Indeed, the dimensions and the
localization of organelles rich of mineral deposits found in our samples, agree with the
results reported by Iwayama et al. on a murine osteoblast cell line [197].

We hypothesized that the organelles with well compartmentalized depositions could

be multi-vesicular bodies (MVBs) containing exosomes and Ca phosphate-rich matrix



vesicles (MVs) that must be driven out of the cytoplasmic environment, to release the
extracellular mineral matrix. Exosomes and matrix vesicles are both categorized as
homologous structures with similar sizes (100-300 nm), and they are both secreted
during osteoblastic activity. They may share functions in cell-cell communication,
providing a mechanism to transfer signaling molecules between cells within the growth

plate and thereby regulating bone development and formation [198,199].

4.1.5 Characterization of intra and extra cellular Ca-depositions by

Cryo-XANES and Cryo-SXT
Cryo-XANES spectro-microscopy at the Ca Ls»-edges and cryo-SXT were performed

in frozen-hydrated cells for localizing and characterizing crystalline phase of Ca-
depositions. The two techniques were used respectively for 2D mapping of Ca
chemical states and for analyzing Ca accumulation in intracellular and extracellular
spot depositions.

The cryo-XANES microscopy performed at pre-edge and Ca L3 ,-edge on cytoplasmic
cell region, showed the presence of small Ca-depositions in control sample at 4 days
(Fig. 5 A, B, C). At the same time, the treated sample (Fig. 5 D E, F) showed the
presence of bigger extracellular deposits. These Ca-depositions appeared quite
structured and organized near or within organelles likewise, to multivesicular bodies
(MVBs) containing exosomes or vesicles rich of Ca-minerals (Fig. 5 E, yellow ring),
confirming their identification through the TEM analysis.

The cryo-XANES microscopy revealed that the Ca-depositions raised up in number

and became more compact after 10 days of osteogenic induction (Fig. 5 G, H, I).
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Figure 5. Cryo-XANES microscopy on Ctrl and Treated SaOS-2 cells after 4 and 10 days of
osteogenic treatment. Average of absorbance projections of a cytoplasm cell region recorded at pre-
Ca-edge energy region (= 342 eV) and at the Ca L3 peak maxima (=349 eV), respectively for Ctrl-
4days (A, B), Treated-4days (D, E) and Treated-10days (G, H). The contrast between Ca and the
other elements is maximized and showing the presence of calcium depositions. Scale bar=250 nm.
Binary map of Ca-depositions for Ctrl-4days (C), Treated-4days (F) and Treated-10days (I) samples.
Black arrow indicates the edge of cell nuclei, red arrows indicate the Ca-depositions at Lz» edge,

yellow ring indicates the Ca-rich vesicles.

During time and after the osteogenic treatment we observed a change in the XANES
spectral profile associated to the Calcium depositions. At 4 days of culture, the
extravesicular Ca-depositions in control sample showed a XANES spectral profile
ascribable the CaCO; (Fig. 6A), while those in the treated sample showed a profile
spectrum more similar to Cas(PO,), (Fig. 6C). The reference standard spectra were
reported respectively for CaCOj3 (Fig. 6B) and for Cas(PO,), (Fig. 6D).



After 10 days of osteogenic induction the crystalline structure of mineral depositions
changed: some Ca-nodules showed a spectral profile similar to Cas(PO,),, but most of

them were more alike the HA spectrum, as shown in Fig. 6E and Fig. 6F.
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Figure 6 Cryo-XANES spectra of control and treated SaOS-2 cells after 4 and 10 days of osteogenic
induction. (A) and (B) showed respectively the XANES spectrum of CaCOz detected in Control
sample at 4 days and CaCOs reference spectra. (C) Representative Caz(PO4)2 spectrum in treated
sample at 4 days; (D) Ca3(POs)> reference spectrum. (E) and (F) showed respectively HA
representative spectra detected in SaOS-2 cells after 10 days of osteogenic treatment and the HA

reference spectra. In B, D, F the main spectral features are indicated by letters and number.

The representative spectrum of HA (Fig. 6F) shows the main characteristic L and L,
peaks of calcium compounds, respectively at 340 eV and 352.9 eV (a2 and b2 peaks in
Fig. 6F), the small intensity peaks structure before the L3 main peak (al, a0 in Fig. 6F)
and the “hook” shape of the L, pre-peak (bl in Fig. 6F). These features can be observed
also in the representative Ca-deposits spectrum of a treated sample at 10 days of
induction (Fig. 6E).

