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1. Abstract 

 
In this thesis, research efforts focused on the development of a new nanosystem for the delivery of 

strontium to improve bone formation are reported. Strontium-substitute hydroxyapatite 

nanoparticles were synthesized and deeply physical-chemical characterized. The effect of 

nanoparticles on bone remodeling was evaluated using four different in vitro models that allowed 

investigations on every single bone cell type: bone marrow mesenchymal stem cells, osteoblasts, 

osteocytes and osteoclasts. Sr-containing nanoparticles enhanced osteoblasts differentiation by 

increasing alkaline phosphatase activity, bone matrix deposition and mineralization and gene 

expression of specific markers for osteogenesis. In addition, Sr-containing nanoparticles inhibited 

the differentiation of osteoclasts, the cells responsible for bone resorption, by reducing tartrate-

resistant acid phosphatase activity and preventing cell fusion and adhesion with inhibition of 

multinucleated cell formation. Sr-containing nanoparticles affected also the osteocytes 

differentiation inducing more mature stages and improving their ability to deposit a mineralized 

bone matrix. 

Moving from in vitro to in vivo, a new material was developed made of gelatin sponge and enriched 

with Sr-hydroxyapatite and its effect on ectopic bone formation was evaluated in mice. Ectopic 

bone formation induced by Sr-hydroxyapatite resulted comparable, even greater in some cases, to 

Bone Morphogenetic Protein 2 (BMP2) effect, a well-known agent with osteinduction properties. 

Histology analysis and gene expression revealed increased endochondrial ossification induced by 

Sr-hydroxyapatite. Moreover, Sr-hydroxyapatite enriched sponges improved bone formation 

enhancing osteogenic-associated gene expression and reducing that related to osteoclasts 

differentiation. 

Finally, the effect of Sr-containing nanoparticles was also studied in simulated and real 

microgravity conditions showing to be a useful countermeasure to the bone reduction induced by 

this environment, with lower side effects than pharmacological treatments. 
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Chapter 1 

2. General introduction and objectives of the thesis 
 

The change in living conditions during the twentieth century, compared to the previous centuries, 

has brought major benefits to the welfare and health of mankind. However, the increased life-

expectancy, the dynamism of activities (e.g. transportation methods and sport activities), and the 

growing world population lead to a substantial increase in patients who suffer from damaged, 

malfunctioning or diseased tissues or body parts. In the case of bone tissue, the increase in the 

number of elderly people has led to an increase in cases of osteoporosis. Moreover, the normal 

function of bone tissue can be impaired by many traumatic injuries and some pathological 

disorders, such as osteoarthritis, osteogenesis imperfecta, and Paget's disease. These malfunctions 

cause nonunion bone fractures, bone deformation, severe pain, and loss of mobility
1
.  

2.1 Bone Tissue 

Bone tissue is a type of connective tissue. It consists of cells and extracellular matrix, 70% of which 

is made of inorganic compounds (mostly calcium phosphate). Bone tissue forms the skeleton bones 

and has support-mechanical function. Moreover, bone tissue is the depot of calcium and 

phosphorus. 

Morphological and functional properties of bone change with age and physical activity and depend 

on nutritional condition, the influence of endocrine glands, innervation, etc. 

Bone is a hard connective tissue with cells, osteocytes, distributed in the abundance of matrix that 

works as support, attachment site, leverage, protection and mineral storage. To obtain great strength 

and rigidity with some elasticity, the matrix is composed of densely packed collagen fibrils 

infiltrated with bone mineral as fine crystals of calcium salts resembling hydroxyapatite crystals. 

Mineral constitutes about 65% of the dry weight of bone. The densely packed collagen fibrils are 

primarily type I. There are small amounts of distinctive non-collagenous proteins, e.g., calcium-

binding osteocalcin and bone sialo-proteins. Matrix is strong but dense, thus nutritive fluids cannot 

diffuse freely through it. Osteocytes, therefore, differ from chondrocytes in having many long 

processes extending through canaliculi (narrow passages) throughout which they make contact each 

another and, indirectly, with blood vessels. The cell body lies in a lacuna, in the matrix
2
. 

Bone cell types include osteoblasts, which build new bone tissue; osteoclasts, which break down 

bone tissue; osteocytes, which hold the bone together; and lining cells, which protect the bone. 
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Osteoblasts are mono nucleated cells that synthesize 

bone matrix. In the process of bone formation they 

work in groups of connected cells (individual cells 

cannot make bone). The group of organized 

osteoblasts together with the bone matrix made by a 

unit of cells is usually called the osteon. Osteoblasts 

are specialized, terminally differentiated products of 

mesenchymal stem cells
3
. They synthesize very 

dense, cross-linked collagen, and several additional 

specialized proteins in much smaller quantities, 

including osteocalcin and osteopontin, which 

compose the organic component of the matrix. 

Osteoclasts are necessary for the maintenance, repair, 

and remodeling of bones. They disassemble and 

digest the composite of hydrated protein and mineral 

at a molecular level by secreting acid and a 

collagenase, in the process known as bone resorption. 

This process also helps regulate the level of blood 

calcium. Talking about morphology, an osteoclast is 

a large multinucleated cell and human osteoclasts 

typically have five nuclei and are about 150-200 µm 

in diameter
4
. Osteoclasts lie in a small cavity called 

Howship's lacunae, formed from the digestion of the 

underlying bone. They form podosomes to attach to 

the bone in sealing zones
5
. Osteocytes are non-

proliferative, terminally differentiated cells of the 

osteoblast lineage. They reside both in the mineralized bone matrix and in newly formed osteoid, 

locked inside small lacuna spaces in the hard substance of bone and, for obvious reasons, are 

considered non-migratory. On the other hand, recent studies have proposed that osteocytes are, at 

some level, motile within their lacuna/canalicular system and that they might be capable of 

retracting and extending cytoplasmic processes in the canals. They form an extensive syncytial 

network through small dendritic/cytoplasmic processes in canaliculi
6
.  

Fig 1.1 - Light micrograph of osteoblasts actively 

synthesizing osteoid3 

Fig 1.2 - Light micrograph of osteoclast6 

Fig. 1.3 Transmisssion electron micrograph of 

Osteocyte
8 
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Throughout life, because of maintaining mineral homeostasis, and its features of growth, bone 

remains in an unending turnover, with selective destruction and replacement - the remodeling 

process. 

2.1.1 Molecular mechanisms of osteoblast differentiation and osteogenesis 

Osteoblastogenesis describes a process of osteoblast development encompassing initiation, 

proliferation, differentiation, and maturation. 

Osteoblasts are responsible for the deposition of bone matrix and for osteoclasts regulation. They 

arise from a common pluripotent mesenchymal stem cell (MSC), following timely programmed 

steps requiring the expression of specific genes, which in turn are under the control of pro-

osteogenic pathways. MSCs represent less than 0.01% of the bone marrow cell population and have 

the capacity to differentiate into osteoblasts, chondrocytes and adipocytes, depending on the 

transcription factors that regulate the pathway
7
. 

MSC differentiation into osteoblasts can be achieved in vitro in the presence of vitamin D3, 

ascorbic acid and β-glycerophosphate. Osteoblast differentiation from MSCs appears to be 

stimulated by two families of growth factors: the Wnt family members (19 Wnt ligands are encoded 

in both the human and the mouse genome) and the bone morphogenetic proteins (BMPs), which 

belong to the transforming growth factor beta (TGF-β) superfamily. BMPs and Wnt pathways are 

crucial especially for the early stage of osteoblastogenesis, where they promote MSCs commitment 

towards an osteo/chondroprogenitor
8
.  

Wnts activate three distinct intracellular signaling cascades: the Wnt/β-catenin pathway, the 

Wnt/Ca
2+

 pathway and the Wnt/planar polarity pathway. The Wnt/β-catenin pathway is frequently 

referred to as the canonical pathway and it promotes cell fate determination, proliferation and 

survival through the increase of β-catenin levels and alteration of gene expression by the 

transcription factor Lymphoid enhancer factor/T cell factor (Lef/Tcf). Activation of this signalling 

pathway occurs with binding of Wnt to Frizzled (Fz), a transmembrane receptor, and low-density 

lipoprotein receptor related protein 5/6 (LRP5/6) co-receptors. LRP5 interacts with proteins from 

the Wnt family to form a complex with Fz leading to the activation of the canonical Wnt signalling 

pathway. 

In the absence of a Wnt ligand, the cytosolic level of β-catenin is kept low by its phosphorylation 

and degradation, thereby suppressing the expression of Wnt-responsive genes
9
.  

There are contrasting findings about the role of the canonical Wnt pathway, but they have been 

reconciled recently by Liu et al who found that Wnt/β-catenin signalling favors osteogenic 

commitment in basal medium by inhibiting MSC commitment into adipocytes, but inhibits 

osteoblast differentiation in osteogenic conditions in human MSC cultures
7,10

. 
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Osteoblastogenesis requires sequential expression of at least two transcription factors: Runx2/Cbfa1 

(Runt-related transcription factor 2 / core binding factor alpha 1), a member of the Runt family, 

and Osterix (Osx), a downstream target of Runx2. In the absence of Runx2 and Osx, no osteoblasts 

are formed.  

Runx2 is a master gene of osteoblast differentiation, as demonstrated by the fact that Runx2-null 

mice are completely deprived of osteoblasts. This leads to bone lack and failure of chondrocytes of 

cartilage template to undergo hypertrophy
11

.  

During embryonic development, Runx2 is expressed just before osteoblast differentiation and only 

in mesenchymal cells committed to become either chondrocytes or osteoblasts. 

Among the several targets downstream of Runx2 there is Osx, also known as Sp7, whose 

expression in MSC progenitors is stimulated by BMPs and Insulin-like Growth Factor (IGF)-1
12

. 

On the other hand, the lack of LRP5 blocks the expression of Osx and, as a consequence, the cell 

can acquire a chondrogenic phenotype
13

. 

A further transcription factor, Distal-less homeobox 5 (Dlx5), promotes osteogenesis under the 

control of many osteogenic signals including BMP-2 and it is highly expressed in the developing 

skeleton. Dlx5 is phosphorylated by protein kinase A (PKA), which is involved several steps of 

osteoblast differentiation. It was found that PKA activation increases the protein stability, 

osteogenic activity and transcriptional activity of Dlx5
14

. 

It has been observed that, after the expression of Runx2, there is a proliferation phase, during which 

osteoblast progenitors acquire bone-specific alkaline phosphatase (ALP) activity. These cells are 

now pre-osteoblasts, which undergo morphological changes, becoming large, cuboidal cells highly 

positive for ALP activity and very active in the synthesis of the extracellular matrix (ECM), mainly 

consisting of collagen type I (Col I)
8
. 

The late stage of osteoblast differentiation (after around 28 days from beginning of process) is 

characterized by increased levels of Col I, which is expressed from the beginning of osteoblast 

differentiation and is the main structural component of bone matrix, and by the production of non-

collagenous proteins such as bone sialo protein (BOSP I and BOSP II), osteopontin (OPN), 

osteonectin (ONT), osteocalcin (OCN). OPN (and ALP) is important in stabilizing the matrix, 

while OCN is a highly carboxylated protein, almost exclusively expressed in bone and it is up-

regulated in the late differentiation stage. This stage coincides with the onset of mineralization 

suggesting that osteocalcin may play a part in the regulation of matrix mineralization
9
. 

Mature osteoblast can be eventually trapped in the bone matrix just deposed and mineralized
8
. The 

function of mature osteoblasts, including the ability to synthesize ECM proteins, requires LRP5 as 

well as the signalling protein activating-transcription factor 4 (ATF4). The effects of Wnt co-



6 
 

receptor LRP5 are linked to its role on the Wnt signalling pathway and the importance of this 

molecule is confirmed by studies in humans where mutations that inactivate LRP5 were shown to 

cause osteoporosis
9
.  

On the other hand, there are two major cytokines, Tumor necrosis factor (TNF)-α and interleukin 

(IL)-1β that lead to decrease bone mineral density by inhibiting osteoblast differentiation from 

pluripotent progenitor cells and bone formation in many inflammatory diseases 
15

. TNF-α for 

instance has been reported to decrease Runx2 expression and promote its degradation 
16

. 

Osteoblasts that differentiate at the site of formation from precursor cells perform bone formation, 

which is a slow phase that completes the remodeling cycle by fully replacing the removed bone 

with new osteoid that eventually mineralizes. Bone formation restores the resorbed matrix by means 

of deposition of lamellar bone that entraps the more mature osteoblasts in lacunar spaces, where 

they become osteocytes. At the end of the formation phase, bone has been replaced, but its total 

amount has not changed. Only in pathological conditions, the activities of osteoclasts and 

osteoblasts are unbalanced, resulting in an insufficient deposition compared to resorption, as 

observed in osteoporosis 
17

. 

The mechanisms inducing the termination of the formation phase remain unclear. Very likely, the 

major signal is released by osteocytes embedded in the mineralized matrix. This is sclerostin 

(SOST), an LRP5 ligand that prevents the activation of the Wnt signal, thus blocking an important 

osteoblast inducer 
18

.  

Thus, the immature bone matrix, uncalcified osteoid, consists of many organic substances, 

including proteoglycans, non-collagenous matrix proteins, phospholipids, ALP. Those substances 

can interact with calcium or phosphate, both of which are components of hydroxyapatite (HA). 

Mineralization is initiated in bone in association with extracellular matrix vesicles (MVs). MVs are 

approximately 30 to 100 nM in diameter, extracellular, membrane-invested particles that are 

generated by polarized budding and release from the surfaces of osteoblasts. Only a specific region 

of the outer cell membrane gives rise to MVs
19

. Within the MVs, crystallized HA appears and 

grows, showing the primary calcification. HA crystals subsequently multiply, forming calcified 

nodules that expand, fuse, and then calcify expansive matrix
20

. 

Once the calcification cascade is begun, matrix vesicles are no longer needed to support 

mineralization and are consumed by the advancing mineralization front in which performed crystals 

serve as nuclei for the formation of new crystals. The rate of crystal proliferation is promoted by the 

availability of Ca
2+

, PO4
3-

, and the presence of collagen, and retarded by naturally occurring 

inhibitors of mineralization such as proteoglycans and several non-collagenous calcium-binding 
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proteins of bone including bone-Gla protein (osteocalcin), phosphoproteins, osteonectin, and alpha-

2HS-glycoproteins
21

. 

2.1.2 Molecular mechanisms of osteoclast differentiation and bone resorption 

Bone resorption is a multistep process initiated by the proliferation of immature osteoclasts 

precursors, followed by the commitment of these cells to the osteoclasts phenotype and, finally, the 

degradation of the organic and inorganic phases of bone by the mature resorptive cells
22

. 

The differentiation of osteoclasts from a promyeloid precursor is dependent on a tumor necrosis 

factor (TNF) family cytokine, a receptor activator of nuclear factor-κB ligand (RANKL), as well as 

macrophage colony stimulating factor (M-CSF). 

M-CSF is a cytokine provided from the microenvironments and it was revealed to be essential 

because it induces the proliferation of osteoclast precursor cells, supports their survival and 

upregulates the RANK expression
23

.  

In response to M-CSF, hematopoietic stem cells undergo differentiation into macrophage colony-

forming units (CFU-M, the common precursor cells of macrophages and osteoclasts) and the step 

from CFU-M to multinucleated osteoclasts is characterized by cell-cell fusion, mainly induced by 

RANKL and other molecules. Actually, RANKL-RANK signaling directly controls the 

differentiation process. 

RANK is a transmembrane protein and its intracellular domain lacks intrinsic enzymatic activity. In 

the maturation stage (activation), osteoclasts acquire bone resorbing activity. The signal 

transduction pathways activated by RANK incorporate the tumor necrosis receptor-associated 

factor (TRAF) family of cytoplasmic adaptor proteins
24

. It was demonstrated that RANK interacts 

both in vitro and in vivo in cells with different TRAFs (particularly with TRAFs 1, 2, 3, 5 and 6). 

Site-directed mutagenesis demonstrated that multiple TRAF binding sites (clustered in two distinct 

domains in the RANK cytoplasmic tail) exhibited selective binding for different TRAF proteins. In 

particular, TRAF6 interacts with membrane-proximal determinants distinct from those binding 

TRAFs 1, 2, 3, and 5
25

. It was reported that targeted disruption of TRAF6 leads to osteopetrosis, 

which is characterized by increased bone mass owing to reduced bone resorption, with defects in 

bone remodeling and tooth eruption due to impaired osteoclast function
26

. This highlights a crucial 

role of TRAF6 as the major adaptor molecule linking RANK to osteoclastogenesis, while the 

contributions of TRAF2, TRAF3 and TRAF5 seem to be relatively limited.  

Among the molecules immediately activated by TRAF6, genetic evidence supports the essential 

role of NF-κB in osteoclastogenesis. NF-κB is a family of dimeric transcription factors that 

recognize a common DNA sequence called the κB site and positively regulate the expression of 

many genes involved in inflammatory and other responses. 
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NF-κB proteins reside in the cytoplasm of non-stimulated cells but rapidly enter the nucleus upon 

cell stimulation with a variety of agonists, including RANKL. Thus RANKL and some pro-

inflammatory cytokines, including TNF, activate NF-κB and downstream signaling, including c-Fos 

(a proto-oncogene) and the so called nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1), 

to positively regulate osteoclast formation and functions. 

NFATc1 has been called the master regulator of osteoclastogenesis and its major role may be (at the 

early stage) to down-regulate expressions of constitutively active repressors of RANK signaling, 

rather than induce expression of osteoclastogenic genes.  

In order to activate NFATc1, NF-κB is recruited to the NFATc1 promoter immediately after 

RANKL stimulation. Another molecule that is recruited to the NFATc1 promoter is NFATc2 

(nuclear factor of activated T-cells, cytoplasmic 2), a member of the NFAT family of transcription 

factors. NFATc2 preexists before RANKL stimulation and is recruited to the NFATc1 promoter at 

the same time as NF-κB. NFATc2 and NF-κB cooperatively activate the NFATc1 promoter within 

minutes of RANKL stimulation
27

. 

RANK signaling also activates the transcription factor complex activating protein 1 (AP-1), which 

collectively describes a group of structurally and functionally related members of the Jun protein 

family (c-Jun, JunB and JunD), Fos protein family (c-Fos, FosB, Fra-1 and Fra-2) and ATF protein 

family (ATFa, ATF2, ATF3, ATF4, B-ATF). Every cell type has a complex mixture of AP-1 

dimers with subtly different functions
28

. It was reported that c-Fos is a central regulatory component 

of AP-1, since Fos-deficient animals lack osteoclasts and develop osteopetrosis
29

.  

An AP-1 complex containing c-Fos may cooperate with NFATc1 to enable a robust induction of 

NFATc1. The so called auto-amplification phase occurs only in the case of NFATc1, depends on 

the calcium signal and requires the recruitment of transcriptional coactivators with histone acetylase 

activity, such as CREB-binding protein (CBP) and p300/CBP-associated factor (PCAF), to the 

NFATc1 promoter. The rate of histone acetylation in the NFATc1 promoter increased gradually 

after RANKL stimulation and that the high acetylation status was sustained, but this was not 

observed in the NFATc2 promoter. Methylation of histone H3 lysine 4, which is characteristic of 

the transcriptionally active locus, is upregulated exclusively in the NFATc1 promoter
27

. 

NFATc1 expression levels increase again at late stage, and require c-Fos expression induced by NF-

κB, to induce expression of genes involved in osteoclasts resorptive functions such as TRAP 

(tartrate-resistant acid phosphatase; a marker enzyme of osteoclasts), DC-STAMP (dendritic cell-

specific transmembrane protein; a putative seven-transmembrane spanning protein, essential for the 

cell–cell fusion of osteoclasts) and cathepsin K. Calcitonin receptor, β3 integrin genes and the 

osteoclast-specific immunoreceptor osteoclast associated receptor (OSCAR) are also regulated by 
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NFATc1
23,30

. Figure 1.4 shows a scheme that recapitulates the event in osteoclastogenesis induced 

by RANKL-RANK interaction. 

Moreover, it has been shown that NFATc1 cooperates with PU.1 (a transcriptional activator) and 

microphthalmia-associated transcription factor (MITF) on the cathepsin K and the OSCAR 

promoters. Thus, both PU.1 and MITF, which are thought to be important for the survival of 

osteoclast precursor cells, also participate in osteoclast-specific gene induction at the terminal stage 

of differentiation
31

. 

As previously said, the auto-amplification of NFATc1 is stimulated by calcium signaling. This is 

mediated by immunoreceptor tyrosine-based activation motif (ITAM), which is necessary for the 

transduction of the calcium signal in immune cells (Fig. 1.5). The activation of ITAM occurs in 

adaptor molecules such as DNAX-activating protein 12 (DAP12) and Fc receptor common γ subunit 

(FcRγ)
32

 in association with costimulatory receptors of the immunoglobulin superfamily, including 

triggering receptor expressed in myeloid cells-2 (TREM-2), signal-regulatory protein β1 (SIRP 

β1), paired immunoglobulin-like receptor-A (PIR-A), and OSCAR 

Fig. 1.4 A schematic diagram of the three stages of osteoclast differentiation 

governed by NFATc123. 

Fig. 1.5 Cooperation of RANKL and immunoreceptor 

tyrosine-based activation motif (ITAM) signals in 

osteoclastogenesis23 
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Phosphorylation of ITAM, stimulated by immunoreceptors and RANKL–RANK interaction, results 

in the recruitment of Syk family kinases, leading to the activation of phospholipase Cγ (PLCγ) and 

calcium mobilization, which is critical for NFATc1 induction. 

Thus, ITAM-mediated calcium signaling, activated through PLCγ is indispensable to 

osteoclastogenesis
31

 but osteoclastogenesis cannot be induced by costimulatory signals alone and 

requires RANKL stimulation. 

On the other hand, the production of osteoclasts can be reduced by osteoprotegerin (OPG), a 

soluble decoy receptor for RANKL (also known as OPGL) that strongly inhibits osteoclasts 

differentiation and function induced by RANKL both in vitro and in vivo. This inhibitory effect is 

due to the fact that it can prevent the binding of RANKL to its receptor 
5
. 

It is the balance between the expression of the stimulator of osteoclastogenesis, RANKL, and of the 

inhibitor, OPG, that dictates the quantity of resorbed bone. 

Both mononuclear and multinuclear osteoclasts can resorb bone, but larger cells seem to be more 

effective, although there is no direct relationship between the resorption capacity and the number of 

nuclei. The sequence of cellular events needed for bone resorption is called the resorption cycle; 

this term covers neither the differentiation pathway nor the cellular activities needed to form the 

multinuclear mature osteoclasts. 

Resorption requires different cellular activities that include migration of the osteoclast to the 

resorption site; attachment of the osteoclast to the bone, polarization and formation of new 

membrane domains; dissolution of hydroxyapatite; degradation of organic matrix; removal of 

degradation products from the resorption lacuna; apoptosis of the osteoclasts or return to the non-

resorbing stage. 

After proliferating in bone marrow, precursors are guided to bone surfaces, near to those sites that 

are going to be resorbed. There, even if it is not known exactly how resorption sites are determined, 

it is known that the first sign is the retraction of bone-lining cells. This retraction uncovers osteoid 

and after its removal by osteoblasts the osteoclasts can attach to the mineralized surface
33

. A 

specific membrane domain, the sealing zone, forms under the osteoclasts, attaches tightly to the 

bone matrix and seals the resorption site from its surroundings. The molecular interactions at the 

sealing zone are still unclear but it is known that integrins play an important role in early phases. At 

least four different integrins are expressed in osteoclasts: αvβ3, αvβ5, α2β1 and αvβ1
34

. 

Current data suggest that resorbing osteoclasts contain not only the sealing zone but also at least 

three other specialized membrane domains: a ruffled border, a functional secretory domain and a 

basolateral membrane. The ruffled border is a resorbing organelle, and it forms an isolated 
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resorptive microenvironment between the osteoclast and the underlying bone matrix 
5
. This offers a 

good diffusion barrier between the resorption lacuna and extracellular fluid.  

After formation of the ruffled membrane, the osteoclast acidifies an extracellular microenvironment 

by means of an electrogenic proton pump
35

. The low pH is essential for bone mineral dissolution 

and the optimized activities of bone degradation enzymes. Intracellular pH is maintained by HCO3
–

/Cl
–
 exchange at the cell’s antiresorptive surface. Cl

–
 ions pass through a ruffled membrane-residing 

anion channel into the resorptive microenvironment, which achieves a pH approximating 4.5. After 

solubilization of the mineral phase, several proteolytic enzymes degrade and remove the organic 

bone matrix, although the detailed sequence of events at the resorption lacuna is still obscure. 

The role of two major classes of proteolytic enzymes (lysosomal cysteine proteinases and matrix 

metalloproteinases) has been studied most extensively. The high levels both of expression of MMP-

9 (gelatinase B) and cathepsin K and of their secretion into the resorption lacuna suggest that these 

enzymes play a central role in the resorption process
33

. 

The degradation products are removed from the resorption lacuna through a transcytosis vesicular 

pathway from the ruffled border to the functional secretory domain, where they are liberated into 

the extracellular space.  

Some studies have suggested that TRAP-facilitated fragmentation of endocytosed material takes 

place in a specific cellular compartment, since TRAP was found in the transcytosis vesicles of 

resorbing osteoclasts, and that it can generate highly destructive reactive oxygen species able to 

destroy collagen and other proteins. These results suggest that bone matrix degradation occurs not 

only extracellularly in the resorption lacunae but also intracellularly in the transcytosis vesicles
36

. 

After the degradation of a “packet” of bone, thus forming a resorption lacuna, osteoclasts depart and 

are replaced by osteoblasts that, in young individuals, completely restore the previously resorbed 

bone. The functional cycle of the osteoclast consists of episodes of matrix adherence followed by 

detachment and movement to a new site of bone degradation. Although the events initiating bone 

resorption are reasonably well understood, less is known about the signals that arrest the process
22

. 

2.1.3 The bone remodeling process 

During bone remodeling, mature bone tissue is removed from the skeleton, the so called bone 

resorption, and new bone tissue is formed by the ossification process. These processes also control 

the reshaping or replacement of bone following injuries like fractures but also micro-damage, which 

occurs during normal activity. Remodeling responds also to functional demands of the mechanical 

loading. 

Bone homeostasis involves multiple but coordinated cellular and molecular events 
37

. The structure 

of bones as well as adequate supply of calcium requires close cooperation between osteoblast, 
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osteoclast  and other cell populations present at the bone remodeling sites (ex. immune cells)
38

. 

Bone metabolism relies on complex signaling pathways and control mechanisms to achieve proper 

rates of growth and differentiation. These controls include the action of several hormones, including 

parathyroid hormone (PTH), vitamin D, growth hormone, steroids, and calcitonin, as well as 

several bone marrow-derived membrane and soluble cytokines and growth factors (ex. M-CSF, 

RANKL, vascular endothelial growth factor (VEGF), IL-6 family). 

In response to appropriate signaling, osteoclasts move to resorb surface of the bone, followed by 

deposition of bone by osteoblasts. Together, the cells that are responsible for bone remodeling are 

known as the basic multicellular unit (BMU), and the temporal duration (i.e. lifespan) of the BMU 

is referred to as the bone remodeling period. 

An active BMU consists of a leading front of bone-resorbing osteoclasts. Reversal cells, of unclear 

phenotype, follow the osteoclasts, covering the newly exposed bone surface, and prepare it for 

deposition of replacement bone. Osteoblasts occupy the tail portion of the BMU and secrete and 

deposit unmineralized bone matrix known as osteoid and direct its formation and mineralization 

into mature lamellar bone. This unique spatial and temporal arrangement of cells within the BMU is 

critical to bone remodeling, ensuring coordination of the distinct and sequential phases of this 

process: activation, resorption, reversal, formation, and termination, which are discussed below and 

illustrated schematically in Fig. 1.6. 

Activation Phase — The first stage of bone remodeling involves detection of an initiating 

remodeling signal. This signal can take several forms, e.g. direct mechanical strain on the bone that 

results in structural damage or hormone (e.g. estrogen or PTH) action on bone cells in response to 

more systemic changes in homeostasis. 

Resorption Phase — Osteoblasts respond to signals generated by osteocytes or direct endocrine 

activation signals discussed above and recruit osteoclast precursors to the remodeling site. In 

response to PTH-induced bone remodeling, osteoblasts produce the chemokine monocyte 

chemoattractant protein-1 (MCP-1) in vivo, which is a chemoattractant for osteoclast precursors and 

enhances RANKL-induced osteoclastogenesis in vitro
37

. In addition to recruitment of osteoclast 

precursors, osteoblast expression of the master osteoclastogenesis cytokines, CSF-1, RANKL, and 

OPG, is also modulated in response to PTH. OPG expression is reduced, and CSF-1 and RANKL 

production is increased to promote osteoclast formation and subsequent activity. Matrix 

metalloproteinases (MMPs), including MMP-13, are also secreted from osteoblasts in response to 

mechanical and endocrine remodeling signals. MMPs degrade the unmineralized osteoid that lines 

the bone surface and expose RGD adhesion sites within mineralized bone that are necessary to 

facilitate osteoclast attachment. 
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Reversal Phase — Following osteoclast-mediated resorption, the Howship lacunae remain covered 

with undigested demineralized collagen matrix. A mononuclear cell of undetermined lineage 

removes these collagen remnants and prepares the bone surface for subsequent osteoblast-mediated 

bone formation. Initially, this “reversal” cell was proposed to be a monocytic phagocyte based on 

morphological assessment. More recently it was proposed that these cells are both osteomacs (osteal 

macrophage) and mesenchymal bone-lining cells that work together to facilitate events during the 

reversal phase. The final role of the reversal cells may be to receive or produce coupling signals that 

allow transition from bone resorption to bone formation within the BMU. 