The XANES spectroscopy provides a structural information about the Ca chemical
state. A typical Ca L3,--edges spectrum of calcium compounds presents two main
peaks (L3~ 340 eV; L, = 352.9 ¢V) and a “multi-peak pattern” of relatively lower
intensity before L3 and L, main peaks. The “multi-peak pattern” distinguishes the
crystalline phases from the amorphous ones both in calcium carbonates and in calcium
phosphates compounds. In fact, these low intensity peaks correspond to transition
towards crystalline states which do not exist in the amorphous case [200-202]. In our
samples an evolution of Ca-compounds in the cell mineral depositions was observed.
After 4 days of osteogenic induction, all the spectra extracted from the depositions of
the control sample matched the calcium carbonate reference spectra. The treatment
with the osteogenic cocktail induces a change in the crystalline structure of Ca-deposits
both at early phase of differentiation (4 days) and at longer time scale (10 days). Indeed,
all the Ca mineral depositions analyzed in the treated samples show absorption spectra
that can be attributed to calcium phosphate and hydroxyapatite crystals. The
mechanism according to which the formation of crystalline HA passes through

amorphous calcium carbonate and calcium phosphate compounds has been described



in vitro by Marchegiani and colleagues [203] and recently demonstrated in bone

marrow stem cells [31].

The fact that this evolution also occurs in SaOS-2 osteosarcoma cells, leads us to
suppose that the differentiating treatment is able to restore the physiological

biomineralization process.

We investigated also the intra-vesicular Ca-content in the ctrl and treated sample at 4
days of treatment. For both samples, the XANES spectrum of the intra-vesicular Ca-
nodules (Fig. 7) was very noisy, probably because of the lower concentration of
calcium. At 10 days of treatment, we observed an increase in extravesicular

depositions, and a decrease in vesicles, as also shown by the results obtained from TEM

microscopy.
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Figure 7 Average of absorbance projections of a cytoplasm cell region recorded at pre-Ca-edge
energy region (= 342 eV) and at the Ca Lz peak maxima (=349 eV), respectively for Ctrl-4days (A,
E) and Treated-4days (B, F). C, G) Binary absorbance map of vesicles in control and treated samples
after 4 days of treatment: yellow regions correspond to the Ca-depositions. D, H) Average of XANES
spectra of intra-vesicular Ca-depositions. Scale bar is 250 nm.



The Cryo-SXT tomography was carried out at 352.9 eV to optimize the contrast
between calcium-rich objects, carbon dense structures and the surrounding water-rich
cytoplasmic solution. In Fig. 8A is reported a ROI in the cytoplasm of the same treated
sample shown in Fig. 5 (G, H, 1), where the Ca-rich object strongly absorbed the
incoming radiation. We performed the 3D rendering of the intracellular structures and
Ca mineral depositions (Fig.8B) to better visualize the 3D information given by the
reconstructed electron density and to define the distribution of Ca-depositions.

In Fig.8B the green and violet spots indicate respectively the extra-vesicular and intra-
vesicular calcium depositions, while the nucleus is shown in blue. It is evident that Ca
depositions were grouped in cluster of different dimensions and localized inside or in
proximity of big vesicles. A zoomed tomographic image of one vesicle is shown in the
Fig.8 C and the respective 3D rendering of the calcium depositions contained in it is

reported in Fig.8D.



Figure 8 A) Cryo-SXT slice of Sa0S-2 Treated-10 days collected at 352.9 eV and obtained by
tomographic reconstruction. B) Corresponding color-coded 3D rendering (with the nucleus in blue,
intra-vesicular Ca depositions in violet and extra-vesicular Ca-depositions in green). Scale bar is 500
nm. C) Zoom of vesicle containing Ca-dense objects. D) Corresponding color-coded 3D rendering of
Ca-deposits (violet spots). Scale bar is 50 nm. For the 3D rendering the Ca-dense objects were

automatically selected using a threshold.