Formation Phase — The nature of the coupling signal that coordinates this transition and directs 

bone formation precisely to sites of bone resorption remains controversial. Initially, it was proposed 

that the coupling molecule(s) were stored in the bone matrix and liberated during bone resorption. 

Insulin-like growth factors I and II and TGF-β are all such factors, and regulation of active TGF-β 

appears to be a key signal for recruitment of mesenchymal stem cells to sites of bone resorption. 

However, in mice and humans that have functionally defective osteoclasts, unable to resorb bone, 

osteoblast bone formation is preserved even in the absence of released matrix-bound growth factors. 

These observations have led to the hypothesis that osteoclasts produce the coupling factor(s). 

Several candidate coupling mechanisms have been proposed, including the soluble molecule 

sphingosine 1-phosphate, secreted by osteoclasts, that induces osteoblast precursor recruitment and 

promotes mature osteoblast survival. Mechanical stimulation and the endocrine signal PTH can 

exert bone formation signals via osteocytes. Under resting conditions, osteocytes express sclerostin, 

that binds to LRP5/6 and directly prevents Wnt signaling. Once mesenchymal stem cells or early 

osteoblast progenitors have returned to the resorption lacunae, they differentiate and secrete 

molecules that ultimately form replacement bone. Collagen type I is the primary organic component 

of bone. Non-collagenous proteins, including proteoglycans, glycosylated proteins such as tissue 

non-specific alkaline phosphatase, small Integrin-Binding ligand, N-linked Glycoprotein 

(SIBLING), Gla-containing proteins (matrix Gla protein and osteocalcin), and lipids compose the 

remaining organic material. For bone to assume its final form, HA is incorporated into this newly 

deposited osteoid. 

Termination Phase — When an equal quantity of resorbed bone has been replaced, the remodeling 

cycle concludes. The termination signal(s) that inform the remodeling machinery to cease work are 

largely unknown, although a role for osteocytes is emerging. The loss of sclerostin expression, 

which occurred to initiate osteoblastic bone formation, likely returns toward the end of the 

remodeling cycle. Following mineralization, mature osteoblasts undergo apoptosis, revert back to a 

bone-lining phenotype or become embedded in the mineralized matrix, and differentiate into 
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osteocytes. The resting bone surface environment is reestablished and maintained until the next 

wave of remodeling is initiated
37

.  

An imbalance in the regulation of bone remodeling's two sub-processes, bone resorption and bone 

formation, results in many metabolic bone diseases, such as osteoporosis. 

 

2.1.4 Calcium homeostasis 

PTH and Vitamin D are two major regulators of mineral metabolism. They play critical roles in the 

maintenance of calcium and phosphate homeostasis as well as the development and maintenance of 

bone health. PTH and Vitamin D form a tightly controlled feedback cycle, PTH being a major 

stimulator of vitamin D synthesis in the kidney while vitamin D exerts negative feedback on PTH 

secretion. The major function of PTH and major physiologic regulator is circulating ionized 

calcium. The effects of PTH on gut, kidney, and bone serve to maintain serum calcium within a 

tight range. In contrast, vitamin D has a stimulatory effect on calcium homeostasis, playing a key 

role in providing adequate mineral for normal bone formation. Both hormones act in concert with 

the more recently discovered fibroblast growth factor 23 (FGF23) and klotho, hormones involved 

predominantly in phosphate metabolism, which also participate in this closely knit feedback 

circuit
39

. 

The plasma ionized calcium concentration is regulated to within very narrow limits (1.3–1.5 

mmol/L), despite being the central hub through which calcium is moved from one body 

compartment to the other. This is achieved by both the parafollicular cells of the thyroid gland, and 

Fig. 1.6 Schematic representation of a BMU and the associated bone-remodeling 

process37 
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the parathyroid glands constantly sensing (i.e. measuring) the concentration of Ca ions in the blood 

flowing through them. When the Ca concentration rises, the parafollicular cells of the thyroid gland 

increase their secretion of calcitonin (a proteinaceous hormone) into the blood. At the same time the 

parathyroid glands reduce their rate of PTH secretion into the blood. The resulting high levels of 

calcitonin in the blood stimulate the skeleton to remove calcium from the blood plasma, and deposit 

it as bone. The reduced level of PTH inhibits removal of calcium from the skeleton. The low level 

of PTH has several other effects: it increases the loss of calcium in the urine, but more importantly 

inhibit the loss of phosphate ions via that route. Phosphate ions will therefore be retained in the 

plasma where they form insoluble salts with calcium ions, thereby removing them from the ionized 

calcium pool in the blood. The low level of PTH also inhibits the formation of calcitriol (1,25 

dihydroxyvitamin D3) from cholecalciferol (vitamin D3) by the kidneys. The reduction in the blood 

calcitriol concentration acts (comparatively slowly) on the epithelial cells (enterocytes) of the 

duodenum inhibiting their ability to absorb calcium from the intestinal contents
40

. The low calcitriol 

level also acts on bone causing the osteoclasts to release less calcium ions into the blood plasma. 

When the plasma ionized calcium level is low or falls, the opposite happens. Calcitonin secretion is 

inhibited and PTH secretion is stimulated, resulting in calcium being removed from bone to rapidly 

correct the plasma calcium level. The high plasma PTH levels inhibit calcium loss via the urine 

while stimulating the excretion of phosphate ions via that route. They also stimulate the kidneys to 

produce calcitriol (a steroid hormone), which enhances the ability of the cells lining the intestine to 

absorb calcium from the intestinal contents into the blood. The PTH stimulated production of 

calcitriol also causes calcium to be released from bone into the blood, by the release of RANKL 

from the osteoblasts. These are, however, a relatively slow processes
40

. 

Thus fast short term regulation of the plasma ionized calcium level primarily involves rapid 

movements of calcium into or out of the skeleton. Longer term regulation is achieved by regulating 

the amount of calcium absorbed from the intestine
40

. 

2.2 Osteoporosis 

Osteoporosis is a systemic skeletal condition, characterized by low bone mass, reduced bone 

strength and microarchitectural loss of the bone tissue
41

 (Fig. 1.7). The alteration of bone's quantity 

and quality affects also the mechanical properties of the tissue, leading to an increased risk of 

fracture, because of the decreased density and increased bone fragility.   



16 
 

The disease exists in two forms. Primary 

osteoporosis consists in loss of bone mass, 

typically associated with sex hormone deficiency 

and ageing. In particular, primary osteoporosis 

can occur in women, during menopause age, 

because oestrogen levels decrease. Secondary 

osteoporosis tends to develop in association with 

chronic diseases, such as hyperthyroidism, 

gastrointestinal and connective tissue illnesses 

and pharmacological therapies. For example, 

osteoporosis represents one of the most common 

side effects of long-term use of glucocorticoids, 

as a result of their ability to suppress the 

osteoblastic activity.  

Other genetic and environmental factors, such as sedentary lifestyle and immobilization, inadequate 

calcium intake and alcohol and tobacco abuse, can increase the risk of osteoporosis
42,43

.  

2.2.1 Osteoporosis and microgravity 

It is well known that microgravity influences different biological systems like bone and muscle as 

well as the heart and brain, and it enhances cancer risk
44

. During their stay at the International 

Space Station (ISS), astronauts and cosmonauts experience a distinct loss of bone mineral density in 

the lumbar spine, the pelvis, and the proximal femur, and the extent of bone loss varied up to 20%
45

. 

In space, the amount of weight that bones must support is reduced to almost zero. At the same time, 

many bones that aid in movement are no longer subjected to the same stresses that they are 

subjected to on Earth. Over time, calcium normally stored in the bones is broken down and released 

into the bloodstream. The high amount of calcium found in astronaut's blood during spaceflight 

(much higher than on Earth) reflects the decrease in bone density, or bone mass. This drop in 

density, known as disuse osteoporosis, leaves bone weak and less able to support the body's weight 

and movement upon return to Earth, putting the astronaut at a higher risk of fracture
44

. This bone 

loss begins within the first few days in space. The most severe loss occurs between the second and 

fifth months in space, although the process continues throughout the entire time spent in 

microgravity. Astronauts regain most of their bone mass in the months following their return from 

space, but not all of it. The phenomenon of bone loss has been attributed to a reduction in bone 

formation and an increase in bone resorption
46,47

. Although abundant studies have reported the 

negative effect of microgravity on bone mass, the underlying mechanisms are still unclear. 

Fig 1.7 Comparison between normal bone and bone 

microarchitecture in osteoporotic patients. (Image from 

free internet access.) 
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2.3 Treating osteoporosis: drug therapies 

The principal therapies for osteoporosis treatment fall in two classes, the inhibitors of bone 

resorption and the stimulators of bone formation. These drugs were developed to solve the 

alteration in coupling activity, in people affected by osteoporosis. Principal actors in coupling are 

osteoclasts and osteoblasts, but their activity is associated with the involvement of other systemic 

molecules and metabolites, such as steroid hormones, parathyroid hormone (PTH), vitamin D, 

calcitonin, macrophage colony-stimulating factor (M-CSF), osteoprotegerin (OPG), SOST and 

receptor activator of nuclear factor k-B ligand (RANKL)
48–50

. Dysregulation of these modulators, 

however, can lead to an imbalance in coupling, at the beginning, and then to the development of 

primary osteoporosis, both in postmenopausal women and elderly men
51

. 

2.3.1 Calcium and vitamin D 

Although calcium and vitamin D supplements administered independently are an insufficient means 

of treating osteoporosis, nutritional deficiencies of these substances can lead to osteoporosis and 

other illnesses, such as hyperparathyroidism and hypocalcaemia. Consequently, they have been 

administered in combination with stand-alone oestrogen, PTH and bisphosphonate therapies. 

Various studies have also demonstrated mild effects on increasing bone mineral density (BMD) and 

reducing fracture risk
52

. Calcium also supplements the use of sodium fluoride, shown to stimulate 

osteoblast proliferation, via Wnt/β-catenin signalling, and to enhance vertebral BMD by 8% for 

every consecutive year of use, in osteoporotic female patients. However, in the USA, decreased 

cortical BMD, increased atypical fractures and gastrointestinal issues have prevented approval of 

sodium fluoride
53,54

. Calcitriol, a metabolite of vitamin D, increases calcium absorption and reduces 

fracture risk in postmenopausal women, if compared to calcium alone, while also temporarily 

increasing BMD
55,56

. Clinical therapies for osteoporosis includes dietary supplementation of 

calcium and vitamin D, in addition to treatment with oestrogen, calcitonin, bisphosphonates, 

SERMs or fluoride
57,58

. 

2.3.2 Anti-resorptive agents 

Oestrogen are a group of steroid hormones that play a key role in physiological bone remodelling. 

Oestrogen binds to α and β receptors on bone cells, promoting the activity of the osteoblast and 

consequently the bone formation. These hormones also regulate calcium homeostasis and are 

involved in the suppression of bone resorption: oestrogen act onto osteoclasts, reducing their 

formation and their resorptive activity, and onto cytokines, that are involved in resorption 

supporting, such as IL-1 and TNF
59

. Oestrogen deficiency is the leading cause of osteoporosis in 

postmenopausal women and elderly men. Decreased levels of these hormones result in a coupling 
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imbalance, with an increasing in osteoclastogenesis process, which leads to a progressive loss of the 

trabecular bone. The effects of the postmenopausal oestrogen therapy are controversial: the 

treatment reduces the development of osteoporotic fractures by approximately 50% and increases 

the BMD. However, oestrogen receptors, that lie in bone marrow and on immune cells, also 

interacts with the hormone and there is evidence that a long-term therapy can lead to an increased 

risk of endometrium hyperplasia, breast cancer, stroke and cardiovascular diseases
52

.  

Selective oestrogen receptor modulators (SERMs) were developed as an alternative to oestrogen. 

These molecules do not have the steroid structure of oestrogen, but their tertiary structure allows 

them to interact with α and β receptors, as agonists or antagonists
59

. Raloxifene is a selective 

oestrogen receptor modulator, that increases the BMD and decreases the risk of vertebral fracture 

by 30%
60

. Furthermore, if compared to oestrogen, raloxifene decreases the risk of breast cancer, but 

cardiovascular risk still remains
61

. 

Bisphosphonates are analogues of the pyrophosphate. These compounds act specifically on the 

bone, because of their high affinity for bone minerals. In particular, their phosphate portion interacts 

with hydroxyapatite crystals and inhibits their growth, aggregation and dissolution. 

Bisphosphonates determine an increasing of BMD and act also on a specific cell type, the 

osteoclast. If these nitrogen-containing compounds are present, osteoclasts activity and morphology 

are altered. In particular, the most evident cellular effects of bisphosphonates are the apoptosis and 

impairment in recruiting of the osteoclasts, resulting in reduced bone resorption. Many studies have 

been shown that bisphosphonates, such as alendronate, risedronate and ibandronate, can decrease 

vertebral and hip fractures by about 50 % and other bone fractures by 20– 25% in osteoporotic 

patients
62

. However, both oral and intravenous bisphosphonates show side effects, such as the 

osteonecrosis of the jawbone, atypical femoral fractures and nephrotoxicity; while gastrointestinal 

adverse effects are limited to oral ones, such as alendronate
63

.  

Denosumab is a human monoclonal IgG2 antibody, which inhibits the receptor activator of nuclear 

factor κ-Β ligand (RANKL). RANKL interacts with the RANK receptor, which is expressed on the 

surface of the osteoclasts, resulting in enhanced osteoclast development and activity
64,65

. OPG, 

which is typically secreted by bone marrow
66

, is the natural competitor of RANKL . RANK has a 

higher binding affinity for RANKL compared to OPG. An imbalance in RANKL/RANK/OPG 

system allows the development of the osteoporosis and other metabolic diseases of the bone 

tissue
66

. Denosumab displays a higher specificity and affinity for RANKL than OPG and RANK, 

encouraging a prolonged antiresorptive effect
67,68

. It promotes a higher BMD at lumbar and hip 

sites, and effects similar to zolendronate, an intravenous bisphosphonate
69

. A 3-year study has 

demonstrated that Denosumab is a lot more effective in reduction of the markers of the bone 



19 
 

turnover than other approved compounds, such as bisphosphonates alendronate, risendronate, 

ibandronate and SERM-raloxifene
70

.  

Calcitonin is a peptide hormone, that reduces loss of cancellous bone, while it is relatively 

ineffective in decreasing cortical bone loss
71

. By binding to calcitonin receptors, osteoclastic 

activity is diminished and analgesic effects are mediated. Daily administration of low calcitonin 

doses resulted in a 1 % increase of spinal BMD, whereas high doses were not effective after months 

of treatment. Actually, salmon calcitonin has been shown to be significantly more efficient than 

human calcitonin
72,73

. Gastrointestinal disorders have been observed. Combinations of hormone 

therapy with alendronate, risedronate and calcitonin have shown additive effects in increasing 

BMD
52

.  

2.3.3 Anabolic drugs 

Current therapies for osteoporosis treatment are focused on maintenance of existing bone mass, 

limiting the osteoclasts' activity. However, this is not the only option, although a single anabolic 

drug was approved. The exclusive osteoanabolic agent used for treating sever osteoporosis is PTH 

in the form of the recombinant human parathyroid hormone rhPTH(1–34), known as Teriparatide
74

. 

In bone, PTH acts directly on cells of osteoblast lineage (mainly osteoblasts and osteocytes) and 

indirectly on osteoclasts because only osteoblasts express PTH type I receptor (PTH1R), a 

transmembrane G-protein coupled receptor. Binding of PTH or rhPTH(1-34) to PTH1R activates 

two well-defined intracellular signal transduction pathways: the protein kinase A (PKA) pathway, 

in which Gαs stimulates production of cAMP and activation of PKA, and the protein kinase C 

(PKC) pathway where Gαq activates phospholipase Cβ with subsequent formation of 

diacylglycerol, PKC activation and formation of 1,4,5-inositol trisphosphate. In osteoblasts, PTH 

regulates most of its target proteins through the PKA pathway. Extensive investigations have been 

performed to understand the cellular mechanisms by which intermittent injection of PTH increases 

osteoblast numbers. It has been concluded that, multiple mechanisms, including activating bone 

lining cells, stimulating osteoblast differentiation from osteoprogenitors, and preventing osteoblast 

and osteocyte apoptosis, contribute to the anabolic action of PTH
75

.  

Results from a phase III trial show that Teriparatide stimulates bone formation, resulting in 

increased bone mass and strength and the impairment from 53 to 65% of the risk of bone 

fractures
76

. 

Figure 1.8 shows a scheme that recapitulates the anti-resorptive and anabolic drugs and their 

mechanisms of action. 
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2.3.4 New target in osteoporosis pharmacological treatment 

Osteocytes synthesize sclerostin in late stages of their differentiation, after the start of bone matrix 

mineralization
77

. Sclerostin is then transported to the bone surface, where it inhibits the activity of 

osteoblasts and stimulates their apoptosis
78,79

. Sclerostin has also an autocrine function and 

upregulates RANKL synthesis in osteocytes, thereby stimulating osteoclastogenesis
80

. 

Sclerostin decreases bone formation as it acts as an antagonist of the canonical Wnt-signalling 

pathway in osteoblasts, thus inhibiting their proliferation, differentiation and viability
81,82

. In the last 

decade, inhibitors of sclerostin were developed
83

: AMG 785, known as Romosozumab, and  

blosozumab are humanized monoclonal antibody are currently in clinical development for 

osteoporosis treatment. 

Actually, monoclonal antibodies and other small molecules to inhibit Dkk1 have been investigated 

as potential treatments of osteoporosis and other bone diseases. Dkk1 is produced by osteocytes, but 

also by other cells in the body. The relative lack of bone specificity and the reported absence of 

Dkk1 expression in bones of aged animals, seem to limit Dkk1 inhibitors use in osteoporosis 

treatment. However, inhibitors of Dkk-1 have been shown to avoid bone loss in a model of 

Fig 1.8. Controlled release of different anti-resorptive and anabolic drugs and their mechanisms of 

action on specific cell types in bone for treatment of osteoporosis88 
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rheumatoid arthritis
84

. In a myeloma model, the inhibition of Dkk-1 prevented the formation of 

osteolytic lesions and increased bone formation rate
85,86

.  

Cathepsin K is a major digestive enzyme that acts in bone resorption, breaking down type I collagen 

secreted by activated osteoclasts. On the basis of this concept, the use of cathepsin K inhibitors has 

emerged as a novel therapeutic approach. Odanacatib is currently the most advanced inhibitor of 

cathepsin K under clinical investigation. Unlike bisphosphonates and other available anti-resorptive 

agents, Odanacatib does not decrease osteoclast survival, or limit bone formation, and appears to 

uncouple bone resorption from bone formation. In completed clinical trials in postmenopausal 

women, the bone formation is maintained and paired with a moderately decreased bone resorption, 

resulting in an anabolic effect
87–89

. 

2.3.5 Nanotechnologies and bone repair in osteoporotic patients 

As previously described, high doses of the drugs approved for osteoporosis treatment encourage the 

risk of occurrence of unpleasant side effects, such as uncontrolled bone formation and 

tumorigenesis
90,91

. However, also for the future, alternative approaches are available, thanks to the 

development of the nanotechnologies. 

Many nanomaterials are now utilized in the field of orthopaedics and many others are also under 

investigation. The main purpose is the prevention and treatment of the osteoporosis, through the 

stimulation of bone repair and regeneration.  

Actually, there are many possibilities in this field, concerning the selection of the materials and the 

techniques that can be used to synthesize the nanomaterials, in scaffold or powder form. Combining 

different disciplines, such as materials science, nanotechnology and biochemistry, nano-based 

therapeutics have been developed, especially for a localized delivery in osteoporosis treatments. 

The biomaterial designed to for bone regeneration must have basic features. The biomaterial has to 

be biocompatible, hydrophilic, biofunctional and non-toxic. The scaffold biodegradability shall be 

required to allow the correct regeneration of the tissue and its chemical and physical features should 

reflect the organic/inorganic characteristics of the native bone tissue. Moreover, an adequate porous 

3D, possibly organized, structure, with a pore size between 200–300 µm, is necessary to encourage 

cellular adhesion and to guide the infiltration and proliferation of the new forming tissue 

(osteoconductivity)
92

. The biomaterial has also to possess the ability to recruit progenitor cells and 

differentiate into desired lineages (osteoinductivity) and two other important properties: 

osteogenicity and osteointegrity
93

.  

Several materials satisfy most of the requirements seen above. 

The most common platform biomaterials are collagen
94

, which constitutes the organic phase of bone 

ECM, and ceramic
95

. Among the natural and synthetic polymers, widely used as scaffolding 
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materials, there are poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and PLGA, that are chosen 

especially for their design flexibility, the surface modifiability and the functional group 

availability
96–98

.  

However, among these, it seems that an ideal scaffold for bone repair has not been fabricated from 

pure bioactive ceramics or bioactive polymers. In fact, ceramic is brittle and fragile, while bioactive 

polymers and collagen fibers have poor mechanical strength, if compared to the ones requested for 

normal bone function. 

Composites, such as nanofibers, nanoparticles (NPs) and nanopores, combine polymers and 

scaffolding biomaterial. Composites are promising for bone regeneration, because they merge the 

advantageous properties of different materials, in the nanoscale.   

In particular, NPs have been extensively investigated and have shown promise as carriers to deliver 

drugs
99

, with an increased biostability and bioavailability, proteins and other biomolecules active in 

the osteogenic pathway.  

The most illustrative example of NPs is Nano-Hydroxyapatites (nHAps). Hydroxyapatite 

(Ca10(PO4)6(OH)2; HAp) is the principal inorganic component of the bone, thus nHAps have been 

used widely in medical field as an orthopaedic and dental material for bone repair
100

. They are 

bioactive and biocompatible and possess osteoconductive, non-toxic, non-inflammatory and non-

immunogenic properties
101

. Furthermore, NPs of HAp, are also able to interact with osteoblasts and 

progenitor cells, improving their adhesion, proliferation and differentiation. The inclusion of nHAps 

into the biopolymer matrices improves the mechanical properties of the platform and incorporates 

the features that mimic the nanostructure of natural bone.  

Many types of nanomaterials with proved osteogenic properties have been synthesized, such as 

silver carbon nanotubes, carbon fibers, alumina, cellulose nanocrystals, polyanilines, graphene 

oxides, nano-diamonds and mesoporous silica-based NPs, and various studies have been published. 

most trace metals are hypothesized to induce angiogenesis, a process interlinked with 

osteogenesis
102

. 

In addition, NPs can be chemically modified to improve and prolong their therapeutic effect; they 

also possess anti-microbial properties and enhance mechanical properties of the tissue-engineered 

scaffolds.   

The apatite structure is very tolerant to ionic substitutions. It seems that the incorporation of specific 

inorganic additives makes the HAp more biocompatible, more similar to native bone matrix, and so 

an excellent candidate for the future clinical applications
103

. For that purpose, several ions with 

different properties have been considered to be promising agents. For example, fluoride is an 
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essential element present in teeth and bones
104

 and stimulates the proliferation and differentiation of 

the osteoblasts in vitro
105,106

.  

Zinc is an important element, involved in tissue regeneration
107

, especially in proteins and DNA 

synthesis and cell proliferation
108,109

. In various works, it was reported that zinc, in Zn-HA coatings 

form, supports osteoblast growth, proliferation and differentiation in vitro, and is able to induce an 

antibacterial effect
109,110

.  

The most-know antibacterial agent is silver: in particular, this effect has been reported for Ag-HA 

coatings
111–113

, against both Gram-positive and Gram-negative bacteria
114

.  

In addition to silver NPs, graphene oxide
115

 and selenium NPs have been demonstrated to be 

excellent candidates for anti-microbial applications
116,117

. They seems also promising in 

osteosarcoma treatment
118

. 

One of the most promising elements in Hap-NPs research is strontium (Sr). Sr has a dual effect. It 

promotes bone cell growth and reduces bone resorption, so it can combat osteoporosis acting on two 

opposite pathways
119–122

. Moreover, it upregulates ALP activity, OCN, type I collagen and 

downregulates osteoclast proliferation. Strontium-Hydroxyapatite (Sr-HAp) reveal favourable cell 

attachment, spreading and growth
103

. It has been established that Sr addition leads to a decrease in 

the crystallinity of HAp
123

. Although promising, further studies concerning nanomaterials for 

osteoporosis treatment are needed. Looking further ahead, combinatorial nanoengineered 

approaches must be explored, in order to realize the ideal system, which provides robust mechanical 

stability and utilises delivery for accelerate bone regeneration. In this sense, through a combined 

approach, Liu et al. synthesized a bioactive scaffold of gelatin, fibrin and nHAps, able of a 

controlled release of BMP-2, necessary for repairing segmental bone fractures
124

. 

2.4 The effect of strontium on bone regeneration 

Sr is a trace metal in the human body. It is present in nature as a mixture of four stable isotopes: 
88

Sr 

(82.56%), 
87

Sr (7.02%), 
86

Sr (9.86%) and 
84

Sr (0.56%). As other alkaline earth elements, such as 

calcium (Ca) and magnesium (Mg), Sr forms divalent cations in biological fluids, where it can bind 

serum and plasma proteins in the same order of magnitude as that of Ca
125

.  

More than 99% of total amount of Sr in the body is localized in bone, where it represents only 3.5% 

of its Ca molar content
125

. Existing some common transport paths, Sr and Ca behave similarly for 

intestinal absorption, renal tubular re-absorption and accumulation in the bone. Experiments with 

radio-strontium have proved that this element is removed immediately from the blood flow and then 

it passes the Haversian capillaries walls by diffusion to reach the bone extracellular fluid.  
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Finally, Sr deposit in the bone being absorbed on the bone apatite surface or substitute the Ca 

position in bone crystal
126

. Both Sr and Ca also possess strong bone-seeking properties: that’s the 

reason why Sr can be substituted in the calcium positions of apatite, exerting a beneficial effect on 

the bone.  

Long-term studies have established that, after incorporation into bone, the two elements behave 

almost identically
125

, although Sr has a larger atomic radius. In the last years, numerous studies 

focused their attention on Sr potential role in the cure of osteoporosis
127

. In vitro and in vivo studies, 

have established that Sr (administered as Sr chloride, ranelate and lactate) increases bone formation 

and reduces bone resorption, leading to a gain in bone mass and to and improvement of bone 

mechanical properties in normal animals and humans
121,128

. 

2.4.1 Strontium Ranelate  

Strontium ranelate (SrR) is a divalent strontium salt of organic ranelic acid
119

. In contrast to other 

treatments, SrR has a dual mode of action
128–132

. Both in vitro and in vivo, this compound is 

considered an uncoupling agent: for example, it was demonstrated that in normal rats, SrR increased 

bone formation and reduced bone resorption, resulting in increased vertebral bone mass, while 

preserving bone mineralization
133

. 

SrR was shown to act by decreasing bone resorption in vitro
128

 and the resorbing activity of the 

osteoclasts
129,132

, by disrupting the cytoskeleton
134

, resulting in a decreasing of osteoclasts marker 

expression
129

. In vitro, it was demonstrated that it also increases the replication of the 

osteoprogenitor cells and the synthesis of collagen, stimulating the bone formation process
131

. This 

treatment is associated with the increment of the number of bone-forming sites, which follows the 

growth of the mechanical resistance and strength of the bone tissue that are significantly correlated 

with the increase in BMD. Furthermore, this agent enhance the replication of pre-osteoblastic cells 

and increase many osteoblast markers, such as ALP of MSCs, type-1 collagen and bone 

sialoprotein, without affecting bone mineralization
130

. All these effects were also found in 

ovariectomized Sprague-Dawley and Wistar rats
121,135

. 

The molecular mechanisms of action of SrR affects bone cells are not yet fully known. It may 

reduce osteoclastogenesis and increases osteoblastogenesis through different mechanisms. First, it 

was found that this compound affects the expression of OPG and RANKL, in osteoblastic cells. 

Another possible mode of action of SrR may involve the calcium-sensing receptor (CaSR). CaSR is 

a member of the G-protein coupled receptor (GPCR) family and it is expressed in osteoclasts, 

osteoblasts and osteocytes
136,137

. With lower affinity than calcium, Sr could act as a full agonist of 

the bone CaSR, which may be functionally differ from other CaSRs
136,138,139

. In the osteoclast, SrR 

acts via CaSR increasing osteoclast apoptosis
140

; whereas, in osteoblasts, it activates the mitogen-
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activated protein kinase (MAPK) signaling, mediating in part the increased cell replication
141,142

 

(Fig. 1.9). Low doses of this drug were found to increase OPG expression and production and to 

decrease RANKL expression by osteoblasts in vitro
143,144

 and this effect is mediated by the CaSR. 

However, SrR acts also on other osteoblasts receptors, such as GPRC6A, a cation-sensing receptor, 

whose role is now under investigation. 

Recent studies have established the involvement of the calcineurin/NFATc pathway, in response to 

SrR administration. In osteoblasts, SrR activates Cn/NFATc1 signaling, increasing their replicative 

activity and inducing the expression of Wnt and the activation of canonical and non-canonical Wnt 

signaling pathways involved in SrR-induced osteoblastogenesis
141

 (Fig. 1.10). 

Actually, SrR is a new orally active drug, administered for the amelioration of postmenopausal 

osteoporosis, in order to increase BMD and reduce bone fracture risk, as it was demonstrated 

through numerous clinical trials. It was proved that it reduces the risk of hip fractures and vertebral 

compression fractures
145

, especially in postmenopausal women with osteoporosis
120,145

. It also 

reduces the risk of degenerative bone diseases, regulates the apoptosis of the osteoclasts and 

improves the metabolism in bone and cartilage tissue
146

. 

Recent data have raised significant safety concerns, particularly the risk of myocardial infarction.  

Combined results of studies on the safety of the medication led the European Medicines Agency 

(EMA) to add contraindications for those with a history of cardiovascular disease, venous 

thromboembolism (VTE) and currently uncontrolled hypertension. Safety results showed an 

increased risk of myocardial infarction (MI) and VTE for individuals with a previous history of 

those conditions but no increased risk for patients without a prior history. It was found that this 

strontium-containing compound increases the risk of MI in postmenopausal women
147

. 

Figure 1.9 A schematic showing the dual mechanism of action of strontium 

(Sr): the stimulatory role on bone-forming osteoblast cells and the inhibitory 

role on bone resorbing osteoclast cells134. 
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2.4.2 Strontium Chloride 

he protective properties of strontium salts on bone were first suggested in 1959, when strontium 

lactate was reported to decrease bone pain and to increase bone density in a cohort of osteoporotic 

patients
148

. Further observations found that dietary supplementation with strontium chloride (SrCl2) 

tend to increase osteoid surface and to reduce osteoclast numbers in mice
149

, establishing that Sr can 

act as a direct ‘uncoupler’ of bone turnover
134

.  

 However, recent studies showed that SrCl2 exerts a contained effect on molar basis mineralization, 

if compared to SrR. This discrepancy may be due to the differing stoichiometry of these two Sr 

compounds. In fact, SrR chelates two strontium ions per molecule, whereas the SrCl2 salt has only 

one single strontium ion. However, it is possible that the ranelate component of SrR may also have 

an independent Ca ion chelating action, that could affect mineralization
150

. 

Other comparative studies have shown a differential rate in Sr uptaking in bone, after administration 

of the two different forms of Sr. At low and high Sr doses, ions uptake in the new bone matrix is 

higher after treatment with SrR, suggesting that this compound promotes greater uptake to bone, if 

compared with SrCl2. 

 

2.4.3 Strontium-containing Hydroxyapatite 

Ceramic drug carriers, in particular hydroxyapatite NPs, are attractive for their ability to provide 

osteoconductive, space-filling function to the application site, in conjunction with controlled release 

capability
151

. Ceramic particles are capable of carrying a wide variety of agents for release. 

Fig 1.10 A schematic showing how Sr activates osteoblastogenesis: Sr induces 

increased production of (NFATc)/Wnt signaling, prostaglandin E2 (PGE2), 

activation of fibroblast growth factor receptor (FGFR) in osteoblastic cells and 

reduction of SOST express134. 



27 
 

Sr has demonstrated a remarkable versatility, after the advent of the SrR for the treatment of 

osteoporosis, thus the study of synthetic hydroxyapatites containing Sr may contribute significantly 

to better understand the effects of Sr in bone mineral.  

Sr-HAp produces an increased interest in osteoporotic bone treatment and replacement. Several in 

vitro and in vivo studies conducted on Sr-HAps have revealed that they encourage osteoblast 

proliferation and downregulate osteoclast formation, increasing the ALP activity
152–154

. 

Actually, through different analytical methods, many researchers are evaluating the alterations in 

HAp crystals properties after Sr incorporation and the effects of these substituted apatites at 

different concentrations. 

Li and colleagues reported a decrease in crystallinity and crystal size in several synthetic HAp with 

15% Sr relative to Ca
155

. This result was confirmed through X-ray diffraction (XRD), Selected area 

electron diffraction (SAED), and Transmission Electron Microscopy (TEM) analysis, revealing that 

the average length of the crystals decreased from 23.3 nm in control to 12.5 in HAp with 15% Sr. 

This finding was supported by other works. For instance, Aina and collaborators observed a 

decreased crystallinity and crystal size in HAp with 24% and 67% Sr relative to Ca, using the XRD 

and Raman Spectroscopy
123

. Although other studies confirmed this result, through XRD and TEM 

assays, it was also found that crystal size gradually tend to increase with higher Sr contents, 

reaching values greater than those of control in HAp with 100% Sr
156,157

. 

Among others, also the shape and the aggregation level of the HAp crystals is affected by different 

Sr incorporation. For instance, in the same work of 2007, Li and coworkers proved that the crystals 

of HAp with 15% Sr were not only smaller, if compared to the control, but also tended to aggregate 

more, appearing in TEM images as if they were melting to one another
155

.  

Similar results were found by Bigi and collaborators, who described the crystals of HAp with up to 

50% Sr, as having perturbed shapes and ill-defined edges. Moreover, they noticed not only the 

decrease in crystal size, but also a linear variation in the lattice constants
156

. It is possible that this 

difference could result in the formation of crystals with a smaller aspect ratio (length/width) than in 

control. In fact, Li and coworkers found a decrease in the aspect ratio of crystals of HAp with the 

low amount of 1.5% Sr. Unfortunately, they could not estimate the aspect ratio of HAp with 15% 

Sr, because the crystals were too aggregated; however, they suggested that such decrease might be 

related to a greater effect of inhibitory effect of the Sr on the growth of the crystals along the c-axis 

direction
155

.  

The Sr-HAp has also been found to be highly soluble. An increase in solubility was described for 

the first time in 1997 by Christoffersen and colleagues, who found that HAp with 10% Sr had a 

higher solubility than the control
158

. This data was supported by further studies: for example, an 
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increase in solubility was also seen in HAp with 16.6% and 65% Sr, which presented a significantly 

higher release of phosphorus than the control, in bicarbonate solution
159

. 

Several other changes were described in the structure 

and composition of the crystal reticle of synthetic Sr-

HAp with Sr. Terra and coworkers analyzed in details 

the effects on Sr in the atomic structure of 

nanocrystalline Hap, using different assays. They 

found that Sr can be incorporated into both Ca sites of 

HAp structure, Ca (I), where the atoms are aligned in 

long columns, each surrounded by nine oxygen atoms, 

and Ca (II) site arranged at the apexes of “staggered” 

equilateral triangles, each surrounded by seven oxygen 

atoms. Their results show that Ca (I) sites are favored 

when the Sr content is very low (around 1%), while it 

displays a gradual preference for Ca (II) sites when the 

Sr content increases (5% and above). Its occupancy for 

the Ca (I) site, at very low concentrations, shows difference in the morphology, whereas such 

incorporation of Sr in the Ca (II) site lead to a strong local distortion of the lattice, due to variations 

in bond distances and twist angles
155–157,160

 (Fig. 1.11). 

 Also further studies suggest that the morphology of the apatitic crystals is affected by the chemical 

composition. For instance, a clear shift of the PO4 peaks to lower wavenumbers was seen by FTIR 

in HAp with increasing Sr contents, indicating an expansion of the interphosphate anion–anion 

distance and a decrease in the anion–anion repulsion
156

. The incorporation of Sr in synthetic HAp 

leads to the loss of OH from the mineral
155,156,159,160

, whereas an increase in the CO3 content has 

been described in Sr-HAp
155,161

. Both these aspects were evaluated by FITR. 

In 2012, Rokidi and Koutsoukos evaluated the effects of strontium on the crystal growth of 

octacalcium phosphate (OCP), that may be a transient intermediate for the formation of the bone 

apatite crystals
162,163

. In supersaturated solution, the presence of Sr was found to decrease the rate of 

OCP crystal growth, indicating that Sr may stabilize the OCP crystals and delay their 

transformation into the more stable HAp phase. Another interesting study established that calcium 

deficient HAp with 10% Sr relative to Ca presented an increase in the negative zeta potential, 

estimated by dynamic light scattering method. This could suggest that the crystals have a higher 

surface reactivity, increasing their agglomeration levels, with the organic components of the ECM 

and with bone cells
162

. 

Fig 1.11 A sketch of the chemical structure of 

hydroxyapatite. Strontium is preferably 

incorporated at the CaII position, and this expands 

the apatite structure, causing destabilization151. 
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These apatites have been reported to have good compressive strength, similar to human bone 

compared to the unsubstituted HAps, and to enhance bone mechanical properties
164,165

. Indeed, in 

ovariectomized rats, Sr-HAp coatings improved the implants integration in the bone tissue
166

.  

Interestingly, the increase in the net positive charge of strontium-substituted calcium phosphate NPs 

could potentially increase the gene delivery efficiency through increased interaction of cations on 

calcium phosphate and the phosphate groups of nucleic acids of the non-viral gene delivery 

vectors
167

. 
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2.5 Objectives of the thesis 

The aim of this thesis was to study the effect of Sr-substituted hydroxyapatite nanoparticles on bone 

remodeling in in vitro and in vivo models. 

As reported in Chapter 1, strontium has been demonstrated to have a dual effect on bone formation 

and bone resorption. In particular, in vitro and in vivo evidences demonstrated that strontium 

containing molecules or biomaterials modulated positively the osteoblast differentiation enhancing 

and accelerating this process and, on the other hand, an inhibition of osteoclastogenesis and 

resorptive activity was observed. 

In last years, a new idea of delivery of strontium came out. In particular, many authors substituted 

calcium with strontium ions in hydroxyapatite synthesis. In our study, we obtained a stable 

suspension of Strontium-substituted hydroxyapatite nanoparticles and we performed several in vitro 

studies on bone remodeling and their ability to induce ectopic bone formation in vivo. Finally, we 

evaluated the effect of Sr-containing nanoparticles on osteoblasts differentiation in microgravity 

conditions since the absence of the gravity force has been demonstrated to inhibit 

osteoblastogenesis. 

More specifically, the presented research aimed to: 

Chapter 2 – Synthesis of Sr-substituted hydroxyapatite nanopowders and investigation on the 

effect due to Sr presence within the apatite lattice by a detailed chemical, structural and 

morphological characterization of the powders. Evaluation of the biocompatibility of nanoparticle 

stable suspensions of the synthesized powders. 

Chapter 3 – Investigation on the effect of Sr-substitute hydroxyapatite nanoparticles on bone 

remodelling using in vitro different cell models: human osteosarcoma SAOS-2 cell line and 

mesenchymal stem cells (hBMMSCs) isolated from bone marrow for the osteoblasts differentiation; 

murine osteocytic Ocy454 cell line for osteocyte differentiation; murine macrophage RAW 264.7 

cell line for osteoclast differentiation. 

Chapter 4 – Evaluation of the ectopic bone formation induced by gelatine sponge containing 

strontium-substitute hydroxyapatite implanted at the periosteal surface of mice femur and 

comparison to the effect exerted with gelatine sponge containing Bone Morphogenetic Protein 2. 

Chapter 5 – Investigation of the effect exerted with Sr-containing hydroxyapatite nanoparticles on 

human osteoblasts differentiation in simulated (RPM) and space (ISS) microgravity conditions. We 

used hBMMSCs cultivated on Random Positioning Machine to simulate microgravity on earth and 

on International Space Station. 

A summary of all data is presented and future research indications are also reported in Chapter 6. 
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Chapter 2 

3. Synthesis and Characterization of Strontium-substituted 

hydroxyapatite nanoparticles for bone regeneration 

 

3.1 Introduction 

Calcium phosphate ceramics, e.g. hydroxyapatite Ca10(PO4)6(OH)2 (HA) and tricalcium phosphate 

Ca3(PO4)2 (TCP), are widely employed in the field of bone tissue engineering due to their controlled 

biodegradability and excellent biocompatibility
1–4

. Pure HA possesses a bi-pyramidal hexagonal 

crystal structure (space group P63/m, a = b = 9.418 Å, c = 6.884 Å, α = β = 90°, γ = 120°) where 

PO4
3-

 tetrahedrons are regularly placed on two basal planes at ¼ and ¾ of the c-axis. Considering a 

unit cell, ten Ca
2+

 ions are located within two non-equivalent interstitial sites, four M(1) sites 

aligned to the c-axis at the cell edges and six M(2) sites forming two staggered equilateral triangles, 

placed above the phosphate basal plane. Within this triangular channel along the c-axis the two OH
-
 

groups are placed 
5
. 

The mineralized phase of bones, as well as enamel and dentin, is associated to nano-sized 

crystallites of calcium deficient HA
6
, partially enriched by a large variety of substitutional ions. For 

example, one of the most common isomorphic ion replacement consists in the carbonatation of HA 

through the substitution of PO4
3-

 or OH
-
 by CO3

2-
 groups, up to ~7%wt 

7,8
. In addition, biological 

apatites can also rearrange the presence of Mg
2+

, Sr
2+

, F
-
, Cl

-
 or HPO4

2-
 

9–12
 within their crystal 

structure, influencing the biological behaviour of the material. In particular, strontium is strictly 

related to the bone response to osteoporosis, by promoting new tissue growth and decreasing its 

resorption
13

. 

Most studies point out that the incorporation of Sr in the bone occurs quite rapidly (within the first 

two weeks) 
14

; XRD shows the distortions of the bone mineral crystals unit cell caused by Sr, 

confirming the incorporation of such alkaline ion into the crystalline lattice. Since then, after the 

development of the promising drug strontium ranelate (SrR) (Protelos®, Servier), different types of 

studies were performed from mapping Sr in bones and teeth, to studying the incorporation of Sr into 

bone mineral (in particular in the crystal surface and lattice) and the decrease in calcium content, up 

to evaluate the effects of Sr in synthetic HA 
15

. SrR is currently used in the treatment of post-

menopausal osteoporosis 
16

, although its prescription has been recently restricted to the acute 

medical cases because of cardiovascular side effects
17

. SrR shows a dual beneficial action, 
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enhancing the pre-osteoblastic cells differentiation and inhibiting the osteoclastic cells formation 

and functionality
18

. 

In a previous work 
19

, strontium has been shown to completely replace calcium ions in both non-

equivalent interstitial sites. Due to the ionic radius difference (Ca
2+

 = 0.100 nm, Sr
2+

 = 0.118 nm), 

the presence of strontium results in a general perturbation of the lattice, increasing the cell 

parameters and modifying the mean size of the crystal domains 
20

.  In addition, previous in vitro and 

in vivo studies of the biological reactivity of Sr-substituted HA embedded in scaffolds like coatings 

on titanium components 
21–23

, gels 
24

, membranes
25

 or tablets 
26

 in terms of cell vitality, proliferation 

and morphology have shown the osteogenic effect of Sr-HA. If these studies are relevant because 

they present potential effects that the incorporation of Sr could have on bone mineral, so far no 

studies were performed to develop and characterize stable suspension of strontium-substituted HA 

nanoparticles as a vector for Sr ions delivery for bone tissue engineering applications. For in vitro 

biocompatibility studies, a suitable agent must be selected to produce stable aqueous suspensions, 

avoiding nanoparticles flocculation 
27,28

 and growth by Ostwald ripening-like process. In addition, 

the dispersant should not have any effect on the test system, such as cell lines, microorganisms and 

animals. Bovine Serum Albumin (BSA) is a biological and mimic fluid and in a previous study was 

used as dispersant agent to obtain stable nanoparticles suspension 
29

, preventing toxic effects due to 

powder agglomeration. Therefore, in this work, BSA has been used for preparing nanoparticles 

suspension for biocompatibility evaluation. 

In this chapter we present the synthesis of Sr-substituted HA nanopowders and studies about the 

effect of Sr presence within the apatite lattice by a detailed chemical, structural and morphological 

characterization of the powders.  The synthesized Sr-containing HA nanopowders were then used to 

produce stable suspensions, analyse their efficiency on osteoblast viability and understand their 

suitability as nano-carriers for Sr delivery in the stimulation of bone tissue regeneration. In this 

sense, the effect of Sr-containing HA nanoparticles on cell viability was compared with that 

induced by strontium ranelate and strontium chloride. 

Data presented in this chapter came from a collaboration with Department of Industrial Engineering 

– University of Trento, Italy and are part of a publication that includes Figures 2.1, 2.2, 2.3, 2.4, 2.5, 

2.6, 2.7, 2.8 and 2.9:  

Frasnelli M, Cristofaro F, Sglavo VM, Dirè S, Callone E, Ceccato R, Bruni G, Icaro Cornaglia A, 

Visai L; Strontium-substituted hydroxyapatite nanoparticles for bone regeneration; Material 

Science and Engineering C; 71(2017) 653-662. doi: 10.1016/j.msec.2016.10.047    
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3.2 Materials and Methods 

3.2.1 HA nanopowders: synthesis and suspensions preparation 

HA nanopowders containing various Sr
2+

 amount were synthesized by aqueous precipitation 

method, as reported in a previous work by Bigi et al. 
19

. High-purity calcium nitrate tetrahydrate 

(Ca(NO3)2
.
4H2O, 99%w, Sigma Aldrich A.C.S. reagent), strontium nitrate anhydrous (Sr(NO3)2, 

98%w, Alfa Aesar) and ammonium phosphate dibasic ((NH4)2HPO4, >99.0%w, Fluka), were 

respectively used to prepare the Ca+Sr nitrate solutions (50 mL, 1.08 M overall) and the phosphate 

solutions (50 ml, 0.65 M), adjusted at pH 10 with NH4OH (30%v). The synthesis was carried out in 

N2 constant flow, to avoid as much as possible the carbonatation phenomena, adding drop-wise the 

phosphate solution to the nitrate solution at 90°C under stirring. The solution was stirred at 90°C in 

N2 static atmosphere for 5 h; then, the white precipitate was centrifuged three times (10000 rpm for 

10 min), washed and finally dried at 80°C overnight. The expected reaction is: 

 

(10 − x) Ca(NO3)2 ∙ 4H2O +  x  Sr(NO3)2 + 6 (NH4)2HPO4 + 8 NH4OH

→  Ca10−xSrx(PO4)6(OH)2 + 20 NH4NO3 + (46 − 4x) H2O          (1) 

 

The strontium content in the final HA powder was tailored changing the relative amount of 

Ca(NO3)2
.
4H2O and Sr(NO3)2 in the nitrate solutions, to obtain a Sr/(Sr+Ca) molar ratio of 0, 5, 10, 

25, 50, 75 and 100%; pure HA and Sr-substituted HA nanopowders were labelled as Ca100 and 

SrX (X = molar amount of Sr), respectively. 

To establish the best ratio between albumin and powder, different concentrations were tested. The 

best preparation was obtained by adding 5 mg of powder to 4 mL of 5% BSA (Sigma-Aldrich) 

aqueous solution. The suspension was sonicated for 1 h at 45°C using LBS2 sonicator bath (FALC 

Instruments) with an operation frequency of 40 kHz and then diluted with Phosphate Buffer 

Solution (PBS). The obtained suspensions were labelled adding the suffix “S” to the powder label 

(e.g., SrXS). 

3.2.2 Characterization techniques and procedures 

Inductively coupled plasma optical emission spectrometry (ICP-OES): The synthesized powders 

purity and composition were determined by ICP-OES (Spectro Ciros Vision CCD, 125-770 nm) 

using hydroxyapatite ultrapure standard (Reagent Grade, Sigma-Aldrich) and a 1000 ppm Sr 

standard (BHD SpectroSol). All samples and standards were dissolved in ultrapure nitric acid 

(70%v) and diluted in pure water from reverse osmosis (conductivity < 0.1 μS/cm), adding Cs (100 
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g/L) as ionization suppressor. The emission lines chosen for the analysis were 393.366 nm for Ca, 

216.596 nm for Sr and 178.287 nm for P.  

Fourier transform infrared spectroscopy (FTIR): FTIR spectra were acquired in transmission mode 

using an Avatar Thermo FTIR spectrometer on KBr pellets in the range of 4000-400 cm
-1

 

(resolution = 4 cm
-1

, 64 scans). With the aim to investigate the interaction between nanopowders 

and bovine serum albumin (BSA), ATR-FTIR spectra were recorded on the suspensions previously 

lyophilized. Physical mixtures were also prepared merely blending 5 mg of each synthesized 

nanopowder with 200 mg of BSA to be compared with the data collected on the suspensions. ATR-

FTIR spectra were recorded in the 4000–650 cm
-1

 range (resolution = 4 cm
-1

, 256 scans) using a 

Nicolet FT-IR iS10 Spectrometer (Nicolet, Madison, WI, USA) equipped with a ZnSe plate ATR 

(Attenuated Total Reflectance) sampling accessory. 

Nitrogen sorption: N2 physisorption analyses were carried out on a Micromeritics ASAP 2010 

analyser. Specific surface area (SSA) and volume pore distributions were calculated from N2 

adsorption/desorption isotherms applying BET equation and BJH model, respectively. 

X-ray diffraction: The mineralogical composition of the synthesized Sr-HA powders was analysed 

by XRD using a Rigaku DMAX III 4057A2 diffractometer, working at 40 kV and 30 mA (Cu Kα: 

1.5418978 Å). All data were collected in the range 2θ = 10°-60°, with step size of 0.03° and dwell 

time of 10 s/step. Spectra were analysed by the Rietveld-method-based software MAUD (2.53 

version), using PDF cards #09-0432 - Calcium-hydroxyapatite and #33-1348 - Strontium-

hydroxyapatite as structural models. 

Solid state nuclear magnetic resonance (NMR): 
31

P and 
1
H solid state NMR analysis were carried 

out with a Bruker 300WB instrument. Samples were packed in 4 mm ZrO2 rotors, which were spun 

by air flow at 11 kHz under Magic Angel Spinning (MAS) conditions. The 
31

P SP-MAS 

experiments were recorded at the frequency of 121.49 MHz, with a single pulse sequence under the 

following conditions: π/2 pulse of 3.6 µs, recycle delay 300 s, 16 scans, using high-power proton 

decoupling during signal acquisition. The 
31

P cross-polarization spectra (
31

P CP-MAS) were 

recorded with a contact time of 0.5 ms, 100 scans. In both cases, ammonium dihydrogen phosphate 

NH4H2PO4 was used as secondary reference. The 
1
H MAS experiments were run at frequency of 

300.13 MHz, π/2 pulse of 5 µs, recycle delay 5 s, 16 scans. Pure ethanol was used as secondary 

reference. 

Transmission electron microscopy: In order to investigate the powder size and morphology, 5 mg of 

powder were dissolved in acetone and sonicated for 10 min; 10 μL of the suspension were deposited 

on a formvar coated copper grid (Electron Microscopy Sciences), allowing solvent evaporation 
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overnight. Images of each sample were acquired by Zeiss EM 10 transmission electron microscope 

operating at 80 kV. 

Dynamic light scattering (DLS): Hydrodynamic diameter and ζ potential of nanoparticle 

suspensions kept at 37°C for 1, 3, 7, 14 and 30 days were measured using DLS technique with 

Zetasizer Nano-ZS90 (Malvern Instruments).  

3.2.3 Biocompatibility studies 

Cell culture condition: The human osteosarcoma cell line SAOS-2 was acquired from the American 

Type Culture Collection (HTB85, ATCC, Manassas, VA, USA). The cells were cultured in 

McCoy’s 5A modified medium  (Lonza) with L-glutamine  (Lonza) supplemented with 15% fetal 

bovine serum (EuroClone), 1% sodium pyruvate (Lonza), 1% antibiotics (Lonza) and 0.2% 

amphotericin B (Lonza). Cells were cultured at 37°C with 5% CO2, routinely trypsinized after 

confluency, counted and seeded. The cells were treated with three concentrations (6.25 µg/mL, 62.5 

µg/mL and 625 µg/mL) of each suspension in the culture medium. The cells were treated for 1, 3 

and 7 days changing medium two times per week. Untreated cells were used as negative control. 

Cell apoptosis: To determine the induction of cell apoptosis by the nanoparticle suspensions, 

SAOS-2 cells were labelled using the PSVue480™ cell stain according to the manufacturer's 

instructions (Molecular Targeting Technologies, Inc.). PSVue480™ dye detects apoptosis by 

targeting the loss of phospholipid asymmetry in the plasma membrane that is an early event in 

apoptosis, independent of cell type, resulting in the exposure of phosphatidylserine (PS) residues at 

the outer plasma membrane leaflet 
30

. SAOS-2 cells were seeded on glass coverslips (Thermo 

Scientific) with a density of 5x10
4
 cells/cm

2
 and incubated with H2O2 (positive controls; 100 mM 

for 18 h), without suspensions (negative controls) and with 6.25 µg/mL, 62.5 µg/mL and 625 

µg/mL of each suspension for 1 and 7 days. At the end of each culture condition, the cells were 

stained with PSVue480™ solution prepared according to manufacturer’s instructions. Samples were 

then counterstained with a Hoechst 33342 solution (2 μg/mL) to target the cellular nuclei and 

observed under a fluorescence optical microscope (Nikon Eclipse 80i). 

MTT test: Mitochondrial activity was evaluated using 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT) test (Sigma-Aldrich). The viability assay was carried out at day 1, 3 

and 7 (end of the culture period) as previously reported 
31

. Aliquots of 100 μL were sampled and 

their absorbance was measured at reference wavelengths of 595 nm and 650 nm by a microplate 

reader (BioRad Laboratories, Hercules, CA, USA).  

Resazurin-based assay: The resazurin-based assay was used to estimate the number of viable cells 

by measuring the reduction of resazurin into resorufin. Resazurin solution (Sigma-Aldrich) was 

added as one-tenth of culture volume to each well of the plate, which was then incubated for 3 h at 
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37°C and 5% CO2. Optical measurements were run on aliquots of 100 μL by a microplate reader 

(BioRad Laboratories, Hercules, CA, USA) at reference wavelengths of 600 nm and 690 nm at day 

1, 3 and 7 (end of the culture period) on treated and untreated cells. A cell viability standard curve 

was used to express the results as number of alive cells.  

Scanning electron microscopy (SEM): Treated and untreated cells morphology was investigated by 

SEM after 1 and 7 days treatment; samples were fixed with 2.5%v glutaraldehyde solution in 0.1 M 

Na-cacodylate buffer (pH=7.2) for 1 h at 4°C, washed with Na-cacodylate buffer and then 

dehydrated at room temperature in a gradient ethanol series up to 100%. To obtain a complete 

dehydration, samples were lyophilized for 3 h. Samples were then sputtered with gold and observed 

using a Zeiss EVO-MA10 (Carl Zeiss, Oberkochen, Germany) SEM. 

3.2.4 Effect on cell viability and apoptosis of Sr Ranelate, Sr Chloride (SrCl2) and Sr100S  

To compare cell apoptosis induced by Sr ranelate, SrCl2 and Sr100S, SAOS-2 cells untreated or 

treated with Sr100S, Sr ranelate (Selleckchem) and SrCl2 (Sigma) for 24h were labelled for 

apoptosis using the PSVue480™ cell stain, as already descripted previously. Moreover, cell 

viability was evaluated after 1, 3 and 7 days of treatment using MTT test, as already reported above. 

In particular, several concentrations of the three strontium-containing compounds were tested in 

order to treat cells with the same concentrations of Sr
+2

 ions: 0, 0.156, 0.3125, 0.625, 1.25, 2.5, 5, 

10 mM. 

3.2.5 Statistical analysis 

In all quantitative tests, cell treatments were performed in triplicate and the results of three 

independent experiments were considered. In order to compare the viability results between treated 

and untreated cells at day 1, 3 and 7, the one-way analysis of variance (ANOVA) with post hoc 

Bonferroni test was applied, with a significance level of 0.05.  
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3.3 Results 

3.3.1 Nanopowders and suspensions characterization 

The chemical analysis of the synthesized nanopowders shows a slight Sr
2+

 deficiency compared 

with the nominal values, especially for the lowest Sr contents (Tab. 2.1). Conversely, the measured 

(Ca+Sr)/P ratio is in the range of 1.771 - 1.537 for Sr5 and Sr75, respectively, very close to the 

stoichiometric Ca/P ratio for pure HA, equal to 1.667.  

 

Sample Ca100 Sr5 Sr10 Sr25 Sr50 Sr75 Sr100 

Sr2+ nominal content, mol% 0 5 10 25 50 75 100 

Sr/(Ca+Sr), mol% 0.0 4.2 7.4 21.3 45.2 74.2 100.0 

(Ca+Sr)/P, at. ratio 1.743 1.771 1.614 1.670 1.652 1.537 1.570 
Tab. 2.1: Strontium content in the synthesized Sr-HA nanopowders and calculated metals-to-phosphorus atomic ratio 

(measured by ICP-OES). 

 

Despite such limited compositional differences, FT-IR spectra of Sr-HA samples (Fig. 2.1) are in 

good agreement with the characteristic PO4
3- 

and OH
-
 vibrations in the HA lattice reported in the 

literature 
32

. The absence of the doublet at 1466 and 1411 cm
-1

, associated to CO3
2-

 groups 
33

, 

proves the efficiency of the reaction conditions used here; conversely, the presence of adsorbed 

water is shown by the very broad signals around 3440 cm
-1

 and 1630 cm
-1

. 