The results obtained from Cryo-XANES microscopy and Cryo-SXT confirmed the
presence of intra-vesicular and extra-vesicular Ca-mineral material. This may be due
to the co-existence of several biomineralization processes: i) a mechanism mediated by
membrane enzymes, such as ALPL, that participate in the nucleation of calcium
phosphate outside the cell, at the intra and interfibrillar collagen level, and then

crystallizes into hexagonal HA [204]; ii) the mineralization initiated by matrix vesicles



(MVs) containing enzymes for accumulation of CaP ion precursors (Pi and Ca?*) and
transporters to drive the mineral deposits from the cytoplasmic environment to the
outside [205,206].

Moreover, since it is previously reported that MVs contain a variety of proteins [199]
we supposed that the amorphous calcium depositions found within the vesicles could

be associated to these proteins involved in intravesicular formation of ACP minerals.

4.1.7 Bio-energetic profile assessment by Mito-stress Seahorse assays

We investigated if early commitment to differentiation of SaOS-2 cells was associated
with altered bioenergetic profiles by measuring real-time O, consumption (OCR) in
2D cell cultures. Cell Mito Stress Test was performed by Seahorse XFe96 Analyzer.
The cells were seeded in appropriate multi-well 4 days before the analysis and treated
after 24 and 72 hours from the seeding with osteogenic cocktail.

As shown in Fig. 9, the level of basal respiration (which occurs in absence of
mitochondrial inhibitors and represents the sum of all mitochondrial O,-comsuming
processes) had a tendence to increase in treated SaOS-2 cells respect to controls, but
without significant relevance. The injection of oligomycin, an inhibitor of the
mitochondrial ATP synthase, leads to a decrease in basal respiration that is proportional
to mitochondrial activity used to generate ATP. The further addition of FCCP, a proton
ionophore which uncouples respiration from oxidative phosphorylation, allowed for
the measurement of maximal respiratory rates. We observed a significantly increase of
maximal respiration levels during osteogenic differentiation rather than in control

samples.
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Figure 9 Seahorse XFp Cell Mito Stress Test assays in SaOS-2 cells after 4 days of treatment with
osteogenic cocktail. A) Oxygen consumption rate (OCR) in Ctrl and Treated samples after 4 days of
treatment with sequential injection of Oligomycin (O), Carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone ([FCCP] U), Rotenone, and Antimycin (R). Multiple t-test was performed, *p < 0.1.
B) Mean value results of basal respiration rate and maximal respiration rate, after FCCP injection.
Both rates were normalized against cell proteins and expressed as rate per protein content; T-student
paired test was performed, *p<0.1. All data are presented as mean+ SEM n =5 technical replicates

from five biological samples for each group.

According to literature [207], this result could be explained by the upregulation of
mitochondrial biogenesis occurring during the differentiation process. Moreover, this
overexpression of the mitochondria could be associated both with a greater energy
demand during osteoblastic induction, and with a direct involvement of the
mitochondria in the ionic calcium transpose chain. Indeed, Boonrungsiman et al.
suggested a role for mitochondria in the trafficking of ions or clusters of calcium and
phosphate ions. Supporting other studies, they assumed that mitochondria act as
storage depot of calcium and phosphate ions, transferred by diffusion to intracellular

vesicles and facilitating mammalian mineralization [208].



4.2 Differentiating effect of 3D cultured SaOS-2 cells

4.2.1 Characterization of 3D cultures on Collagen Scaffolds

To monitor the cell viability and proliferation rate of SaOS-2 cells grown on collagen
scaffolds, cell counts at 1, 3, 7, and 14 days from the seeding were performed.

The doubling time was around 36 hours, in agreement with the literature regarding
Sa0S-2 cell line during exponential phase growth (Fig. 10a). The viability of 3D
cultured cells was about 80% until the 7th day of culture, and significantly decreased
in the following days up to 60%, when the plateau phase was clearly visible (Table 1).
To better characterize the cell proliferative activity, cell cycle analysis was performed
by cytometry. DNA profile indicates that cells were highly proliferating at day 3, while
they slow down when reaching confluence. As shown in Fig. 10b, the percentage in
GO0/G1 phase changed from 61% to 76%, and S phase halved from 30% to 15% [209].
As such, we observed a regular cell growth pattern in 3D scaffold. Cell cycle
progression confirms that a collagen matrix is suitable for tissue-like growth of SaOS-

2 osteosarcoma cells in vitro.
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Figure 10. Assessment of 3D cell culture conditions. (a) cell growth curve; (b) cell cycle analysis.