From a qualitative point of view, the phosphate bands are affected by progressive signal shifts to 

lower wavenumbers with increasing Sr
2+

 content. For instance, broad ν3 signals observed at 1092 

and 1034 cm
-1

 in Ca100 shift to 1076 and 1028 cm
-1

 in Sr100, respectively. Analogously, from 

Ca100 to Sr100, ν1 moves from 962 to 947 cm
-1

 and the two signals attributed to ν4 (sharp) shift 

from 602 and 565 cm
-1

 to 594 cm
-1

 and 561 cm
-1

, respectively. Finally, the very weak ν2 signal is 

found at 472 cm
-1

 for Ca100 and at 463 cm
-1

 in Sr100 nanopowders, respectively. Conversely, the 

signals related to HA-lattice OH groups are observed at 3572 cm
-1

 (stretching) and 633 cm
-1 

(bending) in all samples, although they gradually vanish at higher Sr content. 
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Further and more accurate information can be obtained by observing the signals in the 500-700 cm
-1

 

range, including the two peaks due to PO4
3-

 ν4 band and the OH bending vibration (δ OH-) at 633 

cm
-1

. In particular, the most intense peak around 565 cm
-1

 gradually broadens and then for Sr100 it 

shrinks revealing two shoulders at 573 and 538 cm
-1

, this latter assigned to HPO4
2-

 groups
33

. To 

quantify these changes, according to the literature 
34

, the profile fitting analysis of signals in the 

500-700 cm
-1

 range was performed with six components accounting for hydroxyl groups, surface 

and internal phosphate groups (Tab. 2.2). Deconvolution and peaks integration were performed on 

spectra whose intensity was normalized by the corresponding ν3 signal at ~1092 cm
-1

.  

 

 

 

 

 

 

Fig. 2.1 FT-IR spectra of the synthesized Sr-Hydroxyapatite nanopowder. Vertical dotted lines are referred to the 

frequencies of interest in the Ca100 spectrum. Published figure. 
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 surface HPOx 
internal PO4

3- 

(1) 
internal PO4

3- 

(2) 
internal PO4

3- 

(3) 
surface POx δ OH- 

Sample 
Pos., 

±2 
cm

-1
 

Rel. 
Area, 

% 

Pos., 
±2 

cm
-1

 

Rel. 
Area, 

% 

Pos., 
±2 

cm
-1

 

Rel. 
Area, 

% 

Pos., 
±2 

cm
-1

 

Rel. 
Area, 

% 

Pos., 
±2 

cm
-1

 

Rel. 
Area, 

% 

Pos., 
±2 

cm
-1

 

Rel. 
Area, 

% 

Ca100 538 0.4 565 34.6 574 18.1 602 16.7 606 3.0 633 27.4 

Sr5 537 8.2 564 29.1 574 18.1 603 22.6 616 3.7 634 18.4 

Sr10 540 6.4 563 19.8 571 26.0 602 22.6 614 8.3 635 17.0 

Sr25 538 4.2 563 34.4 573 11.4 600 30.9 610 5.6 633 13.6 

Sr50 538 8.3 561 25.2 571 21.5 598 22.7 604 12.4 633 9.9 

Sr75 538 17.0 559 25.5 572 12.1 595 25.5 603 13.8 633 6.0 

Sr100 538 9.1 561 35.0 573 9.5 593 26.6 599 14.3 633 5.4 
Tab. 2.2 FTIR signals deconvolution in the range 500-700 cm-1 (PO43- ν4 domain and OH bending δ) using components 

proposed in 34. For each component, position and integrated area (as percentage of total signal area) have been reported. 

 

Representative TEM nanopowder micrographs are reported in Fig. 2.2 showing rod shape geometry 

with different size and aggregation state. The smallest structures (major axis around 45 ± 14 nm) 

were observed in Ca100 sample and the nanopowders appeared well separated. In Sr-containing 

samples enhanced aggregation is observed with an increase in particle size if compared to Ca100 

sample. In particular, Sr-containing powders show a more elongated morphology and the length of 

major axis increases with Sr amount up to 124 ± 42 nm for Sr100 (Tab. 2.6).  

The N2 adsorption-desorption isotherms collected on all samples (Fig. 2.3) are characterized by a 

IIb-type curve with an H3 hysteresis loop and no plateau at high pressures.  

Fig. 2.2 Representative TEM images of HA nanopowders doped with increasing concentrations of Sr. In detail: Ca100 (a), 

Sr5 (b), Sr10 (c), Sr25 (d), Sr50 (e), Sr75 (f) and Sr100 (g), respectively. The scale bar shown represents 250 nm in all panels 

and 100 nm in all inserts (Published). Published figure. 
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These features are representative of meso- and 

macro-porous materials constituted by 

aggregated non-isomorphic particles. The 

corresponding pore size distribution confirms the 

presence of a broad range of pores larger than 

180-200 Å. By increasing the Sr amount, specific 

surface area and total pore volume show a 

fluctuating trend scattered around 50 m
2
/g and 

0.300 cm
3
/g, respectively. It is interesting to 

observe that the measured SSA well scales with 

the average particles dimension (D) determined 

by TEM analysis through the well know 

relationship  

 

D = ψ / (ρth SSA)   (2) 

 

where ρth is the theoretical density (equal to 3.08 

g/cm
3
 for CaHA, 3.84 g/cm

3
 for SrHA) and ψ is 

a shape factor equal to ~ 6; assuming SSA = 50 

m
2
/g, one can obtain D = 31 nm for CaHA and 

Fig. 2.3 Representative N2 adsorption (full circle, straight line) and 

desorption (empty circle, dashed line) isotherms (Sr50 composition). In the 

top box, corresponding pore size distribution. Published figure. 

Fig. 2.4 XRD patterns of the synthesized Sr-

Hydroxyapatite nanopowders. Vertical dotted lines 

highlight Ca100 main reflection (211), and planes (002) 

and (310), respectively normal and parallel to the c axis. 

Published figure. 
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39 nm for SrHA. Such values well compare with particles size shown in Tab. 2.3 considering the 

wide scatter observed especially for larger Sr content. This also confirms that the synthesized 

nanoparticles are dense and that the considered porosity is substantially related to voids among 

particles. 

XRD patterns collected on synthesized nanopowders are shown in Fig 2.4. The two endpoints of the 

composition series (i.e., Ca100 and Sr100) display quite sharp peaks that are perfectly matched by 

pure calcium-hydroxyapatite (JCPDS no: 09-0432) and pure strontium-hydroxyapatite (JCPDS no: 

33-1348) phases. Conversely, the remaining compositions show reflections at intermediate 

positions, according to the increasing amount of Ca
2+

 substituted by Sr
2+

. At the same time, the 

peak width increases and the signal-to-noise ratio decreases along the series, as expected for a 

nanocrystalline material. The average crystallite sizes calculated using the Warren-Averbach 

method confirm this observation; values are included in the 20-30 nm interval for the intermediate 

samples, reaching 52 nm (Ca100) and 41 nm (Sr100) for the two limit structures (Tab. 2.3). 

Moreover, true density (ρ) of the powders have been calculated from the refined cell parameters (a 

and c), following the above equation: 

 

𝜌 =
𝑀𝑊 ∙ 𝑍

𝑉𝑐𝑒𝑙𝑙 ∙ 𝑁𝐴
=

𝑀𝑊 ∙ 𝑍

𝑎2𝑐 sin (𝜋/3) ∙ 𝑁𝐴
       (3) 

 

where MW is the molecular weight, based on the 

ICP chemical composition of each powders, Z is 

the number of atoms contained into the unit cell, 

equal to 2, NA is the Avogadro constant, equal to 

6.022∙10
23

 mol
-1

, and Vcell is the volume of the 

unit cell taking into account the trigonal structure 

of the Hydroxyapatite. The resulting data slightly 

exceed (+ 2-6%) the corresponding values 

extrapolated from the theoretical densities based 

on stoichiometric HA (i.e. (Sr+Ca)/P at. Ratio = 

1.67).  

 

 
Fig. 2.5 Solid state NMR spectra of the synthesized Sr-

Hydroxyapatite nanopowder. In detail: a) 1H MAS; b) 31P 

SP-MAS (straight line) and 31P CP-MAS (dashed line). 

Vertical dotted lines show the Ca100 main signals. 

Published figure. 
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 (002) (310) Cell parameters and crystallite size (XS) True density 

Sample 
Position, 

±0.03 deg 

Position, 

±0.03 deg 

a, 

Å 

c, 

Å 

c/a, 

± 0.001 

XS, 

± 1 nm 

ρ, 

± 0.01 g/cm3 

Ca100 25.87 39.85 9.423 ± 0.001 6.881 ± 0.001 0.730 52 3.23 

Sr5 25.81 39.80 9.435 ± 0.003 6.899 ± 0.002 0.731 31 3.30 

Sr10 25.63 39.64 9.461 ± 0.004 6.921 ± 0.003 0.732  19 3.20 

Sr25 25.57 39.45 9.507 ± 0.005 6.974 ± 0.004 0.734 30 3.38 

Sr50 25.18 39.17 9.609 ± 0.008 7.087 ± 0.007 0.738 25 3.57 

Sr75 24.82 38.76 9.668 ± 0.005 7.166 ± 0.004 0.741 19 3.72 

Sr100 24.40 38.32 9.776 ± 0.002 7.289 ± 0.002 0.746 41 3.93 

Tab. 2.3: XRD (002) and (310) peaks position for the synthesized nanopowders; unit cell parameters, crystallite sizes and true 

density obtained by XRD pattern refinement are also shown. 

 

1
H MAS NMR signals (Fig 2.5a) are quite resolved, with a sharp peak at 0.22 ppm (Ca100) 

assigned to OH groups in HA crystal lattice
35

, which presents a high-field shift and an increase in 

asymmetry with increasing Sr
2+

 content. Furthermore, the proton spectra show the broad water 

resonance around 5-7 ppm and up to three additional small sharp peaks, randomly observable at 1-3 

ppm, probably due to surface adsorbed water
36

. The lineshape analyses of OH peaks was performed 

in the range -2.0-1.5 ppm by introducing a central main component and two minor side components 

and the results are reported in Tab. 2.4. 

 

 S1 crystalline OH S2 

Sample 
δ, 

±0.05 ppm 

FWHM, 

±15 Hz 

Rel. Area, 

% 

δ, 

±0.05 ppm 

FWHM, 

±15 Hz 

Rel. Area, 

% 

δ, 

±0.05 ppm 

FWHM, 

±15 Hz 

Rel. Area, 

% 

Ca100 -0.29 70 1.3 0.22 144 81.7 0.73 187 17.1 

Sr5 -0.28 243 13.3 0.01 187 70.7 0.64 227 16.0 

Sr10 -0.35 188 4.8 -0.02 218 80.8 0.76 216 14.4 

Sr25 -0.44 265 8.3 -0.07 268 77.8 0.95 278 13.9 

Sr50 -0.60 152 10.1 -0.21 322 77.0 0.91 250 12.9 

Sr75 -0.63 167 16.6 -0.22 302 78.0 0.71 130 5.5 

Sr100 -0.83 115 5.5 -0.53 117 76.9 -0.10 193 17.6 
Tab 2.4: Profile fitting analysis of OH signal (range -2.0–1.5 ppm) in 1H MAS NMR spectra, using a central main component 

(lattice OH) and two minor side components (S1 and S2) 

 

31
P SP-MAS NMR experiments show a behaviour consistent with previous evidences achieved by 

FT-IR and XRD analysis: the spectra (Fig. 2.5b, solid line), contain a resolved peak at 2.80 ppm 

(Ca100), which progressively broadens and shifts to lower fields for increasing Sr
2+

 amount, before 

narrowing again for Sr100 sample. This tendency is emphasized in the 
31

P CP-MAS NMR spectra 

(Fig. 2.5b, dashed line), where the additional polarization from protons allows to identify a main 

sharp signal, associable with internal PO4
3-

 groups, and two broad overlapped resonances leading to 

shoulders at 3.13 and 2.51 ppm (Ca100) related with -POx and -HPOx surface groups 
37

. 

Consequently, 
31

P SP spectra deconvolution was performed employing these components (Tab. 
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2.5). The results point out the low-field shift and broadening of the internal PO4
3-

 component up to 

50% of strontium load.  Further increase of Sr
2+

 content leads to linewidth reduction and moves 

back the signal towards high fields. Unfortunately, no clear trends can be observed for the minor 

components. 

 surface POx internal PO4
3-

 surface HPOx 

Sample 
δ, 

±0.05 ppm 

FWHM, 

±6 Hz 

Rel. Area, 

% 

δ, 

±0.05 ppm 

FWHM, 

±6 Hz 

Rel. Area, 

% 

δ, 

±0.05 ppm 

FWHM, 

±6 Hz 

Rel. Area, 

% 

Ca100 3.13 93 25.8 2.80 43 53.0 2.51 74 21.2 

Sr5 4.48 300 9.4 3.03 116 77.7 2.27 146 12.9 

Sr10 4.71 222 1.9 2.89 148 79.9 2.10 193 18.2 

Sr25 5.13 291 7.5 3.22 214 57.4 2.05 290 35.1 

Sr50 5.82 331 4.3 3.21 316 90.5 0.39 296 5.2 

Sr75 4.83 338 21.2 3.17 270 62.6 0.72 417 16.2 

Sr100 3.46 111 24.5 3.14 39 52.7 2.91 82 22.8 
Tab. 2.5: Profile fitting analysis of 31P SP-MAS NMR spectra in the range -5.0–10.0 ppm using a central main component 

(internal PO4) and two minor side components (surface POx and HPOx). 

 

The hydrodynamic diameter (Tab. 2.6) determined on nanoparticle suspensions by DLS at different 

times is always about twice the size determined by TEM, clearly increasing from Ca100S to 

Sr100S. No evident trend was recorded for ζ potential as a function of Sr content, the values being 

always quite scattered and ranging between -5.3 mV and -8.4 mV. The same values of 

hydrodynamic diameter and ζ potential were obtained at each measurement performed up to 30 

days from preparations suggesting no apparent changes. 

 DLS TEM 

Sample Hydrodynamic diameter, nm 
Rod-shape length, 

Nm 

Ca100S 98 ± 30 45 ± 14 

Sr5S 126 ± 26 72 ± 15 

Sr10S 157 ± 31 83 ± 24 

Sr25S 207 ± 64 98 ± 17 

Sr50S 228 ± 77 113 ± 32 

Sr75S 224 ± 54 121 ± 22 

Sr100S 228 ± 91 124 ± 42 

Tab. 2.6: Hydrodynamic diameter measured by DLS technique on nanopowder suspensions and particle length from TEM 

observations. Published figure. 
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The FTIR spectra recorded on the suspensions were significantly different from those 

corresponding to the mere physical mixtures (Fig. 2.6). The main differences concern the phosphate 

group peaks, the ν3 signals intensity decreasing with Sr load; a new peak is also evident at about 

1074 cm
-1

 in the suspensions spectra. In addition, two new peaks at 941 and 858 cm
-1

 appear in 

Sr25S, Sr50S, Sr75S and Sr100S spectra. 

 

  

Fig. 2.6 FT-IR spectra analysis of the interaction between the different types of HA 

and BSA. The study was performed with FT-IR spectra analysis on physical 

mixtures (Mix) and on NPs suspensions (NPs) of Ca100 , Sr5, Sr10, Sr25, Sr50, Sr75 

and Sr100, respectively. Published figure. 
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3.3.2 Cell viability, apoptosis and morphology  

Cell viability determined by the MTT test is 

shown in Fig. 2.7 for SAOS-2 cells 

incubated with increasing suspension 

concentrations at 1, 3 and 7 days. The data 

are shown considering 100% viability when 

no nanoparticles are present. The viability is 

generally positively influenced by the 

presence of larger suspension load at longer 

incubation times. After 24 h, no significant 

differences (p>0.05) are observed between 

untreated or treated cells regardless the type 

of the suspension (Fig. 2.7a). After 3 days 

of culture, viability is 30% higher in 

samples treated with Sr50S (625 µg/mL), 

Sr75S (625 µg/mL) and Sr100S (62.5 

µg/mL) (Fig. 2.7b). After 1 week, an 

increment from 25% up to 37% is observed 

in sample treated with Sr25S (625 µg/mL), 

Sr50S (625 µg/mL), Sr75S (625 µg/mL) 

and Sr100S (62.5 µg/mL) (Fig. 2.7c). These 

above-mentioned increments are 

statistically significant (p<0.05).  

Cell proliferation increases in samples 

treated with larger Sr amount (Sr25S, 

Sr50S, Sr75S and Sr100S). Similar results were obtained by using the Resazurin-based test. 

In order to evaluate cell apoptosis caused by nanoparticle suspensions treatment, PSVue® 480 and 

Hoechst staining were performed at 24 h (Fig. 2.8). After 24h, as expected, SAOS-2 cells exhibit a 

clear green fluorescence after hydrogen peroxide treatment, showing high level of apoptosis. Green 

fluorescence in H2O2 treated sample is very intense to cover the blue fluorescence of Hoechst. 

Conversely, fluorescent analysis of untreated and treated cells are negative after staining with 

PSVue480™ reagent, indicating that all treatments do not induce cell apoptosis. Similar data were 

obtained after 7 days treatment. 

Fig. 2.7 Dose- and time-dependent effect of the different types of 

nanoparticles suspensions on SAOS-2 cell viability. SAOS-2 cells 

were treated with three increasing concentrations of each type of 

nanoparticles dispersed in 0.5% BSA at three different times: 1 

(panel a), 3 (panel b) and 7 (panel c) days, respectively. Results of 

MTT test are expressed as percentage related to untreated cells set 

as 100%. Level of significance: * p<0.05. Published figure. 



59 
 

 

Fig. 2.8 Fluorescent images of the apoptosis assay. SAOS-2 cells were cultured for 24 h under different conditions as 

indicated: untreated (Control, A) and treated cells with hydrogen peroxide (B), 1250 µg/mL of Ca100_NPs (C), Sr50_NPs (D) 

and Sr100_NPs (E), respectively. PSVue480™ (green) reagent was used to evaluate apoptotic cells. Nuclei were 

counterstained with Hoecst 33342 (blue). The scale bar shown represents 50 mm in all panels. Published figure. 

 

SEM images were recorded on control cells and cells treated with 625 µg/mL. Figure 2.9 shows 

representative images of cells untreated and treated with Ca100S, Sr50S and Sr100S at 1 and 7 days 

of culture. As expected, in all samples, the typical SAOS-2 cells morphology is shown and no 

differences were observed between treated and untreated cells. 

 

Fig. 2.9 Representative SEM images of untreated and treated SAOS-2 cells with nanoparticles suspensions. Images were 

taken after 1 (a, b, c and d) and 7 (e, f, g and h) days of treatment in the following conditions: untreated (a and e) and treated 

cells with 1250 µg/mL of Ca100S (b and f), Sr50S (c and g) and Sr100S (d and h), respectively. The scale bar shown 

represents 100 mm in all panels and 10 mm in all inserts. Published figure. 
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In order to compare the effect on cell viability and apoptosis of three strontium containing 

compounds, several concentrations of strontium ranelate, strontium chloride and Sr100S were tested 

with SAOS-2 cells. In particular, Fig. 2.10 shows results related to cell apoptosis evaluated after 

24h through PSVue staining (Fig. 2.10a) and cell proliferation evaluated by MTT test at 1, 3 and 7 

days of treatment (Fig. 2.10b).  Intense green fluorescence was observed in strontium ranelated 

treated samples, in a dose-dependent manner. For strontium chloride treated samples, a reduced 

number of apoptotic cells was determined if compared to strontium ranelate. For samples treated 

with Sr100S, a negligible green fluorescence was observed for all the tested concentrations. 

Apoptosis results were corroborated by cell viability evaluated with MTT test performed after 1 

day. In fact, percentage of live cells detected in Sr100S and strontium chloride samples were 

comparable to untreated cells for all the tested concentrations. On the contrary, for strontium 

ranelate treated samples, a decrease in percentage of cell viability was measured in a dose-

dependent manner. After 3 days, a more evident decrease in cell viability induced by Strontium 

ranelate was observed; a slightly increase was observed in Sr100S samples treated with 0.625 and 

1,25 mM of Sr
+2

 whereas no differences in cell viability was observed in strontium chloride treated 

samples. After 7 days, a significant increase in cell proliferation was observed for Sr100S treated 

samples reaching a peak at 1.25mM of Sr
+2

; while strontium chloride seems not to affect cell 

viability, strontium ranelate, instead, reduced cell viability significantly in a dose-dependent 

manner. 
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Fig.2.10 Effect of three different strontium containing compounds on SAOS-2 apoptosis and proliferation. a) Apoptosis 

evaluation by PSVue 480 staining (green) of SAOS-2 cells untreated (Nagative Ctrl) and incubated for 24h with Strontium 

Ranelate, Strontium Chloride and Sr100 nanoparticles to a Sr+2 ions final concentration of 10, 2,5 and 1,25 mM and with 

hydrogen peroxide (Positive control). Nuclei were counterstained with propidium Iodide (red). Diagram indicates mean and 

SEM of apoptotic cells percentage counted in 5 different field of three different experiments. b) Cell viability evaluated by 

MTT test at 1, 3 and 7 days of culture in absence and presence of different concentration of Strontium Ranelate, Strontium 

Chloride and Sr100 nanoparticles. Diagrams indicate mean and SEM of 3 different experiments 
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3.4 Discussion 

The structural characterization of the nanopowders carried out by FTIR, XRD and NMR clearly 

points out valuable differences accounted for by the replacement of calcium with strontium. 

Ca
2+

 → Sr
2+

 substitution leads to a progressive modification of the particle shape along a 

preferential direction, i.e. parallel to c-axis, as observed in the TEM micrographs (Fig. 2.2). At the 

same time, the crystalline cell is coherently subjected to an anisotropic linear growth that involves c 

parameter more than a parameter (Tab. 2.3). The effect is further underlined observing the growing 

trend of c/a ratio, where linear regression supplies very good fittings of the experimental data. If 

such values are plotted as a function of the particle length distribution obtained by TEM (Fig. 2.11), 

a logarithmic-like dependence is found: for limited amount of Sr the crystal elongation highly 

influences the final particle size, the effect being more limited for larger Sr content. 

 

Strontium causes drastic modifications in the local chemical environment of the apatitic functional 

groups, PO4 and crystalline OH, resulting in clearly observable changes in FT-IR and NMR spectra. 

The OH bending signal (δ OH: 633 cm
-1

) intensity reduction with Sr load is clearly pointed out by 

the deconvolution of FT-IR bands in the range 500-700 cm
-1

 (Tab. 2.2). The values of δ OH 

integrated area well relate with the c/a ratio (Fig. 2.12) showing an exponential decrease with 

increasing cell deformation. It has to be recalled that hydroxyl groups are located along the c-axis, 

Fig. 2.11 Correlation between the nanoparticle length (by TEM), and the cell parameters c/a ratio (by XRD pattern 

refinement) increasing the Sr content in the synthesized HA nanopowders. 
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within interstices shaped by three M(2)-type cations forming planar triangles, perpendicular to the 

O-H bonds. The contemporary presence of both Sr
2+

 and Ca
2+

 ions in the M(2) positions generates a 

strong perturbation in the lattice in terms of ionic radius and electronegativity. Moreover, the 

anisotropic elongation of the crystalline cells along the c-axis entails a decrease in spatial density of 

O-H bonds, i.e. more limited bonds per unit volume. These conditions probably affect the hydroxyl 

vibrational mode, causing the reduction of the corresponding FT-IR absorption signal. The modified 

structural environment affects also the crystalline OH signals in 
1
H MAS NMR spectra, leading to a 

shift towards higher fields with increasing Sr amount (Tab. 2.4). 

The deconvoluted FT-IR ν4-PO4
 
components (1) and (3) (internal PO4: 565 and 602 cm

-1
) shift to 

lower wavenumbers following a linear trend with Sr content. Such vibrational frequency decrease 

has been already accounted for in previous works 
38

 by considering the energy loss of some P-O 

bonds, upon the increase of the reciprocal distance between the PO4 groups, as a consequence of the 

lattice expansion. For the same reason, the 
31

P SP-MAS signals of internal PO4 (Tab. 2.5) present a 

low-field shift. 

Fig. 2.12 Correlation between relative area of OH bending signal (δ OH-, obtained by deconvolution of ν4 FT-IR band), and 

cell parameters c/a ratio (obtained by XRD pattern refinement) increasing the Sr content in the synthesized HA 

nanopowders. In the top right corner, representative example of ν4 FT-IR deconvolution with six components (Sr10 

composition). 



64 
 

One last comment regarding the Sr influence can be drawn by observing the line broadening (as 

FWHM) of the deconvoluted main components of 
31

P SP-MAS (internal PO4) and 
1
H MAS 

(crystalline OH) signals, reported as a function of Sr amount in Fig. 2.13. Since NMR is extremely 

sensitive to the different chemical environments surrounding a specific element, it is quite clear that 

the lower presence of substitutional ion (Sr
2+

 or Ca
2+

) is perceived by the remaining HA lattice 

(Ca
2+

 or Sr
2+

) as a point defect. The maximum disorder (i.e., the maximum line broadening) is 

reached for the Sr50 composition, where Sr and Ca atoms are in equal number and they both 

constitute defects. This short-range variability seems to prevent also crystallization, leading to 

broader and noisier XRD spectra and smaller crystallite size than in Ca100 and Sr100 limit 

structures. 

 

However, XRD and NMR results do not provide any evidence of the formation of distinct mono-

cation phases. Both XRD and NMR spectra show a gradual evolution between the two limit 

compositions, Ca100 and Sr100, thus proving the homogeneity of the synthesized nanopowders and 

the complete solubility of strontium in HA lattice. 

The nanopowder surface features, such as SSA and total pore volume, and the components related 

to surface HPOx and POx groups in FT-IR and NMR spectra, seem to depend to a lower extent on 

Fig. 2.13 Line broadening (FWHM) of the deconvoluted main components of 1H MAS spectra (crystalline OH, empty 

circles and dotted line) and of 31P SP-MAS spectra (internal PO4, full circles and straight line) as a function of Sr content 

in the synthesized HA nanopowders. On the bottom, representative example of 1H SP-MAS (left) and 31P SP-MAS (right) 

signal deconvolution with three components (Sr25 composition). 
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Sr content, showing scattered values and apparently no regular trends. Wang et al. 
39

 recently stated 

that natural and synthetic apatites are coated by an amorphous hydrated layer. The surface 

phosphate groups randomly interact with the adsorbed water molecules, whose amount depends on 

the storing conditions. Such aleatory contribution, which can be removed only by drying, precludes 

a more detailed analysis of the Sr effect on the nanopowder surface properties. 

In order to perform in vitro biocompatibility studies, nanoparticles were dispersed with BSA fluid. 

Albumin is one of the most representative proteins in human blood and one of its functions is to 

bind hydrophobic molecules and carry them through the body tissues. To promote the bond between 

nanopowders and the protein, a physical treatment consisting of heating and sonication was 

performed here. The thermal treatment promotes a partial denaturation of the protein that, losing its 

natural folding, exposes more functional groups to bind hydroxyapatite crystals 
40

; conversely, 

sonication destroys nanopowders aggregates thus allowing a more efficient surface bond with the 

protein molecules. 

This interaction was investigated using IR technique revealing modifications of the peaks related to 

phosphate groups (Fig. 2.6) suggesting a potential role in the interaction with BSA. Other 

differences were observed in IR spectra although further investigations are necessary for a deeper 

understanding of the interaction.  

The Ca
2+

 → Sr
2+

 substitution influences the hydrodynamic diameter, which is always twice the 

particles size determined by TEM analysis. A certain contribution of BSA on the hydrodynamic 

diameter has to be considered, which, however, does not account for the formation of any 

aggregate.  The evaluation of suspensions stability by measuring ζ potential revealed the presence 

of negative charges on the nanoparticles surface with no valuable differences among the different 

suspensions. ζ potential was also separately measured by DLS for nanopowders and BSA in water 

and values around zero were obtained.  Therefore, the negative values determined for the 

suspensions suggest BSA rearrangement upon the interaction with nanoparticles surface, which 

results in exposing negative charges to the solvent and in the suspension stabilization 
41

. 

Nanoparticle suspensions exhibit high biocompatibility as confirmed by viability results and cell 

morphology evolution. Nanoparticles composition, dose and culture time influence cells 

proliferation. In general, the proliferation increases in samples treated with nanoparticles containing 

larger Sr content and after longer incubation times. These results suggest a specific correlation 

between Sr concentration in the medium and cell viability: for samples treated with Sr100S, the cell 

proliferation increase was observed at concentration of 62.5 µg/mL whereas similar increments 

were detected in samples treated with Sr25S, Sr50S or Sr75S at concentration 10 time larger (625 

µg/mL). Moreover, since in Ca100S treated samples the number of live cells was comparable to that 
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detected in the untreated sample, the positive effect on osteoblasts proliferation is only due to the 

presence of Sr.  Conversely, samples treated for 3 or 7 days with Sr100S at 625 µg/mL show a non-

statistically significant cell viability decrease (p>0.05). Since no apoptosis was observed in these 

samples, the effect is likely to be related to the cell proliferation rate and not to the cell death, or to 

an excessive Sr treatment that could activate other metabolisms leading to a cell proliferation 

decrease. Further studies are needed to clarify this point. Scaffolds made by HA containing 7% Sr 

have been reported to affect osteoblast proliferation with an increasing observed from 3 days of 

treatment onwards 
22,26

 but there are no data about the real amount of Sr whereby cells were treated. 

Instead, in works where Sr ranelate was used, the concentration that has a positive effect on 

osteoblast proliferation is around 1mM
16,42,43

 and that is comparable with Sr concentration 

treatments in our study calculated using ICP results. The molecular mechanism is not well known 

but some evidence showed that strontium seems activate Calcium Sensing Receptor which is 

involved in cell proliferation
44

. 

Starting from the effective dose of Sr100S on cell proliferation, we compared the nanoparticles 

effect with other two strontium-containing compounds: strontium ranelate and strontium chloride. 

Strontium ranelate, as already said, is a drug used for osteoporosis treatment whereas strontium 

chloride was used since some observations pointed out that dietary supplementation with this salt 

tend to increase osteoid surface and to reduce osteoclast numbers in mice
45

. We tested the three 

strontium-containing compounds at different concentrations keeping constant the final Sr
+2

 

concentration in the culture media. We observed a strong induction of apoptosis and cell death in 

strontium ranelate treated samples that was not observed with strontium chloride or Sr100S treated 

samples. However, strontium chloride did not affected cell proliferation, whereas an increment in 

SAOS-2 proliferation was evaluated in Sr100S treated cells, either after 3 or 7 days, confirming the 

cell viability data (Fig.2.7). 

These results suggest that through the three tested samples Sr-containing hydroxyapatite 

nanoparticles showed higher biocompatibility and positive effect on cell proliferation. It can be 

highlighted that is not only the presence of Sr
+2

 ions in the media that promote cell proliferation but 

especially how this element is administered to cells. Moreover, these data suggest that Sr-containing 

hydroxyapatite nanoparticles can improve the Sr delivery to bone tissue and enhance its positive 

effects.  
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3.5 Conclusion and Future Perspective 

In the present work, strontium-substituted hydroxyapatite nanopowders were systematically 

synthesized by aqueous precipitation in the range of 0-100 mol% Sr. One single crystalline phase is 

always obtained, Ca and Sr occupying the same lattice position in the HA structure.  The 

replacement of Ca
2+

 by Sr
2+

 ions with different ionic radius and electronegativity leads to the 

nanopowders modification at different structural levels. Pure Sr-HA and Ca-HA nanopowders are 

characterized by larger crystallite size (50 – 60 nm) with respect to intermediate compositions (20-

30 nm).  As for powder morphology, a progressive and strongly anisotropic growth along c 

direction is induced by Sr. Correspondingly, crystalline unit cells are subjected to an expansion 

which is larger along c than along a; this causes functional group rearrangements, responsible for 

weaker P-O bonds and, above all, for evident OH spatial density changes and their local 

environment. 

The synthesized powders can be easily used for the preparation of water suspensions with the 

addition of Bovine Serum Albumin. Such biological protein interacts positively with the 

nanopowders surface, stabilizing the suspension and avoiding the formation of any aggregate. 

The produced suspensions are biocompatible with no apoptotic effect on osteoblast cells. 

Suspensions prepared with nanopowders containing larger Sr amount clearly promote osteoblast 

viability and proliferation. Moreover, we demonstrated that Sr-containing hydroxyapatite 

nanoparticles have higher biocompatibility and stimulatory effect on osteoblasts proliferation if 

compared with Strontium ranelate and Strontium Chloride 

The obtained results point out that strontium-substituted hydroxyapatite nanoparticles could be 

potentially used to delivery Sr to bone tissue and promote its regeneration, as component of bone 

substitute synthetic materials, additive for pharmaceutical preparation or food supplementary for 

systemic distribution. 
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Chapter 3 

4. Effect of Strontium-containing nanoparticles on Bone 

Remodeling: in vitro cell studies 
 

4.1 Introduction 

Bone is a metabolically active tissue that is constantly being repaired and renewed throughout life 

by the process of bone remodelling. It has been estimated that approximately 10% of the adult 

skeleton is being remodelled at any one time. Together, the cells that are responsible for bone 

remodeling are known as the basic multicellular unit (BMU), and the temporal duration (i.e. 

lifespan) of the BMU is referred to as the bone-remodeling period. The mechanism, which triggers 

this process, is unclear, but it has been speculated that some chemotactic factors, released from 

areas of skeletal micro-damage, may play a role.  

Bone remodelling starts with attraction of osteoclast precursors to the site, which is to be resorbed. 

In response to activation of a surface receptor called RANK (receptor activator of nuclear factor 

kappa B) by the RANK ligand (RANKL), expressed on osteoblasts, osteocytes and bone marrow 

stromal cells, osteoclast precursors start to differentiate and fuse together to form multinucleated 

cells
1
. In addition to RANKL, another factor produced by osteoblasts, the M-CSF-1, is required for 

osteoclast formation
2,3

. 

After maturation, the osteoclast attaches to the bone surface by forming a sealing zone, demarcated 

by the so-called actin ring, and starts to secrete hydrochloric acid and proteolytic enzymes into the 

space underneath the sealing zone through a specialized membrane called the ruffled border. 

When the process is complete, osteoclasts is removed from the bone surface and undergo the 

“reversal phase”, a programmed cell death phase, which heralds the start of bone formation.  

Bone formation begins with the attraction of osteoblast precursors to the site, which has undergone 

resorption. Expression of the transcription factors Runx2, Dlx5 and Msh homeobox homologue-2 

(Msx2) is required to push the precursor cells toward the osteoblast lineage. Osteoblast precursors 

differentiate into mature cells in response to the transcription factors Runx2 and Osx and several 

components of the Wnt signalling pathway, which binds to the promoter of several osteoblast 

specific genes such as osteocalcin, type-I collagen and alkaline phosphatase, causing the cells to 

assume an osteoblast-like phenotype
4–7

. LRP5 is another key regulator of bone formation that 

stimulates bone formation, when activated by the Wnt protein family. Wnt proteins stimulator 
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effects on bone formation are antagonized by a protein, known as Sclerostin, which is produced by 

osteocytes.  

Mature osteoblasts lay down uncalcified bone matrix (osteoid) onto the bone surface and, after a 

period of about 10 days, this calcifies to form mature mineralized bone. The enzyme ALP, which is 

produced by osteoblasts, plays an important role in promoting mineralization by degrading 

pyrophosphate, a natural inhibitor of mineralization that is present in extracellular fluid. ALP is 

released from normal osteoblasts and used clinically as a biochemical marker of bone formation
8
. 

During bone formation, some osteoblasts are trapped within bone matrix and differentiate into 

osteocytes, which are thought to be responsible for sensing the effects of mechanical strain on the 

skeleton. They produce various signaling molecules, such as prostaglandins and nitric oxide in 

response to mechanical loading
9
. They also produce SOST, which is a negative regulator of bone 

formation, dentin matrix protein 1 (DMP1), which regulates mineralization of bone, and FGF23, 

which is involved in phosphate homeostasis
10

. 

An imbalance in the regulation of bone remodeling's two sub-processes, bone resorption and bone 

formation, results in many metabolic bone diseases, such as osteoporosis. 

 

Many are the technologies developed to modulate this complex process. Here, we demonstrate the 

effect of Strontium-containing nanoparticles on bone remodeling using several in vitro cell models 

such as osteoblasts, osteocytes and osteoclasts. In particular, the osteosarcoma cell line SAOS-2 and 

human Mesenchymal Stem Cells isolated from Bone Marrow were used to evaluate the effects of 

Strontium-containing nanoparticles on osteoblasts differentiation. A murine osteocytic cell line 

Ocy454 was used to study the effect on osteocytes, while with the murine macrophage RAW264.7 

cell line we investigated the effects of nanoparticles on osteoclasts differentiation.  
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4.2 Materials and Methods 

4.2.1 Cell culture conditions and nanoparticles treatment 

SAOS-2 cell line 

The human osteosarcoma cell line SAOS-2 was acquired from the American Type Culture 

Collection (HTB85, ATCC, Manassas, VA, USA). The cells were cultured in McCoy’s 5A 

modified medium  (Lonza) with L-glutamine  (Lonza) supplemented with 15% fetal bovine serum 

(EuroClone), 1% sodium pyruvate (Lonza), 1% antibiotics (Lonza) and 0.2% amphotericin B 

(Lonza). Cells were cultured at 37°C with 5% CO2, routinely trypsinized after confluency, counted 

and seeded for experiments. To induce differantation to mature osteoblasts, to the previously 

described medium 10
-7

 M dexamethasone and 5mM b-glycerophosphate were added. Ascorbic acid, 

another osteogenic supplement, is already present in McCoy’s 5A medium so it was not added. 

After seeding, cells were kept in proliferative medium for 48h and then replaced with osteogenic 

medium and changed two times per week fo 21 days. 

Human Bone Marrow Mesenchymal Stem Cells (hBMMSCs) 

The design of this study was approved by the Institutional Review Board of the Fondazione IRCCS 

Policlinico San Matteo and the University of Pavia (2011). 

Bone Marrow (BM) aspirates were harvested from healthy pediatric hematopoietic stem cell donors 

after obtaining written informed consent. Thirty milliliters of BM from each donor was assigned to 

BM-MSC generation; heparin was added as an anticoagulant. Mononuclear cells were isolated from 

BM aspirates (30 mL) by Ficoll density gradient centrifugation (density, 1.077 g/mL; Lymphoprep, 

Nycomed Pharma, Oslo, Norway) and plated in non-coated 75- to 175-cm
2
 polystyrene culture 

flasks (Corning Costar, Celbio, Milan, Italy) at a density of 16 · 10
4
 cells/cm

2
. Cells were cultured 

in Mesencult medium (Stem Cell Technologies, Vancouver, Canada) supplemented with 2mM L-

glutamine, 50 µg/mL gentamycin, and 10% fetal calf serum. Cultures were maintained at 37°C in a 

humidified atmosphere containing 5% CO2. After 48 h, non-adherent cells were discarded and 

culture medium was replaced twice a week. After reaching 80% confluence as a minimum, the cells 

were harvested and replated for expansion at a density of 4000 cells/cm
2
 until the fifth passage. The 

colony-forming unit fibroblast assay (CFU-F) was performed as described previously
11

. CFU-F 

formation was examined after 12 days of incubation in a humidified atmosphere (37°C, 5% CO2); 

the clonogenic efficiency was calculated as the number of colonies per 10
6
 BM mononuclear cells 

seeded. According to the International Society for Cellular Therapy on the nomenclature of 

mesenchymal progenitors, the cells cultured for this study were defined as multipotent stromal cells. 
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To phenotypically characterize BM-MSCs and to define their purity, FACS analysis was performed 

as previously described
11

. After reaching 80% confluence at a minimum, the cells were harvested 

and re-plated for expansion at a density of 2.5 · 10
4
 cells/cm

2
. The cells were cultured at 37°C, 5% 

CO2, and three fifths of the medium was renewed every 3 days. 

A density of 5 · 10
5
cells/cm

2
 was used for experiments. After seeding cells were kept in 

proliferative medium for 48h and then osteoblasts differentiation was induced using an osteogenic 

medium for 28 days: α-MEM (Invitrogen, Paisley, PENN) supplemented with 10% fetal bovine 

serum, 50 µg/mL penicillin-streptomycin, 2% L-glutamine, 2% Sodium Pyruvate, 10
-7

 M 

dexamethasone, 50 µg/mL ascorbic acid, and 5 mM b-glycerophosphate
12

. 

Osteocytes cell line Ocy454 

Osteocytic cell line Ocy454 was generated by Dr Paola Divieti Pajevic from mouse long bones
13

 

and single cell subclone of Ocy454 cells was used
14

. The routine culturing conditions to maintain 

the Ocy454 osteocytic phenotype were twice weekly sub-passages (1:5) for up to 4 months at 33°C 

with 5% CO2 from a frozen stock. Cells were cultured in complete growth medium made of α-

MEM with 10% fetal bovine serum and 50 µg/mL penicillin-streptomycin. For differentiation 

experiments, Ocy454 were seeded with a cell density of 10 · 10
5 

cells/mL No 

differentiation/mineralization media or other additives were used. Three days post plating, media 

was changed and cells were moved to 37°C incubator with 5% CO2. Thereafter, media was changed 

every 2-3 days. Routine Paola Divieti Pajevic laboratory (School of dental medicine, Molecular and 

cell biology – Boston University) time points for osteocytic phenotype is 2 weeks in culture 

medium at 37°C.  

Murine macrophage RAW264.7 cell line  

RAW264.7 cells, a murine macrophage cell line, were purchased from American Type Culture 

Collection (Rockville, MD, USA). The cells were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 50 µg/mL penicillin-streptomycin, 2% L-glutamine and 10% fetal 

bovine serum at 37°C in a humidified atmosphere with 5% CO2. For all experiments, the cells were 

grown to 80–90% confluency and were subjected to no more than 20 cell passages. To induce the 

differentiation in osteoclasts, cells were treated with 50ng/mL of recombinant RANKL (Miltenyi 

Biotec) for 9 days changing medium every 3 days. 

4.2.2 Nanoparticles suspension preparation 

To obtain a stable suspension, 5 mg of sterile powders (Ca100, Ca50Sr50 and Sr100) were added to 

4 mL 5% sterile BSA solution. The suspension was sonicated for 90 minutes at 45°C, using LBS2 
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sonicator bath (FALC Instruments), with an operation frequency of 40 kHz and mechanical stirring. 

The suspension was then diluted with Phosphate Buffer Solution (PBS) and filtered with 0.45 um 

filters. NPs suspensions were suspended again in culture medium at the concentrations indicated for 

each type of experiment. 

4.2.3 Nanoparticles uptake studies 

Confocal Laser Scanning Microscopy (CLSM) 

In order to study NPs uptaking, Ca100_NPs and Sr100_NPs were conjugated with fluorescein 

isothiocyanate (FITC). To do this, 1 mL of 625 µg/mL NPs suspension was re-suspended in 250 µL 

of 1 mg/mL FITC solution in sodium carbonate-bicarbonate buffer. Solutions were incubated for 2 

hours, at room temperature, with gentle stirring. After this time, samples were centrifuged at 10
4
xg 

for 30 minutes and then washed with PBS twice. The FITC-NPs were re-suspended in proliferative 

medium. SAOS-2 cells and hBMMSCs were seeded onto glass coverslips with a cell density of 

3x10
4
 cell/mL and, after 24 hours, SAOS-2 cells were treated with FITC-NPs solutions for 2, 6 and 

24 hours, whereas hBMMSCs fo 24h. At the incubation times, the glass coverslips were washed 

with PBS to remove not internalized FITC-NPs and cells were fixed with with 4% (w/v) 

paraformaldehyde (PFA) solution in 0.1 M phosphate buffer (pH 7.4), for 30 m at 4°C, and washed 

with PBS three times. Actin staining was performed using 10 µg/mL phalloidin, labelled with 

tetramethylrhodamine (TRITC) (Sigma), and nuclei counterstained with a Hoechst 33342 solution 

(2 µg/ mL). Samples have been examined using a confocal laser scanning microscope (Leica TCS 

SP2, Leica Instruments, Germany), acquiring images every 1.5 μm till 100 μm of depth. Rhodamine 

fluorescence was excited at 540 nm and measured at 565 nm; whereas FITC fluorescence was 

excited at 488 nm and measured at 491−586nm. Instead, DAPI fluorescence was excited at 405 nm 

and measured at 420−480 nm.  

In order to study the uptaking pathway used by SAOS-2 cells to internalize NPs, cells were seeded 

onto glass coverslips with a cell density of 3x10
4
 cell/mL and, after 24 hours, cells were incubated 

with medium containing different endocytosis inhibitors and then maintained for 2 h at 37°C with 

5% of CO2-air. The inhibitors used were 3mM amiloride (Sigma-Aldrich), 35 μM chlorpromazine 

(Sigma-Aldrich) and 22.5 μM indomethacin (Sigma-Aldrich). The dose of each inhibitor was 

chosen taking into account the previous data carried out in different studies, as reported in literature 

15–21
. After 2 h of treatment with these inhibitors, medium was replaced with medium containing 

675 μg/mL FITC-NPs, 40 μM amiloride or 35 μM chloropromazine or 22.5 μM indomethacin. 

After 24 h, the medium was removed and the cells were fixed and observed to CLSM following the 

procedure described above. 
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Flow Cytometry 

In order to evaluate the endocytosis pathway for nanoparticles uptake, SAOS-2 cells were seeded in 

6-well culture plates at a density of 2.5x10
5
 cells/mL and the same procedure with inhibitors and 

FITCH-NPs as described above was performed. After 24 hours with NPs treatment, the culture 

medium was removed and the cells were trypsinized and analysed to PARTEC PAS II 

cytofluorimeter acquiring data in linear or log mode, to evaluate the FITC-NPs incorporation. FITC 

fluorescence was excited at 488 nm and measured using the Partec PAS II flow cytometer. Three 

control types were carried out in parallel: (a) Negative control, which corresponds to cells without 

inhibitors and without FITC-NPs, (b) Control Ca100_NPs, which corresponds to cells treated with 

Ca100_NPs without inhibitors and (c) Control Sr100_NPs, which corresponds to cells treated with 

Sr100_NPs without inhibitors. All data were elaborated using Flowmax dedicated software. 

Inductively coupled plasma optical emission spectrometry (ICP-EOS) 

In order to evaluate quantitatively nanoparticles uptake, SAOS-2 cells were seeded in 175cm
2 
tissue 

culture flasks, untreated and treated with Ca100 and Sr100 at a concentration of 625 µg/mL and 

incubated for 24h. Afterwards, medium was removed; cells were trypsinized, counted and washed 

two times with PBS and one time quickly with pure water. All the samples and the standards were 

dissolved in ultrapure nitric acid (70%v) and diluted in pure water from reverse osmosis 

(conductivity <0.1 μS/cm), adding Cs (100 g/L) as ionization suppressor. The synthesized powders 

purity and composition were determined by ICP-EOS (Spectro Ciros Vision CCD, 125-770 nm) 

using hydroxyapatite ultrapure standard (Reagent Grade, Sigma-Aldrich) and a 1000 ppm Sr 

standard (BHD SpectroSol). Emission lines chosen were 366 nm for Ca and 596 nm for Sr. 

4.2.4 Cell viability, apoptosis and morphological analysis 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide Assay 

To measure the viability of cells untreated and treated with nanoparticles, the mitochondrial activity 

was evaluated using 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) test 

(Sigma-Aldrich). At indicated time points, the viability assay was performed as previously reported 

22
. Aliquots of 100 μL were sampled, and the related absorbance values were measured at 595 nm 

and 655 nm, using the iMark Microplate Reader (BioRad Laboratories). The viability assay was 

performed for the times indicated on treated and untreated cells (Control). A standard curve of cell 

viability was used to express the results as number of live cells. 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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Resazurin-based assay 

The resazurin-based assay was used to estimate the number of viable cells in NPs treated/untreated 

cells by measuring the reduction of resazurin into resorufin. Resazurin solution (Sigma-Aldrich) 

was added as one-tenth of culture volume, and then cells were incubated for 3 h at 37°C with 5% 

CO2. Optical measurements were run on aliquots of 100 μL by a microplate reader (BioRad 

Laboratories, Hercules, CA, USA) at reference wavelengths of 600 nm and 690 nm. A cell viability 

standard curve was used to express the results as number of live cells. 

PSVue480™  staining 

To determine the induction of cell apoptosis by the nanoparticle suspensions, BMMSCs were 

labelled using the PSVue480™ cell stain according to the manufacturer's instructions (Molecular 

Targeting Technologies, Inc.). PSVue480™ dye detects apoptosis by targeting the loss of 

phospholipid asymmetry in the plasma membrane that is an early event in apoptosis, independent of 

cell type, resulting in the exposure of phosphatidylserine (PS) residues at the outer plasma 

membrane leaflet 
23

. BMMSCs were seeded on glass coverslips (Thermo Scientific) with a density 

of 3x10
4
 cells/cm

2
 and incubated with H2O2 (positive control; 100 mM for 18 h), without 

suspension (negative control) and with 6.25, 31.25, 62.5, 312.5 and 625 µg/mL of each NPs 

suspension for 1 and 7 days, respectively. At the end of each culture condition, the cells were 

stained with PSVue480™ solution prepared according to the manufacturer’s instructions. Samples 

were then counterstained with a Hoechst 33342 solution (2 μg/mL) to target the cellular nuclei and 

observed under a fluorescence optical microscope (Nikon Eclipse 80i). 

Morphological analysis 

In order to study cell morphology of untreated and NPs treated cells, after 24h of treatment, cells 

were paraformaldehyde fixed, as described above, permeabilized with 0.1% Triton X-100 for 1 h at 

room temperature (RT) and incubated with FITCH conjugated antibody against β-tubulin 

(Invitrogen) for 90 min at RT, then incubated with phalloidin conjugated with TRICH (Sigma) for 

45 min. Finally, nuclei were counterstained with Hoechst 33342 solution (2 μg/mL) and samples 

were observed under a fluorescence optical microscope (Nikon Eclipse 80i). 

4.2.5 Enzyme assays for evaluation of differentiation process 

Alkaline Phosphatase (ALP) Activity 

In order to study osteoblasts differentiation, ALP activity was determined using a colorimetric end 

point assay
24

. The assay measures the conversion of the colorless substrate p-nitrophenol phosphate 
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(pNPP) by the enzyme ALP to the yellow product p-nitrophenol; the rate of color change 

corresponds with the amount of enzyme present in solution. The test was performed as previously 

described
25

 on cells cultured in presence or absence of NPs at the indicated time points. Samples 

were run in triplicate and compared with the calibration curve of p-nitrophenol standards. The 

enzyme activity was expressed as micromoles of p-nitrophenol produced per minute per milligram 

of enzyme. 

Tartrate-resistant acid phosphatase (TRAP) activity 

In order to study the effect of NPs on osteoclast differentiation, TRAP activity of the enzyme 

released in the culture medium by untreated and treated RAW264.7 cells was performed. To do 

that, 30 μl of culture medium were incubated for 30 min at 37˚C with 30 μl of 600 mM sodium 

acetate buffer (pH 5.5) containing L-ascorbic acid (17.6 mg/ml), sodium tartrate dehydrate (9.2 

mg/ml), disodium 4-nitrophenylphosphate (3.6 mg/ml), Triton X-100 (0.3%), EDTA (6 mM), and 

NaCl (600 mM). The reaction was terminated by addition of 30 μl of NaOH (300 mM) and the 

absorbance at 405 nm was measured by microplate reader (BioRad Laboratories, Hercules, CA, 

USA). 

TRAP histochemical staining of the cells cultured for 10 days in absence and presence of Ca100 

and Sr100 NPs was performed using a leukocyte acid phosphatase kit (Sigma-Aldrich). The 

cultured cells were paraformaldehyde fixed then stained for TRAP activity according to the 

manufacturer's instructions. 

4.2.6 Extracellular Matrix (ECM) deposition and mineralization 

Alizarin Red Staining 

To analyze calcium (Ca) deposition by untreated and NPs treated  at the indicated time points, cells 

were rinsed with PBS, fixed for 30 min at 4°C with 4% PFA and stained for 10 min with 40 mM 

Alizarin Red S (pH 4.2, Sigma-Aldrich)
26

. Then, samples were washed three times with water and 

one time with PBS for 10 minutes and pics of the well were taken or observed at microscope. 

Alizarin Red S staining was released from the cell matrix by incubation in 10% cetylpyridinium 

chloride (Sigma-Aldrich) in 10 mM sodium phosphate (pH 7.0), for 15 min and the absorbance 

measured at 562 nm. 

In order to study the effect of Sr100 NPs on bone matrix calcification of Ocy454 cells culture in the 

presence of the calcium sensing receptor inhibitor NPS2143 hydrochloride (Sigma), osteocytes 

were cultured in absence/presence of Sr100 NPs, and in absence/presence of the inhibitor for 7 

days. Moreover, in other two samples treatment with inhibitor was performed only during the first 
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three days of culture and from the fourth to the seventh day. At the end of culture, cells were fixed 

with 4% paraformaldehyde and stained with Alizarin Red as described previously. 

Calcium–cresolphthalein complexone assay 

The calcium content of NPs treated and untreated cells, was assayed to quantify the amount of 

mineralized matrix present and was measured using a Calcium Fast kit (Mercury SPA, Naples, 

Italy) according to the manufacturer’s instructions. The colorimetric end point assay measures the 

amount of purple-coloured calcium–cresolphthalein complexone complex formed when 

cresolphthalein complexone binds to free calcium in an alkaline solution 
27

. Briefly, 1 mL of 1N 

HCl was added to each sample at the end of the culture and incubated for 24 h at 4°C to release 

calcium into solution. The sample supernatant was diluted 1:10 with the Assay Working Solution 

previously prepared by mixing equal parts of calcium-binding reagent and calcium buffer reagent 

provided by the kit. Ca
2+

 standards in concentrations ranging from 0 to 10 mg/mL were prepared 

from dilutions of a 100 mg/mL stock solution of Ca
2+

. The absorbance reading was performed at 

595nm with a microplate reader (BioRad Laboratories) using 100 µL of standard or sample placed 

into individual wells of a 96-well plate. Samples were run in triplicate and compared against the 

standard solution calibration curve. 

Scanning Electron Microscopy (SEM) and Energy dispersive X-ray spectroscopy (EDS) analysis 

In order to evaluate Sr incorporation in bone matrix, SAOS-2 cells were seeded on plastic cell 

culture coverslip disks (Thermanox Plastic, Nalge Nunc Interna- tional, New York, NY) and 

cultured for 21 days in presence of 62.5 µg/ml of Sr100 and Ca100 NPs, in proliferative and 

osteogenic conditions. At the end of the culture time, cells were fixed with 2.5% (v/v) 

glutaraldehyde solution in 0.1 M sodium cacodylate buffer (pH 7.2) for 1 h at 4°C. Afterwards, 

samples were washed with sodium cacodylate buffer and then dehydrated at room temperature, in 

an ethanol gradient series up to 100%. To obtain a complete dehydration, samples were lyophilized 

for 3 h. Finally, the samples were observed using a scanning electron microscope Zeiss EVO-MA10 

(Carl Zeiss, Oberkochen, Germany) and Elemental maps of Ca, P and Sr were obtained using 

Energy dispersive X-ray spectroscopy (EDSdetector X-max 50 mm
2
, Oxford instruments, Oxford, 

U.K.) 

Extraction of ECM proteins and enzyme-linked immunosorbent assay 

At the end of the culture period, in order to evaluate the amount of ECM produced, the samples 

were washed extensively with sterile PBS to remove culture medium, and then incubated with 

sterile lysis buffer made of 20mM Tris-HCl, 4M GuHCl, 10mMEDTA, 0.066% [w/v] sodium 
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dodecyl sulfate [SDS], pH 8.0 and frozen and thawed several times to allow the cell lysis and ECM 

distruption. After that, the total protein concentration of samples was evaluated with the BCA 

Protein Assay Kit (Pierce Biotechnology, Inc., Rockford, IL). 

Calibration curves to measure type-I and -III collagens, decorin (DEC), osteopontin, osteocalcin, 

osteonectin, fibronectin (FN) and ALP were performed. Microtiter wells were coated with 

increasing concentrations of each purified protein, from 10 ng to 2 mg, in coating buffer (50mM 

Na2CO3, pH 9.5) overnight at 4°C. Control wells were coated with BSA as a negative control. To 

measure the ECM amount of each protein by ELISA, microtiter wells were coated, overnight at 

4°C, with 100 µL of the previously extracted ECM (20 µg/mL in coating buffer). After three 

washes with PBS containing 0.1% (v/v) Tween 20, the wells were blocked by incubating with 200 

µL of PBS containing 2% (w/v) BSA for 2 h at 22°C. The wells were subsequently incubated for 

1.5 h at 22°C with 100 µL of the anti-type-I and -III collagens, antidecorin, anti-osteopontin, anti-

osteocalcin, anti-osteonectin and anti-ALP rabbit polyclonal antisera (1:500 dilution in 1% BSA), 

kindly provided by L. Fisher. The same dilution was used for the anti-FN rabbit polyclonal IgG. 

After washing, the wells were incubated for 1 h at 22°C with 100µL of horseradish peroxidase 

(HRP)-conjugated goat anti-rabbit IgG (1:1000 dilution in 1% BSA). The wells were finally 

incubated with 100 mL of the development solution (phosphate-citrate buffer with o-

phenylenediamine dihydrochloride substrate). The color reaction was stopped with 100 µL of 0.5 M 

H2SO4, and the absorbance values were measured at 490nm with a microplate reader (BioRad 

Laboratories). An underestimation of the absolute protein deposition is possible because the sample 

buffer, used for matrix extraction, contained sodium dodecyl sulfate, which may interfere with the 

protein adsorption during ELISA. 

Immunostaining of ECM proteins 

At the end of culture time, untreated and NPs treated samples were fixed with 4% (w/v) 

paraformaldehyde solution in 0.1M phosphate buffer (pH 7.4) for 30 min at 4°C and washed with 

PBS three times. For immunological studies, paraformaldehyde fixed cells were blocked by 

incubating with PAT (PBS containing 1% [w/v] bovine serum albumin and 0.02% [v/v] Tween 20) 

for 2 h at room temperature and washed. Anti–type-I collagene and anti-osteocalcin rabbit 

polyclonal antisera were used as the primary antibodies diluted to 1:500 in PAT. The incubation 

with the primary antibodies was performed overnight at 4°C, whereas the negative controls were 

incubated with PAT alone. The samples and the negative controls were washed and incubated with 

Alexa-Fluor-488 goat anti-rabbit IgG (HþL; Invitrogen) at a dilution of 1:750 in PAT for 1 h at 

room temperature. At the end of the incubation, the samples were washed in PBS, counterstained 
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with a Hoechst solution (2 µg/mL) to target the cellular nuclei, and then washed. The images were 

taken by the Fluorescence microscope (Leica Microsystems, Bensheim, Germany) equipped with a 

digital image capture system at 40X magnification. 

4.2.7 Gene expression 

Total RNA from samples cultured in presence and absence of NPs, was extracted with the RNeasy 

Plus Mini Kit (Qiagen) and retrotranscribed into cDNA with the iScript cDNA Synthesis Kit 

(BioRad Laboratories) as previously reported
25

. Quantitative reverse-transcription polymerase chain 

reaction (qRT-PCR) analysis was performed in a 48-well optical reaction plate using a MiniOpticon 

Real-Time PCR System (BioRad Laboratories). Oligonucleotide primers were designed with gene 

sequences published in GenBank and are indicated in Table 3.1 and 3.2. Reactions were performed 

in 20 µL with 2 µL of cDNA, 10 µL Brilliant SYBER Green qPCR Master Mix (Stratagene, La 

Jolla, CA), 0.4 µL of each primer, and 7.2 µL H2O. PCR conditions were as follows: 3 min at 95°C, 

40 cycles of 5 sec at 95°C, and 23 sec at 60°C. Gene expression was normalized to the 18S 

housekeeping gene expression. Each sample was analyzed in triplicate and correlated against a 

standard curve. The reaction mixture, without cDNA, was used as a negative control in each run. 