The figure depicts the results obtained in one experiment representative of three.

Table 1. Percentage of cell viability of SAOS-2 cells grown on collagen scaffold at 1,3,7 and 14 days

after seeding. Viability count of cells was performed by staining with erythrosine (0.1% in PBS).

% Live cells % Dead cells
Ctrl 1 day 75.99% 24.0%
Treated 1 day 83.09% 16.9%
Ctrl 3 day 85.53% 14.47%
Treated 3 day 77.39% 22.61%
Ctrl 7 day 71.91% 28.09%
Treated 7 day 66.01% 33.99%
Ctrl 14 day 64.22% 35.78%
Treated 14 day 56.58% 43.42%




4.2.2 Osteogenic Gene Expression Analysis

To verify the induced differentiation of 3D cultured cells, the gene expression analysis
of four osteogenic markers was evaluated by real-time qPCR (Fig. 11). Among the
tested genes, the late osteogenic markers osteocalcin and osteopontin showed a strong
increase of their mMRNA expression levels, already after 3 days of treatment, compared
to their controls. In detail, the upregulation of osteocalcin and osteopontin genes was
41.7-fold (p-value < 0.01) and 3.1-fold (p-value < 0.05) higher, respectively. After 7
days of treatment, their levels were maintained overexpressed 47.4-fold and 5.5-fold,
respectively, compared to their specific control counterparts (p-values < 0.01).

The early osteogenic commitment transcription factor RUNX2 showed comparable
level of expression during time. On the other hand, although not significant, a trend in
the upregulation of the other early osteogenic marker collagen type 1 (COL1A1) was
scored, showing about a two-fold increase in its mRNA expression level at both

experimental time points with respect to control [209].
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Figure 11. Analysis of SaOS-2 cells cultured in 3D collagen scaffolds (3 and 7 days) treated with the
osteogenic cocktail. gPCR analysis of osteogenic markers (RUNX2, COL1A1, BGLAP, and SPP1)
was performed using GAPDH and HPRT1 as reference genes (2-AACT method). Fold changes from
control untreated cells at day 3 were calculated. Data are reported as mean + SEM of three biological

replicates. * p < 0.05; ** p < 0.01.

Altogether, this gene expression profile suggests that the osteogenic commitment of
cells is already well active few days after the induction. The constitutively elevated
levels of RUNX2 mRNA in control cultures is likely to account for a lack of its further
upregulation when the cells have been stimulated with osteogenic cocktail [210]. On
the other hand, a significant increase of BGLAP, and SPP1, together with an apparent,
although not statistically significant, trend towards the upregulation of COL1A1l, was
recorded in response to treatment at both days 3 and 7, demonstrating a successful

activity of the administered molecular cocktail over SaOS-2 osteogenic function.



4.2.3 Histochemical Analysis of Mineralization in Collagen SaOS-2 Cells-

laden scaffolds

To assess the distribution of cells inside the collagen scaffolds, 10 p-thick sections
were marked by classical Hematoxylin/Eosin (H/E) staining. The results reported in
Fig. 12a show uniformly fitted cells. Larger numbers of cells were found in control
samples respect to treated ones, since a slowdown of proliferation is expected
consistently with the commitment towards a more differentiated phenotype. Alizarin
Red S staining highlighted the presence in treated samples of nodular aggregates
containing calcium, after only 3 days. The red spots were larger and more intensely
stained at day 7, suggesting that a more extensive calcium deposition had occurred. In
addition, to quantify the size of the red stained area covering the scaffold slices, four
masks (n = 4) for each image acquired were analyzed using the maximum entropy
threshold-based image segmentation method. Fig. 12b shows a significant increase of
areas covered by Ca depositions at both 3 and 7 days after osteogenic induction. [210].
In summary, the alizarin staining showed many mineral nodular aggregates in treated
cells, already after 3 days, demonstrating that SaOS-2 cells represent a suitable model

for studying human osteoblast differentiation and responsiveness in vitro.
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Figure 12 H/E ((a) left panel) or Alizarin Red ((a), right panel) staining of paraffin-embedded sections
of 10 um thickness (n = 3); (b) quantification of Alizarin-stained Ca depositions. Data are reported

as means * standard error of the mean, values deriving from a triplicate experiment. *p < 0.05.

4.2.4 Monitoring of intracellular Magnesium and X-ray fluorescence
microscopy of mineral deposits

Several authors described a relationship between differentiation and magnesium
availability, indicating a role for the cation even if not fully understood. To verify the
involvement of magnesium in osteoblast differentiation, we assessed its intracellular
concentration by highly sensitive DCHQ5 fluorescent dye. The osteogenic induction
of 3D cultured cells was accompanied by a marked increase of magnesium
concentration, both 3 and 7 days. A two-fold increase in the intracellular content of the
treated samples with respect to their control has been observed (Fig. 13A). This result
Is in agreement with other studies demonstrating a pivotal role of Mg in bone
differentiation involving the ERK/BMP2/Smads signaling pathway [211,212].



This finding poses the question as to whether Mg is present in the mineral Ca
depositions produced in the early phase of biomineralization, and in which temporal
phase is incorporated in the hydroxyapatite crystal, being Mg one of the Ca-substituting
element in mature bone

Therefore, we characterized the chemical composition of the mineral depositions in
differentiating 3D cultured SaOS-2 cells by X-ray fluorescence microscopy at the
TwinMic beamline @ Elettra synchrotron [213]. In particular, we evaluated the Mg
and P content in the mineral depositions. Fig. 13 panel B represents the elemental map
of a deposition and highlights the co-localization of Mg with P at 7 days of
differentiation, indicating the presence of magnesium in the mineral depositions
already in the early phases of biomineralization [209]. This evidence confirms many
publications stating that the mineral fraction of bone is composed of HA, a non-
stoichiometric Ca-compound containing trace elements such as Zn, Mg which are the
main substituting cations in the crystal lattice of HA [214,215].
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Figure 13 A) Fluorimetric assay of total intracellular magnesium content by DCHQ5 probe [183];
B) describes the Mg and P co-localization in a deposition released by a differentiating SaOS-2 cell at
the TwinMic beamline of Elettra synchrotron.



4.2.5 Analysis of Mineral Depositions by X-ray Microtomography
Techniques

With the aim to characterize and quantify the extracellular depositions, fixed scaffolds
were imaged by phase-contrast microfocus X-ray uCT (Computed Tomography) at the
TomoLab station [190] of the Elettra synchrotron light source. Fig. 14 shows the 3D
spatial distribution of the depositions in the whole scaffolds after 7 days of osteogenic
induction (panel (b)) and in a control sample (panel (a)). Two representative volumes
of interest (VOIs) (panel (c) and (d)) inside the scaffold (CTRL volume = 1.8 mm?;
treated volume = 1.2 mm?3) were analyzed by the ImageJ plug-in BoneJ [216]. A higher
amount of depositions fraction compared in 7 days differentiated cells (0.80%) respect
to the controls (0.31%) (table in Fig. 14). In addition, single-particles analysis showed
that the volume of the depositions in differentiated sample was significantly lower (p-
value < 0.001) with respect to the depositions present in the control ones (Fig. 14, a,
and c). The graph classified the particles dimension (um?3) in relation to the number of

particles within the class [209].
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Figure 14 X-ray analysis of depositions released by SaOS-2 cells. Panels (a) and (b) depict the 3D
distribution of mineral depositions in the whole control and treated scaffolds imaged by microfocus
X-ray UCT at the TomoLab station of Elettra (isotropic voxel size =5 mm for the control and 3.3 mm
for the treated sample). The dimensions of the scaffolds are approximately 80 mm?3. Panel (c) and (d)
show two selected VOIs reporting the depositions distribution in ctrl (6000 x 4300 x 700 mm?) and
treated scaffolds (7300 x 1200 x 800 mm?3) respectively. Table and graph show the descriptive
statistical analysis of the depositions in the two representative VOIs showed in panel ¢ (Ctrl) and d
(treated), respectively. The graph classified the particles dimension (um?2) in relation to the number

of particles within the class.

Furthermore, a treated scaffold was imaged at the SYRMEP beamline of Elettra [191]
by phase-contrast synchrotron X-ray uCT (Fig. 15) reaching a spatial resolution of the
order of 1 um. Fig. 15 panel (a) shows a reconstructed tomographic slice with a
reduced spatial resolution that highlights the presence of mineral depositions along
brighter filament indicating a not random pattern. Depicted in panel (b) of Fig. 15 is
the region of interest indicated in green in panel (a) with the full spatial resolution of
the system. To better understand the spatial distribution of both depositions and

filaments a 3D rendering of 50 adjacent slices is reported in Fig. 14 ¢ [209].