 

Gene Forward primer Reverse Primer 

IBSP 5’-GGGCAGTAGTGACTCATCCG-3’ 5’-TCAGCCTCAGAGTCTTCATCTTC-3’ 

ALP 5’- ACCTCGTTGACACCTGGAAG-3’ 5’- CCACCATCTCGGAGAGTGAC-3’ 

COL1A1 5’-TGTAAGCGGTGGTGGTTATG-3’ 5’-GGTAGCCATTTCCTTGGAAG-3’ 

COL3A1 5’-TGGATCAGATGGTCTTCCA-3’ 5’-TCTCCATAATACGGGGCAA-3’ 

DCN 5’-CGAGTGGTCCAGTGTTCTGA-3’ 5’-AAAGCCCCATTTTCAATTCC-3’ 

RUNX2 5’-ACAGTAGATGGACCTCGGGA-3’ 5’-ATACTGGGATGAGGAATGCG-3’ 

BMP2 5’-AACGGACATTCGGTCCTTGC-3’ 5’-CGCAACTCGAACTCGCTCAG-3’’ 

OCN 5’-GGCAGCGAGGTAGTGAAGAG-3’ 5’-CTGGAGAGGAGCAGAACTGG-3’ 

18S 5’-GTAACCCGTTGAACCCCATT-3’ 5’-CCATCCAATCGGTAGTAGCG-3’ 

 

  

Tab. 3.1 Primers used for qRT-PCRs for expression of human genes 
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Gene Forward primer Reverse Primer 

OCN 5’-CGCTCTGTCTCTCTGACCTC-3’ 5’-GACTGAGGCTCCAAGGTAGC-3’ 

DMP1 5’-AGGACTCCACAGACACCACA-3’ 5’-GGGTATCTTGGGCACTGTTT-3’ 

IBSP 
5’- AACGAACAAG 

GCATAAACGGCACCA-3’ 
5’- CTTGCCCTGCCTTCCGGTCT-3’ 

RANKL 5’-GCTGGGCCAAGATCTCTAAC-3’ 5’-GTAGGTACGCTTCCCGATGT-3’ 

SOST 5’-GCCTCATCTGCCTACTTGTG-3’ 5’-CTGTGGCATCATTCCTGAAG-3’ 

ACP5 5’-CATTGAGGACAAAGGCCCTG-3’ 5’-TGTACCGTGGGTCAGGAGT-3’ 

CTSK 5’-GCCACGCTTCCTATCCGAAA-3’ 5’-ACTGGGTGTCCAGCATTTCC-3’ 

CD44 5’-GAATTCTGCGCCCTCGGTT-3’ 5’-TGGAATACACCTGCGTAGCG-3’ 

NFATc1 
5’-GGTAACTCTGTCT 

TTCTAACCTTAAGCTC-3’ 

5’-GTGATGACCCCAG 

CATGCACCAGTCACAG-3’ 

18S 5'-TCAAGAACGAAAGTCGGAGG-3' 5'-GGACATCTAAGGGCATCAC-3' 

4.2.8 Statistics 

Each experiment was repeated three times. Quantitative results are expressed as the mean ± 

standard error of the mean (SEM). In order to compare the results between untreated, Ca100, 

Ca50Sr100 and Sr100 treated samples, the one-way analysis of variance (ANOVA) with post hoc 

Bonferroni test was applied, with a significance level of 0.05.   

Tab. 3.2 Primers used for qRT-PCRs for expression of murine genes 
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4.3 Results 

4.3.1 Osteoblasts-like SAOS-2 cell line 

Nanoparticles uptake studies 

To evaluate Ca100 and Sr100 

nanoparticles internalization into cells, 

NPs suspended in BSA were labelled 

with FITC in order to make them 

visible by fluorescence.  

Figure 3.1 is a representative image 

of CLSM of SAOS-2 cells treated 

with 62.5 µg/mL FITC-NPs for 2, 6 

and 24 hours: nuclei and actin 

filaments were stained with Hoechst 

33342 and Phalloidin-TRITC, 

respectively. In the figure, orthogonal 

projections are also reported. 

As the figure shows, after 2 h of 

treatment few NPs are visible, but 

slightly more in Ca100 treated 

samples: in particular the orthogonal 

projections seem to show the Ca100-

NPs co-localization with actin 

filaments at the cell membrane level 

(Fig. 3.1a and b). No NPs were 

observed inside cells in both types of 

samples. After 6 h, the number of 

internalized NPs is higher than those 

observed at shorter times, especially in 

Ca100 treated sample. Also after 6 hours most of NPs are localized on cell membrane but some of 

them appear to be underneath the actin filaments indicating a complete internalization (Fig. 3.1c 

and d). After 24 h, a significant higher number of NPs were observed inside the cells of both 

samples (Fig. 3.1e and f). These data seem to suggest that NPs are uptake by cells in a time course 

manner and that the complete internalization occurs between 6h and 24h. Moreover, a different 

Fig. 3.1 Nanoparticles Uptaking kinetic. Representative CLSM images 

and orthogonal projection of SAOS-2 cells incubated for 2 (a,b), 6 (c,d) 

and 24 (e,f) hours with Ca100 (a, c, e) and Sr100 (b, d, f) nanoparticles 

conjugated with FITCH (green). Actin filaments were stained with 

phalloidine-TRITC (red) and nuclei counterstained with Hoechst 33342 

(blue). Magnification 40X, scale bars rapresent 50µm. 
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behaviour was observed for the two types of NPs: Ca100 seems to be uptake at a shorter time than 

Sr100, probably due to the difference in NPs size.  

To get deeper, a quantitative evaluation of intracellular amount of Ca and Sr was evaluated at 24 h 

in untreated, Ca100 and Sr100 treated samples. Figure 3.2 shows the femtograms per cell of each 

element as detected by ICP-EOS technique. The graph shows that the amounts of calcium detected 

in Ca100 and Sr100 treated samples were similar but 50 times higher than untreated cells, whereas 

strontium was 1000 times greater in Sr100 treated samples if compared to Ca100 treated ones (in 

untreated samples no strontium was detected). These data confirm the complete NPs uptake occurs 

after 24h and, surprisingly, the amounts of Ca detected in Ca100 and Sr100 treated cells were 

comparable, suggesting that Sr addition induces an intracellular calcium increase. 

In order to study the mechanisms involved in NPs internalization, SAOS-2 cells were pre-incubated 

with three inhibitors, as described in materials and methods section (pag 77). After the pre-

incubation, new media containing FITCH conjugated NPs and the inhibitors were added and 

incubated for further 24h. At the end, all samples were qualitatively observed with CLSM (Figure 

3.3). The same experiment was performed using flow cytometry to measure the NPs fluorescence 

using FloMax
®

 2.2 Software (Figure 3.4). In particular, to calculate the percentage of inhibition, 

signals obtained from cells treated with NPs in presence of inhibitors were compared with the 

fluorescence of cells treated with NPs but in absence of inhibitors (Fig. 3.4a). Fluorescence peaks 

analysis revealed that amiloride strongly reduced the uptake of Ca100 by 73% (p<0.001) whereas 

the reduction was around 34% with Sr100 (p<0.01), whereas no significant decreases were 

observed in samples treated with chlorpromazine and indomethacin, for both nanosystems (p>0.05) 

(Fig. 3.4b). These data are confirmed by CLSM observation where a smaller amount of green 

fluorescence was observed in cells treated with amiloride, especially in Ca100 treated samples (Fig. 

3.3). Again no significant differences where observed in cells treated with Chloropromazine and 

Fig. 3.2 Ca and Sr intracellular amounts evaluated by ICP-OES analysis in untreated (Ctrl) and treated SAOS-2 

cells with Ca100 and Sr100 nanoparticles, after 24h. Bars represent fg/cell for each element. 
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Indometacin cells, endorsing the quantitative 

results (Fig. 3). A cell viability evaluation was also 

carried out with FloMax
®
 software, in order to 

evaluate the percentages of live cells in those 

samples untreated/treated with inhibitors in the 

presence/absence of NPs showing a range of 82%–

94% with no significant statistical differences. This 

datum confirms that the uptake process is not 

related to the possible cytotoxic effect exerted by 

the selected inhibitors. Based on the previous 

indicated results, we may suggest that 

macropinocytosis is the uptake mechanism 

involved in cell internalization of Ca100 and Sr100 

NPs. 

 

Effect of NPs on Osteoblasts differentiation 

After uptake studies that revealed some details 

about NPs internalization, further experiments 

were performed in order to evaluate the effect 

exerted by NPs on osteoblasts differentiation. To 

do that, we evaluated the extracellular matrix 

deposition in terms of proteins and mineralization 

quantification, ALP activity and expression of 

specific bone marker genes of SAOS-2 cells 

untreated/treated with Ca100 and Sr100 for 21 

days in 2 different culture medium conditions, 

proliferative and osteogenic media, respectively. 

Fig. 3.3 Nanoparticles uptake pathways. Representative 

CLSM images and orthogonal projection of SAOS-2 

cells incubated with Ca100 (a, c, e, g) and Sr100 (b, d, f, 

h) nanoparticles in absence (a, b) and in presence of 

uptake inhibitors: amiloride (c, d), chloropromazine (e, 

f) and indomethacin (g, h). Actin filaments were stained 

with phalloidine-TRITC (red) and nuclei 

counterstained with Hoechst 33342 (blue). 

Magnification 20X, scale bars represent 50µm. 
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Figure 3.5 shows results related to ALP activity and protein expression. In particular, an increase of 

enzyme activity was observed for Sr100 treated cells in both types of culture conditions (p<0.001) 

(Fig. 3.5a). The level of ALP activity was higher in osteogenic on respect to proliferative medium. 

In particular, a slight increase was observed also in Ca100 treated samples (p<0.001) if related to 

untreated samples. These data are confirmed by observation with a fluorescence microscope: a more 

intense and diffuse green fluorescence was observed in Sr100 treated samples in comparison to 

untreated and Ca100 treated samples (Fig. 3.5b). These results suggest a stimulatory effect of Sr100 

on ALP protein expression and activity, possibly promoting osteoblasts differentiation.  

Fig. 3.4 Nanoparticles uptake pathways. Quantitative determination by flow cytometry of nanoparticles uptake in 

presence of uptake inhibitors. a) Peaks of NPs fluorescence; b) Percentage of NPs utake obtained comparing fluorescence 

from inhibitors treated samples with inhibitor untreated samples. Bars represent percentage of nanoparticles uptake 

related to positive control (uptake in absence of inhibitors). Statistical analysis performed against the positive control, 

***p<0,001. 
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The most important activity related to osteoblasts task is their ability to synthetize and deposit a 

mineralized extracellular matrix. Figure 3.6 shows results related to mineralization, in particular 

Alizarin Red stained samples of untreated/treated with Ca100 and Sr100 SAOS-2 cells (Fig.6A-F) 

and their quantitative evaluation (Fig. 3.6G). Alizarin Red staining is specific for calcium deposits 

as shown by red spots observed only in samples cultured in osteogenic conditions (Fig. 3.6A-C). 

No red staining was observed in samples cultured in proliferative conditions (Fig. 3.6D-F). 

Moreover in Sr100 treated samples a higher number of larger red spots were observed in 

comparison to the  control and Ca100 treated samples. Quantitative results obtained by the calcium–

cresolphthalein complexone assay confirmed the previous data (Fig. 3.6G) showing an increase of 

Ca deposition in Sr100 treated samples cultured in osteogenic conditions (p<0.001). Quantitative 

data related to samples cultured in proliferative conditions are not shown since no calcium was 

detected. 

Fig. 3.5 Effect of nanoparticles treatment on ALP activity and expression in SAOS-2 cells. a) ALP specific activity in SAOS-

2 cells untreated (control) and treated with Ca100 and Sr100 nanoparticles for 21 days, cultured in proliferative and 

osteogenic conditions. Bars represent mean and SEM of three experiments (*p<0,05, **p<0,01, ***p<0,001); (from b to g) 

representative fluorescence imagines of ALP immunostaining (green) in sample cultured for 21 days in proliferative (b, c, d) 

and osteogenic (e, f, g) conditions, in absence (b, e) and presence of Ca100 (c, f) and Sr100 (d, g) nanoparticles. Nuclei were 

counterstained with Hoechst 33342 (blue). Magnification 20X, scale bars represent 50µm. 
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To study the effect of Sr100-NPs in comparison to strontium-containing salts on calcium 

deposition, SAOS-2 cells were treated with different amounts of Sr100 nanoparticles, Strontium 

Chloride and Strontium Ranelate in osteogenic conditions. Figure 3.7 shows the absorbance of 

Alizarin Red stained samples after cetylpyridinium dissolution and Alizarin red stained wells of 

untreated/treated cells with 1.25 mM Sr
+2

 concentrations using the three different compounds. 1.25 

mM is the Sr
+2

 concentration used for all the SAOS-2 differentiation experiments corresponding to 

62.5 µg/mL of Sr100 nanoparticles. An higher mineralization was observed in Sr100 treated 

samples for Sr
+2

 concentrations ranging from 0.156 mM to 2.5mM (Fig. 3.7a). At higher Sr
+2

 

concentrations, an absorbance decrease was observed in all samples treated with the three Sr-

containing compounds indicating a negative effect which resulted dose-dependent for Sr on bone 

matrix mineralization, especially for Strontium Ranelate. A more detailed analysis on bone matrix 

mineralization was performed by SEM measurements with energy dispersive microanalysis. Figure 

3.8 shows spectra, SEM micrography, maps of Ca, P and Sr and relative quantitative evaluation of 

untreated/treated with Ca100 and Sr100 SAOS-2 cells in proliferative (Fig. 3.8a) and osteogenic 

(Fig. 3.8b) conditions, respectively. In samples cultured in proliferative conditions no differences 

were observed (Fig. 8a is representative for all of the three samples). On the contrary, a significant 

difference was observed for samples cultured in osteogenic medium, in particular between 

untreated/treated samples with Ca100 and Sr100 (Fig. 3.8b). Significant increase in P and Ca peaks 

intensity was recorded. Interestingly, Sr peaks were detected in Sr-treated samples (yellow arrows 

Fig. 3.6 Effect of nanoparticles on bone matrix mineralization by SAOS-2 cells. (From A to F) Representative images at 

optical microscope of SAOS-2 cells cultured for 21 days in proliferative (A, B, C) and osteogenic (D, E, F) conditions, in 

absence (A-D) and presence of Ca100 (B, E) and Sr100 (C, F) nanoparticles and stained with Alizarin Red S for calcium 

deposits visualization. Magnification 10X (insert 20X), scal bars represent 50µm. G) Quantitative evaluation of calcium 

deposited by SAOS-2 after 21 days in absence (Control) and presence of Ca100 and Sr100 nanoparticles in ostegenic 

condition, by Calcium–cresolphthalein complexone method. Bars represent mean and SEM of three experiments, statistical 

analysis performed against control (***p<0,001). 
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in Fig. 8b) that are absent in the other samples. This result suggests that Sr, which has been 

administered by nanoparticles, is deposited by cells in bone matrix. Quantitative evaluation of this 

deposition was measured around 1%.  

  

Fig. 3.7 Effect of three different strontium-containing compounds on bone matrix mineralization. (a) Quantitative 

evaluation of Alizarin Red staining after cetylpiridinium dissolution of calcium deposited by SAOS-2 cells cultured for 21 

days in osteogenic condition in absence and in presence of different concentrations of Strontium Ranelate, Strontium 

Chloride and Sr100 nanoparticles. Diagram represent mean and SEM of three different experiments. (b) Pics of Alizarin 

Red stained wells of SAOS-2 cells untreated (Control) and treated for 21 days in osteogenic condition with Sr100 

nanoparticles, SrCl2 and Strontium ranelate at a Sr+2 concentration of 1,25 mM, the concentration used in differentiation 

experiments. 

Fig. 3.8a Strontium determination in extracellular matrix. EDX spectrum, elemental maps and quantitative element results 

of SAOS-2 cultured in proliferative condition for 21 days. Showed results are representative of untreated, Ca100 and Sr100 

nanoparticles treated samples. 
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Bone matrix proteins deposited by untreated and NPs treated SAOS-2 cells was also evaluated by 

ELISA assay. Figure 3.9 shows results expressed as ratio of protein amounts measured in treated 

samples relate to untreated ones. An increase in deposition of all the tested proteins was detected in 

Sr100 treated samples cultured in both culture conditions. This increase was observed for type-I 

collagen, the main constituent of bone matrix, but also for bone marker proteins like ALP, OCN, 

DEC, OPN and ONT and the adhesive hFN. Figure 3.10 shows immunolocalization of Osteocalcin 

Fig. 3.8b Strontium determination in extracellular matrix. EDX spectra, elemental maps and quantitative element 

results of SAOS-2 cultured in osteogenic conditions for 21 days in absence (Control) and presence of Ca100 and Sr100 

nanoparticles, yellow arrows point out Sr peaks. 
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and Osteopontin in samples cultured in proliferative and osteogenic conditions, in the 

absence/presence of nanoparticles. Regarding osteocalcin deposition, it is possible to see a different 

localization of this protein in the 2 culture conditions: in particular in osteogenic medium, the green 

fluorescence seems to be localized in specific spots whereas in samples cultured in proliferative 

conditions a more diffuse fluorescence was observed. Also for osteopontin deposition, a more 

diffuse green fluorescence was observed in samples cultured in osteogenic conditions. No big 

differences, in terms of osteopontin expression, were observed between nanoparticles untreated and 

treated samples. 

Fig. 3.9 Effect of nanoparticles on extracellular matrix proteins deposition. Extracellular matrix proteins deposited by 

SAOS-2 cells cultured in proliferative (a) and osteogenic (b) conditions for 21 days in absence (control) and presence of 

Ca100 and Sr100 nanoparticles determined by ELISA assay. Results are expressed as ratio of treated samples related to 

control. Bars represent mean and SEM of three different experiments, statistical analysis performed between normalized 

Sr100 samples against normalized Ca100 samples (**p<0,01, ***p<0,001) 
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Gene expression of specific markers of osteoblasts differentiation was evaluated in samples cultured 

in proliferative and osteogenic conditions, in absence/presence of NPs. Figure 3.11 shows results of 

genes whose a significative difference was observed; fold increases were normalized to untreated 

samples. Regarding proliferative conditions, an increase in ALP, COL1A1 and OCN gene 

expression in Sr100 treated samples was observed. In osteogenic conditions, the same genes were 

found up-regulated by Sr100 treatment together with BMP2 and DCN. The expression of genes 

related to osteoblasts differentiation and ECM proteins seems to be positively affected by Sr 

treatment. 

Fig. 3.10 Effect of nanoparticles on extracellular matrix proteins deposition. Representative fluorescence images of 

samples immuno-stained (green) for osteocalcin (a – f) and osteopontin (g – l) deposited from SAOS-2 cells after 21 

days in proliferative (a, b, c, g, h, i) and osteogenic (d, e, f, j, k, l) conditions in absence (a, d, g, j) and presence of 

Ca100 (b, e, h, k) and Sr100 (c, f, I, l) nanoparticles. Nuclei were counterstained with Hoechst 33342 (blue). 

Magnification 20X, scale bars represent 50µm.. 
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Fig. 3.11 Gene expression of indicated bone specific markers as determined by qRT-PCR. SAOS-2 cells were cultured for 

21 days in proliferative (a) and differentiative (b) condition in absence (Control) and presence of Ca100 and Sr100 

nanoparticles. Relative expression was normalized on control. Bars indicated mean and SEM of three different 

experiments. Statistical analysis was performed against control (**p<0,01, ***p<0,001) 
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4.3.2 Human Bone Marrow Mesenchymal Stem Cells (hBMMSCs) 

Cell viability, apoptosis, morphological observation and NPs uptake analysis 

A preliminary study about cell viability and apoptosis of hBMMSCs following treatment with 

different concentrations of Ca100 and Sr100 nanoparticles was performed to evaluate the 

cytotoxicity of NPs and to choose the effective concentration to be used in the succeeding 

experiments. 

 

Fig. 3.12 Effect of nanoparticles on BMMSCs viability, apoptosis and morphology. a) hBMMSCs viability evaluated by MTT 

test of untreated (control), Ca100 and Sr100 nanoparticles at different concentration after 1, 3 and 7 days. Results are 

expressed as percentage related to control, diagrams represent mean and SEM of three different experiments. Statistical 

analysis performed between normalized Sr100 samples against normalized Ca100 samples (***p<0,001); (b-e) BMMSCs 

apoptosis evaluated by PSVue 480 staining (green) on untreated (b) cells, hydrogen peroxide (c), 62,5 µg/mL Ca100 (d) and 

62,5 µg/mL Sr100 (e) nanoparticles treated cells for 24h; (f-h) β-tubolin (green) and actin (red) filaments staining of 

untreated (f), 62,5 µg/mL Ca100 (g) and 62,5 µg/mL Sr100 (h) nanoparticles treated hBMMSCs for 24h; (i, j) Representative 

CLSM images and orthogonal projection of hBMMSCs incubated for 24h with 62,5 µg/mL Ca100 (i) and 62,5 µg/mL Sr100 

(j) nanoparticles conjugated with FITCH. Nuclei were counterstained with Hoechst 33342 (blue). All scale bars represent 

50µm. 
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Figure 3.12a shows cell viability results obtained by MTT test of hBMMSCs treated with increased  

concentrations of Ca100 and Sr100 NPs for 1, 3 and 7 days, respectively. After 1 and 3 days, no 

differences between treated and untreated cells were observed, whereas, after 7 days, an increase 

around 20-50% in cell proliferation was observed in samples treated with concentrations ranging 

between 3.25 and 62.5 µg/mL of Sr100 NPs (p<0.001). For higher Sr100 concentrations and for all 

Ca100 tested concentrations, no differences in cell viability were observed related to untreated 

samples (p>0.05). 

In Figure 3.12b-e, PSVue 480 staining of 62.5 µg/mL Ca100 (Fig. 3.12d) and Sr100 (Fig. 3.12e) 

treated samples are shown together with untreated (Fig. 3.12b) and H2O2 treated (Fig. 3.12c) 

samples to evaluate cell apoptosis. The same analysis was performed for samples treated also with 

other nanoparticles concentrations, but no differences were observed related to those shown. H2O2 

treated samples were used as positive control, while untreated cells as negative control. No 

apoptosis was detected after 24h for both types of nanoparticles treatments at all concentrations 

since no green fluorescence was observed. 

After 24h, cell morphology was evaluated in untreated and treated samples with 62.5 µg/mL Ca100 

or Sr100. To do that, β-tubulin and actin filaments were stained in green and in red, respectively. 

No significant differences were observed between untreated (Fig.12f) and treated cells with Ca100 

(Fig. 3.12g) and Sr100 (Fig. 3.12h), showing the typical fibroblast like morphology of hBMMSCs. 

Successively, nanoparticles uptake was evaluated after 24h. Figure 3.12i-j shows CLSM 

micrographs of hBMMSCs incubated with 62.5 µg/mL of Ca100 (Fig. 3.12i) and Sr100 (Fig. 3.12j) 

of nanoparticles conjugated with FITCH. As already observed with SAOS-2 cells, after 24h 

FITCH-NPs were detected inside cells with no significant differences between Ca100 or Sr100 

treatments.  

Effect of NPs on osteoblastic differentiation 

Effect of NPs on differentiation in osteoblasts was evaluated on cells cultured for 28 days in 

proliferative and osteogenic medium. Figure 3.13a shows ALP specific activity measured in 

samples of hBMMSCs treated with different concentrations of Ca100 and Sr100 NPs, cultured in 

osteogenic (continuous lines) and proliferative medium (dashed lines). Significative increase in 

ALP activity was observed in samples treated with 31.25 and 62.5 µg/mL of Sr100 NPs in 

osteogenic conditions (p<0.01), whereas no differences were observed between Ca100 treated and 

untreated cells (p>0.05). For higher concentrations of Sr100 treatment, a significative decrease of 

ALP activity and a higher number of adipocytes (data not shown) were observed. Cells cultured in 
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proliferative conditions, in absence/presence of nanoparticles, did not show any differences in terms 

of ALP activity (dashed lines).  

 

Fig. 3.13 Effect of nanoparticles on ALP activity and deposition. a) ALP specific activity of untreated (control), Ca100 and 

Sr100 nanoparticles treated hBMMSCs for 28 days in osteogenic conditions. Results are expressed as percentage related to 

control. Diagrams represent mean and SEM of three different experiments. Statistical analysis performed between 

normalized Sr100 samples against normalized Ca100 samples (**p<0,01, ***p<0,001); b) ALP specific activity of untreated 

(control), Ca100 and Sr100 treated hBMMSCs for 8 and 28 days in osteogenic conditions. Bars indicate mean and SEM of 

three different experiments, statistical analysis were performed against control (***p<0,001): c) representative fluorescence 

images of ALP immunostaining (green) in sample cultured for 28 days in osteogenic condition, in absence (c) and presence of 

Ca100 (d) and Sr100 (e) nanoparticles. Nuclei were counterstained with Hoechst 33342 (blue). Magnification 40X, scale bars 

represent 50µm. 

 

Since the 62.5 µg/mL showed the higher increase of cell proliferation and ALP activity, we choose 

to use this concentration for the succeeding studies. 

Figure 3.13b shows ALP values of hBMMSCs differentiated for 8 and 28 days in absence and 

presence of Ca100 and Sr100 nanoparticles in osteogenic conditions. Data at 28 days confirmed the 

previous observations, whereas no differences were observed after 8 days when differentiation 

process seems to be not affected by nanoparticles treatment. Enzyme activity results were 

confirmed by immunolocalization of ALP observed by fluorescence microscope as shown in Figure 

3.13c-e, where a more intense and diffuse green fluorescence was observed in Sr100 treated 

samples. 
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Additional evaluation about NPs effect on calcified bone matrix after 28 days of treatment in 

proliferative and osteogenic conditions was evaluated. Figure 3.14 shows Alizarin Red stained 

samples (Fig. 3.14a) and quantification of Alizarin red stained deposits after cetylpyridinium 

dissolution (Fig. 3.14b). An intense red staining in samples cultured in osteogenic conditions was 

observed unlikely to those cultured in proliferative conditions. Moreover, in Ca100 and Sr100 

treated samples, a higher number and larger calcium deposits were observed and it was confirmed 

by absorbance reading at 562 nm after cetylpyridinium dissolution (Fig. 3.14b). These data suggest 

a positive effect of nanoparticles treatment, especially of Sr100, on bone matrix mineralization. 

ECM proteins deposition was evaluated after 28 days in samples cultured in proliferative and 

osteogenic conditions in absence/presence of Ca100 and Sr100 nanoparticles by ELISA assay (Fig. 

3.15a) and immunolocalizations of type-I collagen and osteocalcin were performed in samples 

cultured in osteogenic conditions (Fig. 3.15b). An increase of all tested proteins was observed in 

Sr100 treated samples cultured in osteogenic conditions. Instead, no differences were observed in 

those cultured in proliferative conditions. Quantitative results were corroborated by 

immunofluorescence observations, where a more intense and diffuse green fluorescence was 

observed for both the immunostained proteins. 

In order to complete the panel of nanoparticles effects on osteoblasts differentiation from 

hBMMSCs, gene expression of untreated and treated cells with Ca100 and Sr100 was evaluated 

after 28 days of culture in proliferative and osteogenic conditions. Figure 3.16 shows results related 

Fig. 3.14 Effect of nanoparticles on bone matrix mineralization by hBMMSCs. a) Representative images at optical 

microscope of hBMMSCs cultured for 28 days in proliferative and osteogenic conditions, in absence and presence of Ca100 

(b) and Sr100 nanoparticles and stained with Alizarin Red S for calcium deposits visualization. Magnification 10X, scale 

bars represent 50µm. b) Quantitative evaluation of Alizarin Red staining after cetylpyridinium dissolution of calcium 

deposited by hBMMSCs cultured for 28 days in absence (Control) and presence of Ca100 and Sr100 nanoparticles in 

osteogenic condition. Bars represent mean and SEM of three experiments, statistical analysis performed against control 

(***p<0,001) 



100 
 

to genes, which showed significative differences. In proliferative conditions, the increase in 

COL1A1 expression was observed in treated samples (p<0.001) while no differences of ALP gene 

expression was observed, confirming the enzyme activity results. A different situation was observed 

in samples cultured in osteogenic conditions where an increase of ALP, COL3A1, Integrin binding 

Sialoprotein (IBSP), OCN, DCN and RUNX2 were observed in treated samples showing a higher 

expression values for samples treated with Sr100 nanoparticles. 

  

Fig. 3.15 Effect of nanoparticles on extracellular matrix proteins deposition. a) Extracellular matrix proteins deposited by 

hBMMSCs cultured in osteogenic condition for 28 days in absence (control) and presence of Ca100 and Sr100 nanoparticles 

determined by ELISA assay. Bars represent mean and SEM of three different experiments, statistical analysis performed 

against control (*p<0,05, **p<0,01, ***p<0,001); b) Representative fluorescence images of samples immuno-stained (green) 

for type-I collagen and osteocalcin deposited by hBMMSCs cultured for 28 days in osteogenic conditions in absence 

(Control) and presence of Ca100 and Sr100 nanoparticles. Nuclei were counterstained with Hoechst 33342 (blue). 