Figure 15 Synchrotron-based X-ray uCT analysis of one treated scaffold imaged at the SYRMEP
beamline of Elettra. Panel (a) represents a reconstructed axial slice of the scaffold (isotropic voxel
size = 0.9 mm) highlighting the presence of mineral depositions (white dots) along brighter filaments.
Panel (b) shows a zoom of the green ROI (region of interest) indicated in panel (a). Panel (c) depicts
a 3D rendering of 50 adjacent slices (400 x 400 x 50 mm?®) showing the 3D distribution of the mineral

depositions. Scale bars is 100 mm.

These techniques provided a 3D spatial distribution map of the mineral depositions
generated by SaOS-2 cells. We found an increase of biomineralization in
differentiating SaOS-2 cells revealed by near 3-fold higher number of depositions in
scaffold with differentiated cells treated samples. Nevertheless, the average volume of
single depositions in the treated sample was lower than those of the control one. We
speculate that the decrease of deposition volume could be related to the evolution of
the amorphous Ca compounds into crystalline HA during the biomineralization

process. To corroborate this hypothesis, in a recent study on differentiating stem cells,



we found that the mineral amorphous depositions rapidly evolve toward hexagonal HA
crystal, similar to those present in mature human bone [35].

There are many evidences that collagen microfibrils direct the formation of nanosized
HA platelets oriented parallel to the collagen fibril axis [217,218] for interfibrillar
mineralization [219]. Indeed, synchrotron-based X-ray micro-tomography showed
many depositions following an oriented pattern along denser filaments, as clear in Fig.
15. Nevertheless, as previously reported in gene expression analysis we found an
overexpression of COL1A1 gene, coding for collagen type 1, and speculate that the
observed filaments could be the neo-formed collagen fibrils produced by

differentiating cells.

4.2.6 Characterization of 3D cultured SaOS-2 cells on CTL/agarose
scaffold

Before to induce the osteogenic differentiation, the viability and spreading of Sa0S-2
cells encapsulated within the CTL/agarose scaffolds was evaluated. Alamar cell
viability assay was performed at 3 different time point (1, 4 and 7 days after seeding).
As shown in Fig. 15A, the percentage of cell viability at 7 days was almost 70% respect
to the day 1. To confirm this result, fluorescence images of live/dead assay was
collected by confocal microscope (Fig. 16C) and the number of live and dead cells was
calculated by using a Imagej plugin. The percentage of cell death shown in the table
(Fig. 16B) was perfectly in agreement with the result obtained by alamarBlue assay.
Moreover, phalloidin/Hoechst staining was performed for assessing the cell spreading
and shape within scaffold. In Fig. 16D, three representative images were reported for
each time point. Green color represents actin filaments and blue represents nuclei. The
cells maintained a circular shape over time, without any spreading. Probably this
depends on the viscoelasticity of hydrogel, that influenced the cell behaviour as

previously reported [220].
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Figure 16 Cell viability and spreading for SaOS-2 cells encapsulated within CTL/agarose scaffolds.
A) Cellular metabolic activity determined by the Alamar Blue metabolic assay. Data were shown as
percentage of Alamar blue reduction at different time points respect to the Alamar reduction at 24 h
B) Percentage of cell death over time. C) Fluorescence images of a live/dead assay: green colour
represents live cells; red colour represents dead cells, magnification 20x. D) Fluorescence images of
Phalloidin/Hoechst staining: green colour represents actin; blue colour represents nuclei;
magnification 40%. The pictures are reported as representative of three independent experiments.

Scale bar is 10 pum.




4.2.7 Cell viability and Alizarin Red staining of CTL/agarose SaOS-2
cell-laden scaffolds

To evaluate the osteogenic differentiation of SaOS-2 cells also in CTL/agarose
scaffolds, the 3D cultures were treated with osteogenic cocktail and monitored for 10
days. The viability of cells was assessed by Alamar blue metabolic assay at 1,4,7 and
10 of treatment. As shown in Fig. 17A, on day 1 and 4 both the control and treated
groups showed a high viability. From 7 days of cultivation the cell viability went down,
becoming about the 50% on 10 days, respect to the beginning of experiment both for
control and treated samples. Nonetheless, any significant difference between control
and treated samples was evident.

The formation of mineral calcium depositions in CTL/agarose scaffolds following the
osteogenic induction was assessed by Alizarin Red S staining at 4, 7, 10 days. Alizarin
Red S staining results showed in Fig. 17B, indicated that also in this kind of scaffold,
the osteogenic cocktail promoted a high osteogenic differentiation. As show in the left
panel of Fig. 17B, the treated samples were more intensely stained than the control
ones, already 4 days after osteogenic induction. These results were further confirmed
by spectrophotometric quantification of Alizarin red dissolved by CPC. The graph in
Fig. 17B showed a significant increase of absorbance in the treated groups at all three-

time points respect to the control counterpart.
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Figure 17 A) Cellular metabolic activity determined by the alamarBlue metabolic assay on treated
and untreated within scaffold after 1,4,7 and 10 days of osteogenic induction. Data were shown as
percentage of alamarBlue reduction at different time points respect to the alamar reduction at 24 h.
B) Alizarin red staining and quantification of mineralized Ca deposits in CTL/agarose scaffold. In
the left panel control and treated samples show the differences over the time. A single experiment is
shown as representative of three independent ones. In the right panel, histogram shows the
corresponding staining quantification and represents the mean values of three experiments. Two-way

ANOVA followed by a Sidak’s multiple comparison test was performed, *** p < 0.001.

The results obtained from cell viability test revealed that the CTL/agarose hydrogel
was biocompatible and no cytotoxic effect on SaOS-2 cells was observed. The
metabolic activity reduction at longer time scale is probably due to a restriction of
medium diffusion in the core of scaffold, followed by insufficient nutrient and oxygen
supply (hypoxia) and waste accumulation (acidification) for cells in the core region a

typical condition for 3D cell culture [221].



CTL/agarose scaffold thus proved to be a promising hydrogel, useful for mimicking
bone as well as cartilage tissue, as previously reported [194,222].

Further investigations are underway for the extraction of RNA and for the gene
expression analysis necessary to confirm the differentiation in these new types of

scaffolds.



5. Conclusion

This PhD project focused on the study of the early stages of bone biomineralization by
evaluating the genesis of the mineral nuclei depositions and their evolution in a human
osteosarcoma cell line exposed to an osteogenic cocktail.

This study allowed the validation of the SaOS-2 cell line as an osteoblast-like model
suitable for both two- and three-dimensional in vitro systems and for ultrastructural
investigations of bone biomineralization process.

The results obtained revealed that the osteogenic differentiative stimulus induced
changes in the osteoblastic genes expression, in the mitochondrial respiration and in
the production and evolution Calcium mineral depositions.

Sa0S-2 cells after osteogenic induction showed a behaviour similar to that of
differentiating hbMSCs, previously reported, with the formation of HA crystals,
passing through the deposition of Calcium carbonate minerals.

This result provides the evidences about the possibility of a therapeutic strategy acting
on the reversibility of tumorigenicity, following the osteogenic induction. Since several
studies pointed out that osteosarcoma development is associated with defects in
osteogenic differentiation, a new promising strategy could be sensitizing osteosarcoma
cells to chemotherapy and inducing to differentiate the survived cells, with the
irreversible loss of tumour phenotype.

In summary, the multi-modal and multiscale approaches have allowed to investigate
different aspects of a complex phenomenon such as the osteosarcoma
biomineralization, leading to a greater understanding of how this process occurs both
in 2D and 3D in vitro models.

Future developments will be a deeper characterization of Ca-depositions by diffraction
techniques and of matrix vesicles by TEM-EDX and fluorescence microscopy and, the
investigation of mitochondria involvement at longer time scale. Moreover, it would be
interesting to study the tumor microenvironment (cell-cell interaction and extracellular

matrix) in the 3D cultures, using collagen and CTL scaffold templates within a

~ 100~



bioreactor system that simulates perfusion and compression to obtain a system as close
as possible to the in vivo one. Nevertheless, these innovative 3D models could be used
to test new therapeutic options, as well as the application of differentiative induction

as desirable approach for the osteosarcoma treatment.
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