Magnification 20X, scale bars represent 50µm. 
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4.3.3 Osteocytes cell line Ocy454 

Effect of NPs on osteocytes differentiation and 

activity 

After the study of NPs effects on osteoblasts 

differentiation, influence of NPs on osteocytes 

was evaluated. To do that, we used an osteocyte 

cell line Ocy454 generated and kindly provided 

by Dr. Paola Divieti Pajevic (School of dental 

medicine, Molecular and cell biology – Boston 

University). Briefly, mice expressing the green 

fluorescent protein (GFP) under the control of 

dentin matrix protein 1 (8-kb DMP1-GFP) were 

mated with mice carrying a ubiquitously 

expressed SV40 large T antigen, and osteocytes 

were isolated from the long bones of 4-week-

old double transgenic mice. Two criteria were 

used to select mature osteocytic cell line: sorted 

GFP-positive were required to 1) have high 

levels of production of known osteocytic genes 

(SOST and DMP1) at the early time point of 14 

days at the semipermissive temperature in the 

absence of differentiation and 2) respond to the known effects of PTH stimulation by suppression of 

SOST and increased expression of RANKL. This method provided a heterogeneous population of 

DMP1-GFP-positive cells, which are known to be a mixture of cells with various degrees of SOST 

and DMP1 expression depending on their age/maturation. From this population a more homogenous 

population called Ocy454 was obtained from single cell sub-clone isolation. Ocy454 cells have the 

same osteocyte marker expression and hormonal (PTH, PGE2, and shear stress) response
13

.  

First of all, the 625 µg/mL concentration of nanoparticles was used for the experiments with 

Ocy454 since no effect in terms of bone mineralization was observed in sample treated with lower 

nanoparticles concentrations (data not shown). Figure 3.17 shows Alizarin Red staining results of 

samples untreated and treated with Ca100, Ca50Sr50 and Sr100 nanoparticles for 3, 7 and 10 days, 

respectively. Bone matrix mineralization seems to be affected by nanoparticles treatment: in 

particular, after 7 days red spots were visible in treated samples (Fig. 3.17a) while no  

mineralization was detected in control; after 10 days, the treated samples showed a more intense 

Fig. 3.16 Gene expression of indicated bone specific markers 

as determined by qRT-PCR. hBMMSCs were cultured for 

28 days in proliferative (a) osteogenic (b) conditions in 

absence (Control) and presence of Ca100 and Sr100 

nanoparticles. Relative expression was normalized on 

control. Bars indicate mean and SEM of three different 

experiments. Statistical analysis was performed against 

control (***p<0,001). 
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and diffuse red staining if compared to control. This increase was observed especially for strontium 

treated samples in a dose-dependent manner. Qualitative observations were confirmed by 

quantitative evaluation of absorbance values of Alizarin red stained calcium deposits after 

cetylpyridinium dissolution.  

Fig. 3.17 Effect of nanoparticles on bone matrix mineralization by osteocytes. Representative imagines at optical microscope 

of Ocy454 osteocytes cultured for 3, 7 and 10 days at 37°C, in absence (Control) and presence of Ca100, Ca50Sr50, and 

Sr100 nanoparticles and stained with Alizarin Red S for calcium deposits visualization. Magnification 10X, scale bars 

represent 100µm. b) Quantitative evaluation of Alizarin Red staining after cetylpyridinium dissolution of calcium deposited 

by Ocy454 osteocytes cultured for 3, 7 and 10 days in absence (Control) and presence of Ca100, Ca50Sr50 and Sr100 

nanoparticles at 37°C. Bars represent mean and SEM of three experiments, statistical analysis was performed against 

control (***p<0,001). 



103 
 

Beyond influence of nanoparticles on bone matrix mineralization, gene expression of untreated and 

nanoparticles treated samples was evaluated at 3, 7 and 10 days of treatment, respectively. Figure 

3.18 shows expression of OCN, RANKL, DMP1, IBSP and SOST in treated samples, normalized to 

untreated sample, over the time. An increase for all tested genes, except for RANKL, was observed 

in treated sample, especially for Sr100 treated ones. A different behaviour was observed for 

RANKL, where Sr treatment induced a decrease in gene expression at 3 and 7 days. Figure 3.19 

shows a similar gene expression results in a more detailed manner. It is noteworthy the IBSP 

expression after 7 days was around 250 times higher in Sr100 treated samples if compared to the 

other samples. Moreover, for all tested genes, strontium treatment seems to work in a dose-

dependent way: Ca50Sr50 seems to be an intermediate condition between Ca100 and Sr100. The 

expression of the specific osteocytic marker SOST, was detected only after 10 days and an up-

regulation in Sr100 treated samples was observed, suggesting a later differentiated stage induced by 

Sr treatment.  

Preliminary results about possible molecular mechanisms involved in Sr100 nanoparticles action on 

Ocy454 were obtained using NPS2143 hydrochloride inhibitor, a selective CaSR antagonist. In 

particular, bone matrix mineralization was evaluated in samples untreated and treated for 7 days 

with Sr100 and NPS2143 hydrochloride Inhibitor. Figure 3.20 shows representative images of 

Fig. 3.18 Gene expression over the time of indicated genes determined by qRT-PCR. Ocy454 were cultured for 3, 7 and 10 

days at 37°C in absence and presence of Ca100, Ca50Sr50 and Sr100 nanoparticles. Relative expression was normalized 

against untreated samples. 
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Alizarin Red stained samples (Fig. 3.20a-d) and quantitative evaluation of Alizarin Red stained 

calcium deposits after cetylpyridium dissolution. Treatment with inhibitor reduces drastically bone 

matrix mineralization both in the presence and in the absence of Sr100 nanoparticles.  

Additionally, we treated cells with Sr100 nanoparticles for 7 days while inhibitor treatment was 

performed only from day 1
st
 to day 3

rd
 and from day 4

th
 to day 7

th
 and then Alizarin red staining was 

used to evaluate bone matrix mineralization (Fig. 3.21). We observed that samples treated in the 

first three days of culture with inhibitor, showed a similar bone matrix mineralization level of 

samples treated with inhibitor for all the 7 days (Fig. 3.21a-b). On the other hand, samples treated 

with NPS2143 hydrochloride inhibitor in the last three days of differentiation showed bone matrix 

mineralization similar to samples without inhibitor (Fig. 3.21c-d). Since no bone matrix 

mineralization was observed in untreated and treated samples at day 3 (Fig. 3.17a), the mineral 

deposition observed in the latter samples occurred from day 3 to day 7.  

Fig. 3.19 Gene expression of indicated genes determined by qRT-PCR. Ocy454 were cultured for 3, 7 and 10 days at 37°C in 

absence and presence of Ca100, Ca50Sr50 and Sr100 nanoparticles. Relative expression was normalized against untreated 

samples. Bars indicated mean and SEM of three different experiments. Statistical analysis was performed against control 

(*p<0,05; **p<0,01; ***p<0,001). 
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Fig. 3.20 Effect of nanoparticles in presence of CaR inhibitor on bone matrix mineralization. (a – d) Representative imagines at 

optical microscope of Alizarin Red S stained samples of Ocy454 osteocytes cultured for 7 days in absence (a, c) and presence (b, d) of 

NPS 2143 hydrochloride, in absence (a, b) and presence (c, d) of Sr100 nanoparticles. Magnification 10X, scale bars represent 100µm. 

e) Quantitative evaluation of Alizarin Red staining after cetylpyridinium dissolution of calcium deposited by Ocy454 Osteocytes 

cultured for 7 days in absence and presence of NPS 2143 hydrochloride, in absence and presence of Sr100 nanoparticles. Bars indicate 

mean and SEM of three different experiments. Statistical analysis was performed between nanoparticles treated samples against 

untreated ones (***p<0,001). 

Fig. 3.21 Effect of nanoparticles on bone matrix mineralization depositated by Ocy454 treated at different time points with CaR 

inhibitor. (a – d) Representative images at optical microscope of Alizarin Red S stained samples of Ocy454 cultured for 7 days in 

presence of Sr100 nanoparticles, in absence (d) and presence of NPS 2143 hydrochloride for 7 days (a), from day 1 to day 3 (b) and 

from day 4 to day 7 (c) of culture. Magnification 10X, scale bars represent 100µm. e) Quantitative evaluation of Alizarin Red staining 

after cetylpyridinium dissolution of calcium deposited by Ocy454 cultured for 7 days in presence of Sr100 nanoparticles, in absence 

and presence of NPS 2143 hydrocloride for 7 days, from day 1 to day 3 and from day 4 to day 7 of culture. Bars indicate mean and 

SEM of three different experiments. Statistical analysis was performed between all groups (***p<0,001). 
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4.3.4 Murine macrophage RAW264.7 cell line  

The murine macrophage RAW264.7 cell line, 

treated with soluble RANKL for osteoclasts 

differentiation, was the last in vitro model used to 

study the effect of nanoparticles on bone 

remodelling. Preliminary studies were performed to 

assess the best concentration of RANKL to obtain 

multinucleated TRAP positive cells. In particular, a 

range of concentrations was tested and 50 ng/mL 

was selected and used for the following 

experiments (data not shown). 

To study the effect of Ca100 and Sr100 

nanoparticles on osteoclasts differentiation, NPs 

concentrations from 31.25 to 625 µg/mL were 

tested with RAW264.7 cultured in presence of 50 

ng/mL of RANKL for 3, 6 and 10 days, 

respectively. TRAP enzyme was used as osteoclasts 

differentiation marker and its activity in the cell 

culture media was evaluated (Fig. 3.22). At all 

three tested times, samples treated with 31.25 and 

62.5 µg/mL of Sr100 nanoparticles showed a 

decrease in TRAP activity (p<0.001), whereas for 

higher doses of Sr100 NPs concentration an 

opposite effect was observed. No differences were 

observed for Ca100 treated samples at all tested 

concentrations. Starting from these results, 62.5 

µg/mL was used for the following experiments. 

To evaluate the effects on osteoclasts 

differentiation of Ca100 and Sr100 nanoparticles, 

RAW264.7 were cultured for 10 days in absence/presence of 50 ng/mL of RANKL and then treated 

with Ca100 and Sr100 NPs. After 10 days of culture, samples were fixed with paraformaldehyde, 

stained for TRAP and nuclei counterstained with Hoechst 33342 (Fig. 3.23). Samples cultured in 

the presence of RANKL showed multinucleated TRAP positive cells (Fig. 3.23b) whereas for 

samples cultured in absence of RANKL, no positive TRAP cells were observed (Fig. 3.23a). 

Fig. 3.22 Effect of nanoparticles on osteoclasts 

differentation. TRAP enzyme activity of RAW 264.7 

cells cultured for 3, 6 and 10 days in presence of 

50ng/mL RANKL, in absence (control) and presence of 

different concentration of Ca100 and Sr100 

nanoparticles. Diagrams indicate mean and SEM of 

three different experiments. Statistical analysis was 

performed on Sr100 treated samples against Ca100 ones 

(*p<0,05, **p<0,01, ***p<0,001) 
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Samples treated with Ca100 showed small osteoclasts-like cells (Fig. 3.23c) whereas Sr100 treated 

samples showed very few multinucleated cells (Fig. 3.22d). Treatment with nanoparticles induced a 

reduction in osteoclasts size (p<0.001) and the number of nuclei per osteoclasts (p<0.001) whereas 

only Sr100 treatment reduced significantly the number of osteoclasts per well (p<0.001) (Fig. 

3.22e). Multinucleated cells with at least three nuclei were counted as osteoclasts. 

Gene expression of five osteoclasts specific markers were evaluated in untreated/treated cells with 

Ca100 and Sr100, being cultured for 10 days in presence of RANKL. Figure 3.24 shows relative 

gene expression normalized to samples at time zero. Expression of Acid Phosphatase 5 (ACP5), 

CD44 and NFATc1 were down-regulated by Sr100 treatment while no differences were observed 

for Cathepsin K (CTSK) gene expression between untreated and treated samples.   

Fig. 3.23 Effect of nanoparticles on osteoclasts differentiation and morphology. (a-d) Representative images of TRAP stained 

RAW 264.7 cells cultured in absence (a) and presence (b-d) of RANKL, in absence (b) and presence of Ca100 (c) and Sr100 

(d) nanoparticles. Magnification 10X (insert 20X), scale bars indicate 50µm; e) Number, size and nuclearity of osteoclasts-

like cells from RAW 264.7 cultured for 10 days in presence of RANKL, in absence (control) and presence of Ca100 and 

Sr100 nanoparticles. Bars indicate mean and SEM of three different experiments. Statistical analysis was performed against 

control (***p<0,001). 

Fig. 3.24 Gene expression of indicated osteoclasts specific markers as determined by qRT-PCR. RAW264.7 cells were 

cultured for 10 days in presence of RANKL (Pos Control) and treated with Ca100 and Sr100 nanoparticles. Relative 

expression was normalized on samples at time zero. Bars indicated mean and SEM of three different experiments. 

Statistical analysis was performed against control (***p<0,001) 
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4.4 Discussion 

The effect of strontium containing nanoparticles on bone remodeling was evaluated in vitro. We 

used four in vitro models to mimic bone cells and to study the effect of NPs treatment on their 

activity and differentiation. The first two in vitro models were osteoblasts-like SAOS-2 cell line and 

human Mesenchymal Stem cells isolated from Bone Marrow. These two cell types allowed us to 

study the effect of the nanoparticles on osteoblasts differentiation and activity.  

SAOS-2 is a cell line widely used to study osteoblasts differentiation due to their ability to produce 

mineralized bone matrix and the expression of several osteoblasts markers like RUNX2, OCN, 

BMP2 and ALP
28

. Due to their ability to growth indistinctly, we used SAOS-2 cells for preliminary 

studies about NPs cytocompatibility, dose-dependence and NPs uptake studies. After the evaluation 

of cell proliferation induced by NPs described in the previous chapter, we studied the interaction 

between nanoparticles and osteoblasts-like SAOS-2 cells investigating the nanoparticles uptake and 

the pathway involved in this process. One of the most important issue in the field of 

nanotechnology is the size effect on the bio-distribution, kinetic of release, and cellular uptake of 

nanoparticles
29,30

. In our studies, we demonstrated that NPs internalization occurs after 24h with 

different times for Ca100 and Sr100 nanoparticles. Ca100 seems to be uptake by cells in a shorter 

time, probably due to their smaller size. The uptake pathway activated by NPs seems to be the 

macropinocytosis since the presence of the inhibitor amiloride produced a significant reduction of 

in FITC-NPs internalization. Macropinocytosis comprises a series of events initiated by extensive 

plasma membrane reorganization or ruffling to form an external macropinocytic structure that is 

then enclosed and internalized. Macropinosomes share many features with phagosomes and both 

are distinguished from other forms of pinocytic vesicles by their large size, morphological 

heterogeneity and lack of coat structures
31

. Macropinocytosis is dependent on microtubule function 

because these elements are involved in plasma membrane ruffling and also are necessary for 

transport of GTPases that mediate macropinocytosis to specific plasma membrane domains where 

they can be activated
32

. The pronounced effect of amiloride, which inhibits macropinocytosis by 

lowering submembranous pH and preventing Rac1 and Cdc42 signaling
33

, demonstrates that this 

endocytosis mechanism is the main process for NPs entry into SAOS-2 cells. Moreover, the 

dimensions of Ca100 and Sr100 NPs fit perfectly with macropinosomes that have a diameter in a 

range of 0.2 to 5 µm
34

. Another inhibitor that we used is Chlorpromazine, an inhibitory drug known 

to interfere with clathrin-mediated endocytosis, by disrupting the assembly of the clathrin lattice, 

forming the endocytic pit at the plasma membrane
19

. The average diameter of the clathrin-coated 

vesicles is around 100 nm
35

. Finally, the third used inhibitor, indomethacin, blocks the 

internalization of caveolae and the return of plasmalemmal vesicles
10,18

. These pathway vesicles 
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have an approximate diameter of 60 nm in size 
36

. In both cases, diameters of vesicle are much 

smaller than Ca100 and Sr100 NPs, and this can explain why these pathways were not involved in 

NPs uptake. 

From a quantitative point of view, we evaluated Ca100 and Sr100 NPs uptake measuring amount of 

intracellular Ca and Sr elements in untreated and treated samples. Knowing the amount of 

nanoparticles we added in the culture media, we calculated an 80% uptake of nanoparticles by cells. 

Although the most interesting result is the Ca amount increase we found in Sr100 NPs treated 

samples. In fact, while in Ca100 treated cells the intracellular Ca increase could be related to 

nanoparticles uptake, in Sr100 treated ones the intracellular Ca amount increase seems to be a direct 

consequence of the Sr treatment. Calcium ions are regulators of many cellular processes; notably, 

these include the events that will decide the fate of a cell: survival, proliferation, motility, apoptosis, 

and differentiation
37

. One of these processes is the cell proliferation. Increases in cytosolic free 

calcium concentration are associated with the progression through the cell cycle: the exit from 

quiescence in early G1 phase, the G1/S transition, and other checkpoints during S and M phases
38,39

. 

Calcium exerts its regulatory role by acting as a ubiquitous allosteric activator or inhibitor of 

several intracellular enzymes in the cytosol, in the organelles, and in the nucleus. Some proteins 

(calcium binding proteins), other than enzymes, bind to calcium with different affinities and act as 

calcium buffers, thus limiting its diffusion. Other proteins do not have intrinsic enzymatic activity 

but, after their interaction with the ion, regulate calcium-dependent enzymes and ion channels. The 

best known example is calmodulin, probably the most relevant calcium decoder for cell 

proliferation: it regulates, among others, the family of calcium-calmodulin dependent kinases type 

II (CaMKII) and several membrane channels. A great amount of data points out to a direct 

involvement of CaMKII at several transition points during cell cycle progression
39

. Calcium-

dependent enzymes also regulate the activation of several nuclear factors involved in the DNA 

division machinery, for example cdk and cyclins
40

. The observed increase of intracellular Ca in Sr 

treated samples, could be directly correlated with the detected increase of proliferation. Further 

investigations are needed to clarify and confirm this point but this increase could be related also to 

the results observed on cells differentiation. 

A similar behaviour to SAOS-2 cells was observed also on hBMMSCs proliferation treated with 

Sr100 for 7 days. In particular, the increase in proliferation was observed after 7 days of treatment 

confirming an already documented in vitro effect of strontium on cell proliferation after long 

treatment
41–43

. Higher doses of Sr did not affect cell proliferation and neither induced cell apoptosis 

or death confirming nanoparticles high cytocompability. hBMMSCs morphology was not affected 

by nanoparticles treatment and, also with these cells, complete NPs uptake was detected after 24h. 
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A temporal and functional pattern of gene expression characterizes the osteoblast maturation 

process, which can be divided into proliferation, differentiation, and mineralization stages
44

. 

Strontium treatment not only affects osteoblast cellular proliferation, but also increased expression 

of bone marker genes during differentiation and mineralization, and enhances calcified matrix 

deposition. The first parameter that was taking in account was the ALP activity. ALP expression 

has been demonstrated to increase during osteoblasts differentiation and decrease when cells reach 

very late differentiation stage through osteocytes
45

. Enzyme activity increase was observed in Sr 

treated sample both in SAOS-2 or hBMMSCs culture, at the end of the differentiation process. ALP 

increase was also observed in SAOS-2 cells cultured without osteogenic factors while in 

proliferative conditions very low ALP activity was detected in untreated and nanoparticles treated 

hBMMSCs. This is because SAOS-2 cells even if not cultured in the presence of osteogenic factors 

show pre-osteoblasts features, like a basal ALP activity
28

, while hBMMSCs if not cultured in 

presence of osteogenic factors, keep their characteristic of stem cells. Besides the increased ALP 

activity, also an increase in ALP gene transcription and translation were observed in strontium 

treated samples. At the end of culture, in Sr100 treated SAOS-2 and hBMMSCs cells, increased 

expression of ALP gene was observed together with an increase in ALP protein deposition, as 

evaluated by ELISA assay. ALP is recognized as an important component in hard tissue formation 

and it is highly expressed in mineralized tissue cells. Osteoblast cells grown with ascorbic acid 

sequentially express osteoblastic marker proteins such as ALP and then form a mineralized ECM as 

a consequence of osteoblastic differentiation. The importance of ALP in the mineralization of ECM 

has been previously reported
46

. Its mechanism of action is not completely known, but it appears to 

promote both the local concentration of inorganic phosphate, a mineralization promoter, and to 

decrease the concentration of extracellular pyrophosphate, an inhibitor of mineral formation
46

. 

In order to study the effect of nanoparticles on ECM deposition, the fundamental bone matrix 

constituents such as type-I and -III collagen, decorin, osteopontin, osteocalcin, osteonectin, and 

fibronectin were investigated. In both SAOS-2 and hBMMSCs samples, a higher deposition of 

these proteins were detected at the end of culture time. Similar increments were found in SAOS-2 

cells cultured in proliferative and osteogenic conditions while, regarding hBMMSCs, differences in 

protein deposition were detected only in samples cultured in osteogenic conditions. The Sr100 

treatment increased the deposition of type-I collagen in SAOS-2 cells cultured in proliferative 

conditions and in hBMMSCs cultured in osteogenic conditions. Bone type-I collagene is the most 

abundant protein in the bone matrix and is known to be up-regulated at the proliferation stage of 

osteoblasts
44,47

. Type-III collagen and decorin are known to be associated with type-I collagen
48

 and 

higher amount of these proteins were found in Sr100 treated samples. Appreciable differences for 
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other bone matrix proteins such as osteonectin, fibronectin, osteopontin and osteocalcin were 

observed between Sr100 treated and untreated or treated with Ca100 samples. All of these ECM 

proteins are organic components of bone and are implicated in bone formation and remodelling. 

Osteopontin is known to play an important role in cell attachment
49

 and calcification of mineralized 

tissue
50

, whereas osteocalcin
51

 is the most recently identified secreted ECM protein. Osteonectin is 

a calcium and collagen-binding ECM glycoprotein and also acts as a modulator of cell–matrix 

interactions
52

. The role of fibronectin is important considering that it is reported to promote both 

cell adhesion and proliferation in many cell types
52,53

. In view of these information, macroscopic 

increases in in vitro protein levels of ALP (that makes the phosphate available for calcification), 

osteopontin (that anchors bone cells via their αvβ3 integrin to the mineralized bone surface), 

osteocalcin (a marker of formed bone tissue), and type-I and -III collagens (the major organic 

components of bone matrix produced by osteoblasts) were more evident for osteoblasts treated with 

Sr100 nanoparticles. All together these results suggest that the main effect of Sr100 NPs is a greater 

efficiency in promoting bone ECM deposition. 

Interestingly, the qRT-PCR analysis showed an increase of bone markers gene expression both in 

SAOS-2 and hBMMSCs cells treated with Sr100 NPs. Genes related to ECM proteins like 

COL1A1, COL3A1, OCN, DCN were up-regulated by Sr100 treatment supporting proteins results. 

Together with these genes, in hBMMSCs also the IBSP was found up-regulated by nanoparticles 

treatment, especially by Sr100 nanoparticles. IBSP gene codify for bone sialo protein (BOSP), 

which is a significant component of the bone ECM and is suggested to constitute approximately 8% 

of all non-collagenous proteins found in bone and cementum. Furthermore, we decided to evaluate 

the gene expression level of RUNX2, also known as core binding factor 1 (cbfa1; subsequently 

renamed Runx2 as runt-related transcription factor 2)
54

. Runx2 is a transcriptional factor involved in 

osteoblastic and skeletal morphogenesis. Runx2 has an essential role in the maturation of 

osteoblasts by binding to its target promoters and enhancers of various other bone-specific target 

genes, including collagen type-I, osteopontin, and bone sialoprotein through its runt homology 

domain
55,56

. The RUNX2 gene expression is strictly correlated with the cell ability to differentiate 

towards osteoblasts and it was enhanced by Sr100 nanoparticles treatment of hBMMSCs cultured in 

osteogenic conditions. Since Runx2 is considered the transcriptional target of Wnt/β-catenin 

pathway
57

, its up-regulation in Sr100 treated samples is in line with previous works where it was 

demonstrated that Sr enhances bone formation in vitro and in vivo through Wnt/β-catenin 

pathway
58

. 

In summary, the increased transcription of these genes could indicate that Sr100 nanoparticles drive 

a more rapid commitment of stem cells toward osteoblastic differentiation. 
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The increases in transcript levels of the IBSP, OSC, and DCN genes and in the deposition of 

osteopontin, osteonectin and osteocalcein were supported by the mineralization data. Quantitative 

analysis of the calcium mineral content in ECM deposited at the end of the culture time in SAOS-2 

and hBMMSCs samples showed an increase around 1.5 and 2 times of mineralization in Sr100 

treated samples. Mineralization of ECM is the most important feature of the bone matrix and Sr100 

nanoparticles seems to improve calcium deposition as shown by Alizarin Red staining. It is quite 

clear that in both in vitro models, mineralization occurred only in presence of osteogenic factors and 

not in proliferative medium.  Moreover, we compared the effect on ECM mineralization of Sr100 

nanoparticles with strontium ranelate and strontium chloride. To do that, we used different 

concentration on these three strontium-containing compounds to ensure the same doses of Sr
+2

 to 

SAOS-2 cells. The results suggested that samples treated with Sr100 nanoparticles presented a more 

calcified matrix than those cultured in presence of strontium ranelate and strontium chloride. It has 

been already reported that strontium can enhance ECM mineralization in vitro and that it is used by 

cells in ECM mineralization
59,60

. Also in our study we demonstrated that SAOS-2 cells deposited 

strontium in the ECM, suggesting that after Sr100 nanoparticles uptake, strontium takes part to the 

mineral deposition. In this way, the ECM deposited by Sr100 treated osteoblasts resulted enriched 

in strontium and this could reduce its resorption by osteoclasts. It has been already demonstrated 

that osteoclasts-like cells viability, differentiation and resorption activity is reduced when they are 

cultured on scaffolds made of strontium enriched coatings
61

. 

In summary, all these results about the effects of nanoparticles on osteoblasts differentiation suggest 

that Sr100 NPs improved SAOS-2 and hBMMSCs proliferation and their differentiation towards 

mature osteoblasts. The treatment with Sr100 nanoparticles enhanced ECM proteins deposition and 

the process of matrix mineralization. We observed a whole positive effect of Sr100 nanoparticles on 

osteoblasts viability, differentiation and activity. 

 

The in vitro effect of strontium on bone remodelling is widely investigated with osteoblasts and 

osteoclasts cultures. Not many data are present in literature about the effect on osteocytes because 

of less available in vitro models to study this cell type. We studied the effect of Sr100 nanoparticles 

on the osteocyte cell line Ocy454 produced and kindly provided by Dr. Paola Divieti Pajevic. In 

particular, they generated a novel osteocytic cell line Ocy454 that recapitulates known in vivo 

osteocytic functions without the requirement for long term high density cultures and in the absence 

of differentiation medium. These cells were isolated from long bones of double transgenic mice 

expressing both a GFP under the DMP1 promoter and a temperature-sensitive large T antigen. 

These cells can be cultured for a long period of time at permissive conditions (33 °C) without losing 
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their phenotypic characteristics and then can rapidly recapitulate a mature osteocytic phenotype 

after 10–12 days in culture at semipermissive conditions (37 °C). As expected for an osteocyte, 

these cells express high levels of SOST/sclerostin, DMP1, Phex, and E11, whereas they have 

undetectable levels of the osteoblastic marker keratocan at all time points. Thus, in contrast to 

currently available osteocytic cell lines (MLO-Y4 and IDG-SW3 for example), the uniqueness of 

these cells is their expression of mature osteocytic genes in the absence of differentiation factors at 

early time points, suggesting that these cells display a mature osteocytic phenotype in a shorter 

experimental time frame
13

.  All these features make Ocy454 a perfect model to study the effect of 

Sr100 nanoparticles also on osteocytes differentiation. 

In the first instance, we observed increased bone matrix mineralization by Ocy454 treated with 

Sr100 nanoparticles if compared to Control, Ca100 and Ca50Sr50 nanoparticles. This data suggests 

that Sr100 nanoparticles enhanced the calcium deposition not only during earlier osteoblasts 

differentiation stages, as observed with hBMMSCs, but even in later maturation of osteoblasts 

toward osteocytes. However, we observed that the Sr100 nanoparticles effective dose on Ocy454 

was ten times higher than the one effective on hBMMSCs. At lower doses, in fact, no effect on 

bone matrix mineralization was observed. This could be due to a different uptaking rate between the 

two cell types or to a different Sr dosage necessary to observe an effective effect. 

Results that are more interesting were obtained by qRT-PCR analysis, were several osteocytic 

marker genes were evaluated. Osteocytes do not normally express alkaline phosphatase but do 

express osteocalcin
62

 and, in Sr100 treated Ocy454, higher expression of OCN and IBSP were 

detected. Related to bone matrix mineralization is DMP1 expression that was up-regulated by 

treatment with Sr100 nanoparticles if compared to untreated, or Ca100 and Ca50Sr50 treated 

Ocy454 cells. DMP1 is a protein that has been recently proposed as Small, Integrin-Binding 

Ligand, N-linked Glycoprotein. The members of this family also include bone sialoprotein, 

osteopontin, dentin sialophosphoprotein and they share similar biochemical features, such as the 

presence of relatively large amounts of sialic acid and phosphate and the RGD cell-binding 

sequence. All of these family members can bind to hydroxyapatite and can be detected in blood
63

. 

Because DMP1 is very acidic and secreted into the extracellular matrix during the formation and 

mineralization of bone and dentin, it is generally believed that DMP1 plays an important role in the 

initiation of mineralization
64

, moreover DMP1 has been demonstrated to be expressed and secreted 

by osteocytes in bone
65

. For these reasons, its expression is related to the osteocytes maturation 

stage and, of course, to the bone mineralization. 

Even if osteoblasts and osteoclasts are cells responsible of bone formation and bone resorption, 

osteocytes collaborate to the bone remodelling process secreting several factors that modulate 
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osteoblasts and osteoclasts differentiation. One of those is RANKL, the most responsible factor that 

induce the osteoclastogenesis. Many are the evidences that osteocytes regulate bone homeostasis 

through RANKL expression
66

 and in our study we found a down-regulation of RANKL gene 

expression by Sr100 nanoparticles if compared to control, Ca100 and Ca50Sr50 nanoparticles 

treated samples. These findings suggest that Sr100 nanoparticles could inhibit osteoclasts 

differentiation by decreasing RANKL expression and its release by osteocytes. 

An osteocytes specific marker is, indeed, sclerostin, transcribed by SOST gene. Sclerostin functions 

as an antagonist of canonical Wnt signaling, whereby GSK-3β
2
-stimulated, ubiquitin-mediated 

breakdown of β-catenin is alleviated, resulting in its nuclear translocation, and binding to 

transcription factors of the T-cell factor/lymphoid enhancer factor family, to induce the 

transcription of growth-associated genes
67

. Non-canonical Wnt signaling does not involve β-catenin 

translocation to the nucleus
68

. Sclerostin binds to the extracellular domains of the Wnt co-receptors 

LRP5, LRP6, and LRP4 and disrupts extracellular Wnt-induced Frizzled/LRP complex formation 

thus providing a molecular mechanism by which loss of sclerostin function may lead to conditions 

such as sclerostosis
69

. In our study, SOST expression resulted to be up-regulated by Sr100 

nanoparticles unlike other studies were strontium ranelate was demonstrated to increase the Wnt 

canonical pathway and decrease sclerostin expression in human osteoblasts
70

. To best of our 

knowledge, no data are reported about the effect of strontium on sclerostin expression by 

osteocytes. The observed increase in SOST expression could indicate a more mature stage of 

differentiation induced by Sr100 nanoparticles. 

Many studies demonstrated that Strontium Ranelate acts on bone cells in part via the CaSR
71,72

, so 

we started to investigate if Sr100 nanoparticles exert their action through the same receptor. To do 

this, we used an antagonist of CaSR, NPS 2143 hydrochloride, that blocks increments in 

cytoplasmic Ca
2+

 concentrations elicited by activation of the CaSR
73

. After 7 days, Ocy454 cultured 

in the presence of NPS 2143 hydrochloride showed a significant decrease in bone matrix 

mineralization, highlighting the important role of this receptor in bone matrix mineralization
74

. 

When Ocy454 were cultured in presence of NPS 2143 hydrochloride and Sr100 nanoparticles, no 

differences in bone matrix mineralization were observed related to samples cultured in the absence 

of NPs. This could be explained by the fact that nanoparticles could act through the CaSR inhibited 

by NPS 2143 hydrochloride. On the other hand, the involvement of other receptors cannot be 

excluded since bone matrix mineralization is strictly correlated to the CaSR that, when inhibited, 

covers the effect of possible other pathways activated by Sr100 nanoparticles. It is reasonable that 

CaSR is not the only one involved in Sr100 nanoparticles stimuli, since many evidences 

demonstrated the role of other cation sensing receptors in strontium ranelate activation
75

. These data 
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are not sufficient to establish the molecular mechanisms activated by Sr100 nanoparticles that needs 

to be more addressed in future studies.  

Further investigations showed that, when NPS 2143 hydrochloride was added to osteocytes sub-

sequentially to 3 days Sr100 nanoparticles pre-incubation, the inhibitory effects of bone matrix 

mineralization was not observed and the amount of calcium deposition was comparable with 

samples cultured in absence of NPS 2143 hydrochloride. This suggests that Sr100 nanoparticles, in 

the first three days, activated the pathway promoting an increased mineralization, probably also 

through the CaSR, and the subsequent treatment with NPS 2143 did not affect the calcium 

deposition. NPS 2143 hydrochloride is one of the calcilytic drugs proposed for osteoporosis 

treatment
76–78

, since they stimulate the secretion of PTH by parathyroid cells and decrease renal 

excretion of Ca
2+

. Three calcilytic compounds progressed into phase II studies in postmenopausal 

women with osteoporosis (T score ≤ 2.5). Although all these calcilytic compounds showed efficacy 

as anabolic agents in the ovariectomized rat model
79

, the results in humans have been 

disappointing
80

. Because calcilytics are known to be tissue nonselective, it is possible that their 

actions on skeletal CaSR could blunt the ability of elevated PTH to stimulate bone formation
81

. In 

this sense, a pre-treatment with Sr100 nanoparticles could reduce the negative effect of calcilytic 

drugs on bone cells and, moreover, Sr100 nanoparticles and calcilytic drug could work synergically 

as new osteoporosis treatment for an improved bone matrix deposition. We are aware that these are 

only preliminary results but they are very promising for the development of a new osteoporosis 

treatment. 

 

The last in vitro model used to study the effect of Sr100 nanoparticles on bone remodelling, was the 

murine macrophage RAW264.7 cell line that, when cultured in presence of RANKL, exhibits 

several osteoclasts features
82

. Osteoclasts, in fact, are bone-resorbing cells that differentiate from 

macrophage precursors in response to receptor activator of NF-κB, RANKL. In vitro models of 

osteoclasts differentiation are principally based on primary cell cultures, which are poorly suited to 

molecular and transgene studies due to the limitations associated with the use of primary 

macrophage. RAW264.7 is a macrophage cell line with the capacity to form osteoclast-like cells
82

. 

In our study, we differentiated RAW264.7 with soluble RANKL and evaluated the effect of Ca100 

and Sr100 nanoparticles on osteoclastogenesis.  

Lower concentrations of Sr100 NPs (31.25 and 62.5 µg/mL) showed an inhibitory effect on TRAP 

activity, whereas an opposite effect was observed for higher Sr100 nanoparticles concentrations, if 

compared to control. No differences with control were observed in Ca100 treated samples. The 

increased TRAP activity in samples treated with higher concentration of Sr100 nanoparticles could 
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be due to macrophage activation. TRAP enzyme, in fact, has been demonstrated to be expressed 

also in activated macrophage, both in human and rats
83,84

. Moreover, no multinucleated cells were 

observed in those samples. 

After 10 days, the number of multinucleated cells was significantly reduced by Sr100 nanoparticles. 

Moreover, osteoclasts size and number of nuclei per cells was significantly reduced by both types of 

nanoparticles, especially for Sr100 ones, if compared to control. These results were confirmed by 

NFATc1 expression that was significantly down-regulated in cells treated with Sr100 nanoparticles. 

NFATc1 is a master regulator of osteoclastogenesis and it induces the formation of multinucleated 

osteoclasts as well as expression of fusion-mediating molecules such as the d2 isoform of vacuolar 

ATPase Vo domain (Atp6v0d2) and the dendritic cell-specific transmembrane protein (DC-

STAMP) 
85

. Cell-cell fusion is an essential process for the development of multinucleated cells such 

as giant cell macrophages and osteoclasts. Fusion-mediated giant cell formation is critical for 

osteoclasts maturation; and without these cells, bone resorption is inefficient
86,87

. Mononuclear cells 

appear to recognize each other and fuse to form multinuclear cells and cell-surface molecules are 

thought to play a fusion-mediating role. NFATc1, a member of the NFAT family of transcription 

factors, is up-regulated during RANKL-induced osteoclastogenesis
88

. Recently, it was reported that 

ectopic expression of NFATc1 causes precursors to undergo efficient osteoclasts differentiation in 

the absence of RANKL, and that NFATc1-deficient embryonic stem cells fail to differentiate into 

osteoclasts in response to RANKL
88

, suggesting that NFATc1 acts as a master regulator of 

osteoclastogenesis. In addition to the important role for NFATc1 in osteoclasts differentiation, 

recent data indicate that NFATc1 appears to be involved in osteoclast functions such as bone 

resorption
89

. Indeed, previous reports have shown that NFATc1 regulates TRAP, cathepsin K, c- 

Src, and β3 integrin
88

, which are known to be involved in resorption activity.  

In samples treated with Ca100 and Sr100 nanoparticles, CD44 expression was observed to be 

down-regulated if compared to untreated cells. CD44 is a cell surface glycoprotein known to bind 

osteopontin, an important non-collagen protein present in the bone matrix that aids in osteoclasts 

attachment
90

. Antibodies to CD44 inhibited in vitro osteoclast-like cell formation from mouse bone 

marrow precursors
91

. After 10 days, in Ca100 and Sr100 nanoparticles treated samples, a lower 

number of osteoclasts, especially in Sr100 treated ones, were observed and this could be correlated 

to a reduced expression of proteins involved in cell adhesion, like CD44. 

Expression of ACP5 and CTSK was also evaluated as osteoclastogenesis markers. While Ca100 and 

Sr100 nanoparticles showed no effect on CTSK expression, a down-regulation in ACP5 expression 

was detected in Sr100 treated samples. This result confirms TRAP activity and staining (ACP5 

transcribes for TRAP enzyme). In fact, Sr100 nanoparticles reduced the expression and activity of 
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TRAP enzyme if compared to Ca100 nanoparticles treated and untreated samples. Both ACP5 and 

CTSK are up-regulated by RANKL treatment
92

, but only ACP5 resulted be affected by Sr100 

nanoparticles. 

In summary, Sr100 nanoparticles seem to inhibit osteoclastogenesis by reduction of fusion-

mediating molecules, like NFATc1, and proteins important for cell adhesion, like CD44. This leads 

to less number and smaller osteoclasts-like cells and reduction in TRAP activity. Further 

investigations are necessary to confirm these results and studies on osteoclasts activity need to be 

performed to assess the effect of Sr100 nanoparticles on resorption activity.  
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4.5 Conclusion and Future Perspective 

In this chapter we presented results showing the effect of hydroxyapatite (Ca100) and Sr-substitute 

hydroxyapatite (Sr100) nanoparticles on bone remodelling, using in vitro models. 

We reported a stimulatory effect of Sr100 nanoparticles on osteoblasts differentiation, using SAOS-

2 cell line and human mesenchymal stem cells isolated from bone marrow. In particular, Sr100 

nanoparticles accelerate and improve the commitment of cell to differentiate toward osteoblasts and 

increase the extracellular bone matrix deposition and mineralization that resulted enriched in 

strontium. The exact molecular mechanism activated by Sr100 nanoparticles is still unknown and 

needs to be addressed in future studies. Preliminary results suggest an involvement of Wnt/β-

catenin pathway since some factors related to this pathway were up-regulated by Sr100 

nanoparticles. Deeper investigations are necessary to confirm this hypothesis. 

On the other hand, Sr100 nanoparticles reduced the differentiation of osteoclasts, the cells 

responsible of bone matrix resorption, suggested by observed reduction of TRAP expression, cell 

fusion and adhesion with the result to inhibit the multinucleated cells formation. These preliminary 

data need to be confirmed by resorption activity assays to endorse the inhibition effect of Sr100 

nanoparticles on osteoclasts differentiation. 

Osteoblasts and osteoclasts differentiation is concerted also by osteocytes. In our studies, we 

demonstrated that Sr100 nanoparticles push the osteocytes differentiation toward more mature 

differentiated stages and improve their ability to deposit extracellular matrix. A modulation in 

released molecules that influence osteoblasts and osteoclasts differentiation was observed with a 

decrease of RANKL expression and an increase of SOST. Preliminary results about the molecular 

mechanism involved in this process, suggest a role of calcium sensing receptor and in particular the 

possibility to use Sr100 nanoparticles to reduce the negative effect of calcilytics drugs. Also in this 

sense, further investigations are necessary to clarify how Sr100 nanoparticles influence osteocytes 

metabolism.   
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Chapter 4 

5. In vivo effect of gelatin sponge enriched with Sr-

hydroxyapatite on ectopic bone formation 
 

5.1 Introduction 

Bone substitute materials are commonly used to restore lost or defective bone under the original 

treatment concept of guided bone regeneration (GBR). The new generation of these materials would 

isolate the bone defect site from non-osteogenic soft tissue, the bone substitute would maintain a 

three-dimensional scaffold to support the osteogenic cells and tissue during bone healing. However, 

a hypothesis as such remains speculative, since the mechanisms of bone healing and regeneration 

have not been sufficiently described. Different types of biomaterials are used as bone substitutes 

and optimizations, for the predictable outcomes of these biomaterials, require a proper 

understanding of the interactions between the substitute materials with the local host environment. 

This includes the influence of the biomaterial properties on the early cellular and molecular events 

that determine the onset of tissue healing and may eventually affect the overall defect restitution. 

To hasten the translational lag from laboratory to clinical studies in bone tissue engineering, we 

used a hemostatic gelatin sponge, a longstanding US Food and Drug Administration (USFDA)-

approved material, as a scaffold to repair bone defects. Skeletal defects, which can be caused by 

irradiation, trauma, nonunion, disease (e.g., osteoporosis), and/or tumor resection, require 

complicated reconstruction efforts using bone grafts
1,2

. Bone graft source approaches commonly 

include autografts, allografts, artificial bones, and more. Autografts, the current gold standard for 

bone graft procedures, are used to enhance bone-healing, spinal fusion, and fracture repair. 

However, autografts require a secondary operation to remove material from the donor site, which 

increases post-operative pain and impacts surgical success. Allografts, often cadaver tissue, do not 

require a secondary operation, but there is a limited supply of material and a minimal but genuine 

risk of disease transmission
3
. Engineered artificial bones are a very viable alternative because they 

are durable, biocompatible, osteoconductive, and osteoinductive
1,4,5

. 

In order to decrease the safety concerns and ameliorate the translational gap between laboratory 

studies and clinical applications, several biomaterials and related products widely used in clinical 

applications can be investigated for their potential as bone tissue engineering scaffolds. Here, we 

examine the use of gelatin sponges in just such a role. Gelatin sponges are sterile, water-insoluble, 
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malleable, and absorbable. They are easily obtained, inexpensive, biocompatible, and are not known 

to induce allergic reactions or other harmful side effects
6
. Gelatin sponges have been demonstrated 

as a suitable in vitro model for producing 3-dimensional (3D) human and bovine chondrocyte 

cultures
7–9

. Some studies have demonstrated the usefulness of gelatin sponges as a carrier or an 

implant for repairing gingival depressions and bone defects
10–13

 and the suitability of gelatin sponge 

as a carrier or an implant for bone regeneration. 

To estimate the effect of strontium hydroxyapatite on ectopic bone formation, BMP2 was used as 

positive control, since its osteoinduction effect is already known and widely demonstrated. Bone 

BMPs are a subfamily of the TGF-β superfamily. They have been identified for as important factors 

in the growth and differentiation of mesenchymal cells into chondrocytic and osteoblastic lineages. 

This process occurs through a series of signal transduction steps that influence and regulate gene 

expression
14

. BMPs are stored in the extracellular matrix of various bone tissue, osteoprogenitor 

cells, osteoblasts, chondrocytes and other bone related cells. During bone repair and remodeling the 

BMPs are released leading to the signal transduction and bone formation
15

. The BMP focused on in 

this study is BMP-2 due to its role in skeletal repair and regeneration
16

. 

BMP-2 signals through serine/threonine kinase receptors consisting of type I and type II receptors. 

The type I receptors include Alk3 and Alk6, and bind BMP ligands. The type II receptors have been 

identified as BMPR-II and type II/IIB activing receptors. Once the ligand binds, type I receptors 

recruits the type II receptors initiating the BMP signaling cascade
16

. The type I receptor 

phosphorylates Smad1/5/8 proteins, which play a central role in the translocation of the BMP signal 

to the nucleus. Once phosphorylated Smad1 associates with related proteins and translocates into 

the nucleus where it regulates and affects gene transcription. Because BMP-2 has such a powerful 

role in the formation of bone, there are a number of molecular mechanisms that regulate it. Two 

important BMP-2 agonists include Gremlin and Noggin
16

. Gremlin, a member of the Dan family of 

BMP agonists, is able to bind and block BMP-2. Gremlin primarily functions by modulating early 

limb growth through inhibiting chondrogenesis and apoptosis
17

. Noggin binds directly to BMPs, 

creating a complex, which can no longer bind to the cell surface receptors, and stopping the signal 

from beginning. BMPs stimulate Noggin secretion in mesenchymal cells, but may act as a negative 

feedback control in cell differentiation
18

. In addition to agonists, there are a number of mechanisms 

to block the transduction. Overall, there are many mechanisms to regulate the expression of BMP-2. 

This regulation is important because of the degree of importance that BMP-2 plays in bone 

formation and growth. 
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In this chapter, we demonstrated the ectopic bone formation induced by gelatin sponge enriched 

with Strontium hydroxyapatite and BMP2 in mice. In particular, we implanted sponges at the 

periosteal surface of femur and after 16 and 33 days, we evaluated the ectopic bone formation 

through X-ray, histological analysis and gene expression of chondrocytes, osteoblasts, osteoclasts, 

osteocytes and stem cells recruitment markers. This study is still ongoing, so here we present only 

completed results obtained at the submission deadline of this thesis.  
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5.2 Materials and methods 

5.2.1 Materials preparation 

Gelatin sponge (GELFOAM – Pfizer®) of 1cm
2
 were immerged in 200µL of 30% nano-

hydroxyapatite (Fluidinova®) suspension and it was considered as Control implant. 200µL was 

the optimum volume for completed absorption of hydroxyapatite suspension by sponge. For BMP2 

implant, 0.3 µL of a stock solution 10 µg/µL of recombinant BMP2 (R&D Systems) were added to 

the hydroxyapatite suspension before the sponge absorption. For the Sr implant, 10% of the nano-

hydroxyapatite was substituted with Sr100 hydroxyapatite powder and the same procedure was 

carried out.  

5.2.2 Animals and Surgery 

All animal studies were approved by the Institutional Animal Care and Use Committee at Boston 

University (BU). Mice were obtained from The Jackson Laboratory (Bar Harbor ME) and housed at 

the BU Animal facilities under standard conditions.  All mice were male between 9-11 weeks and 

of the strain Pax7cre/Ali 12. Mice were bilaterally implanted with sponges which were inserted 

surrounding the femur, adjacent to the periosteal surface. Before surgery, mice were subcutaneously 

injected with a total of 0.1 mL of Buprenex® as pain medication and 0.01mL of Baytril® as 

antibiotics. At harvest days 16 and 33 post-surgery, three mice were euthanized per condition for 

RNA and histology analysis. Fig. 4.1 shows a scheme of the performed experiment. 

 

5.2.3 Harvest and X-ray Imaging 

Mice were euthanized at a given time points by carbon dioxide inhalation followed by cervical 

dislocation. Immediately following death, mice were X-rayed using Faxitron MX-20 Specimen 

Radiography System at 30 kV for 40 seconds using Kodak BioMax XAR Scientific Film. The 

implant, the surrounding muscle, and the femur from left limb were collected separately for RNA 

extraction and gene analysis. The samples harvested for RNA analysis were stored at -80 °C. The 

right limb was recovered for histology analysis and fixed in 4% paraformaldehyde for one week at 

4°C. 

 

5.2.4 Histology analysis 

After fixation in paraformaldehyde, the limb was decalcified in 14% EDTA (pH 7.2) for 1 week at 

4°C.  Limbs were dehydrated and embedded in paraffin for histology.  Fast green and Safranin-O 

staining was performed on 5µm paraffin sections to observe ectopic bone formation 
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5.2.5 RNA extraction and gene expression 

RNA extraction was performed by tissue dissociation and chemical extraction.  Samples were snap 

frozen in 0.75mL of QIAzol® Lysis Reagent using liquid nitrogen. A 5mm Qiagen® stainless steel 

bead was placed in each tube.  Samples were lysed with the Qiagen® Tissue Lyser II using 2-

minute intervals at 30Hz; snap freezing the sample again if the sample thawed before being 

completely lysed. Samples were transferred to a new 2mL tube with the addition 1mL of QIAzol® 

Lysis Reagent and samples incubated on ice for 2 minutes. After 2 minutes, 200µL of Chloroform 

(Sigma-Aldrich) was added and the samples vortexed. Again, samples were incubated on ice for 2 

minutes followed by vortexing, and centrifuged for 15 minutes at 14000rmp and 4°C. The aqueous 

phase was transferred to a new 2mL tube, adding an equal volume of isopropanol (Sigma-Aldrich). 

This new solution was then centrifuged for 30min at 4°C and 14000rpm. 

The supernatant was removed and the pellet washed with 500µL of 70% ethanol (Sigma-Aldrich), 

and centrifuged for 5 minutes at 4°C and 14000rpm. The supernatant was removed and the pellet 

was washed again.  The ethanol was removed and the pellets were left to dry for 20-30 minutes. 

Once dry, pellets were re-suspended in 30-50 µL of RNase free water by slowly pipetting up and 

down. The extracted RNA was the stored at -80°C. 

In order to ensure the quality and quantity of the extracted RNA, both spectroscopy and gel 

electrophoresis were used. For the spectroscopy, 1µL of RNA was dissolved in 99 µL of RNase free 

water. Using a Beckman Coulter™ DU®530 Life Science UV/Vis Spectrophometer, a 

260nm/280nm ratio value in the range of 1.7-1.9 indicated an acceptable quality of RNA. The 

260nm absorbance value was used to determine the concentration of RNA in the sample. For the 

gel, 1µL of RNA, 7µL of RNAse free water, and 2µL of 6X Agarose Gel Loading Dye were mixed 

and loaded into 1% agarose gel. The gel was made with UltraPure™ agarose from Invitrogen and 

GelStar™ Nucleic Acid Gel Stain from Lonza Group to detect the presence of the nucleic acid in 

the gel. The gel was run at 110V for 60-90 minutes. The presence of two bands under UV light 

indicates the RNA is intact and not degraded.  

RNase free-water was added to 1µg of the extracted RNA in a 0.2mL PCR tube for a total volume 

of 10.4 µL. The following reagents were mixed in an eppendorf tube to create a mixture with a total 

volume of 19.6µL: 6.61µL of MgCl2, 6.0µL of dNTP Mix, 3.0µL of 10X RT Buffer, 1.5µL of 

Random Hexamers, 0.6µL of RNAse Inhibitor, and 1.89µL of Taqman Reverse Transcriptase. All 

of the reagants were obtained from the TaqMan® Reverse Transcription Reagents kit from Applied 

Biosystems®. The master mix was then added to the 0.2mL PCR tube to bring the final volume to 

30 µL. The samples were placed in the Eppendorf Mastercycler® Personal thermal cycler. The PCR 

cycle ran at the following settings: 25°C for 10 minutes, 37°C for 60 minutes, 95°C for 5 minutes, 
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and finally, a 4°C hold. Following the PCR cycle, RNAse free water was used to dilute 1:50, 1:25 

and 1:5 the femur, implant and muscle cDNAs, respectively. 

For qRT-PCR, a 96-well qPCR plate was used, running doublets of each sample on a single plate. 

We combined 10 µL TaqMan® Universal PCR Master Mix from Applied Biosystems® and 1 µL 

TaqMan® Gene Expression Assays primers from Applied Biosystems® for a total of 11µL of per 

sample. The primers used in this study are listed in Table 4.1. In addition to our samples, non-

operative femurs and muscle were used as controls. The 11µL of mix was combined with 9µL of 

cDNA to bring the total volume to 20µL per well. After the plate was filled, it was then centrifuged, 

covered with clear film and analyzed using ABI 7700 Sequence Detector® from Applied 

Biosystems®. The qRT-PCR reaction repeated the following cycle 40 times: 50°C for 2 minutes, 

95°C for 10 minutes, 95°C for 15 seconds, and 60°C for 1 minute. Target gene expression was 

normalized for 18S in the same sample using the method of Schmittgen and Livak
19

. 

 

Primer Catalog Number 

Normalization Primer  

18S Mm03928990_g1 

Stem Cell Recruitment Primers  

NANOG Mm02384862_g1 

Chondrogenesis Primers  

SOX9 Mm00448840_m1 
COL10A1 Mm00487041_m1 

ACAN Mm00545794_m1 

Osteogenic- Associated Primers  

β-GLAP Mm03413826_mH 

RUNX2 Mm00501578_m1 

DMP1 Mm00803833_g1 

SP7 Mm04209856_s1 

IBSP Mm00492555_m1 
Osteoclasts- Associated Primers  

ACP5 Mm00475698_m1 

RANKL Mm00441908_m1 

CTSK Mm00484039_m1 

Osteocytes- Associated Primers  

SOST Mm00470479_m1 

 

 

 

Table 4.1: qRT-PCR Primers. Primers used with their catalog numbers. 
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5.2.6 Statistics 

The statistical analysis of data was accomplished using GraphPad Prism Software, Inc. Quantitative 

results are expressed as the mean ± standard error of the mean (SEM). In order to compare the 

results between Control, BMP2 and Sr, the one-way ANOVA with post hoc Bonferroni test was 

applied, with a significance level of 0.05. 

 

Fig. 4.1 Scheme of in vivo experiment to evaluate ectopic bone formation induced by sponge containing Sr-hydroxyapatite in 

comparison with sponge containing BMP2. The absence of both factors was used as control. 
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5.3 Results 

5.3.1 X-ray Imaging 

Figure 4.2 shows X-ray images of mice implanted with control, BMP2 and Sr sponges after 16 and 

33 days from surgery. The X-ray images showed a formation of new mineralized tissue from the 

periosteum of femur toward sponges, at both time points. The ectopic bone formation is more 

evident in BMP2 and Sr implants than in control and it is more extensive after 33 days than 16 

days. Moreover, the implanted material is visible at X-ray (black arrows in Fig. 4.2), since it 

contains hydroxyapatite, and a reduction of its dimension can be observed passing from 16 to 33 

days. X-ray images support macroscopic observations during harvesting (Figure 4.3): implants 

resulted well integrated with animal tissues with visible nerves and blood vessels all around; 

implants were strongly attached to femur, especially after 33 days; implants after 33 days resulted 

smaller than 16 days. 

 

Fig.4.2 X-ray pics at 16 and 33 days of mice implanted with Control, BMP2 and Sr sponge (black arrows indicate implanted 

sponge) 
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5.3.2 Histology analysis 

Figure 4.4 shows representative images of Fast Green/Safranin-O stained femur, sponge and tissues 

surrounding of mice implanted with Control, BMP2 and Sr sponges, after 16 days from surgery. 

The formation of ectopic tissue (indicated with * in Fig. 4.4) from the femoral cortical bone 

toward sponges (indicated with S in Fig. 4.4) was observed for all three implants, even if the new 

tissue formation seems more extended in mice that received Sr implant. Presence of cells was 

detected in all three types of implants and more extended cartilage tissue (indicated with C in Fig. 

4.4), was observed in Sr-containing sponge if compared to BMP2 and control ones. 

 

 

 

  

 Fig. 4.3 Macroscopic observations at 16 and 33 days of limb and femur of mice implanted with Control, BMP2 and Sr 

sponges. 
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5.3.3 Gene expression 

In order to study gene expression, after 16 and 33 days, femur, muscle and implant were harvested 

separately from Control, BMP2 and Sr implanted mice. qRT-PCR was used to evaluate the 

expression of genes related to chondrocytes, osteoblasts, osteoclasts, osteocytes and stem cells 

recruitment. While significative expression of these genes was detected in femurs and implants, no 

 Fig. 4.4 Histological observations performed at 16 days with Fast green/Safranin-O staining of limb of mice implanted with 

Control, BMP2 and Sr sponge. (F = Femur; S = Sponge; * = ectopic bone; C = Cartiladge) 
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expression was measured in muscles. Fig. 4.5 shows an overview of all tested genes after 16 and 33 

days from femurs and implants of Control, BMP2 and Sr implanted mice. Figures 4.6 and 4.7 show 

gene expression results from femurs and implants, respectively, after 16 days. Figures 4.8 and 4.9 

show gene expression results from femurs and implants, respectively, after 33 days. 

 

Fig. 4.5 Gene Expression of chondrogenesis, osteogenic, osteoclasts, osteocytes and stem cell recruitment markers evaluated 

with qRT-PCR after 16 and 33 days in Femur and Implants. 

 

Chondrogenesis Gene Expression 

ACAN, COL10A1 and SOX9 expression was analyzed as chondrogenesis markers.  

After 16 days, all three genes were up-regulated in femur and implants harvested from mice 

implanted with Sr-containing sponge (p<0.001) if compared to control and BMP2 (Fig. 4.6 and 

4.7). Up-regulations of ACAN and SOX9 in femur of BMP2 implanted mice (p<0.001) (Fig. 4.6), 

COL10A1 and SOX9 in BMP2 sponges (p<0.001) were measured (Fig. 4.7), if compared to control.  

After 33 days, in femur, ACAN and SOX9 resulted down-regulated by BMP2 sponge (p<0.01), 

whereas ACAN and COL10A1 showed to be down-regulated by Sr sponge (p<0.001), if compared 

to control (Fig. 4.8). In Sr-containing implant, instead, expression of all three genes was up-

regulated (p<0.001), if compared to control; whereas in BMP2 sponges, only ACAN and SOX9 were 

up-regulated (p<0.01) if compared to control (Fig. 4.9). 
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Osteogenic-associated Gene Expression  

DMP1, IBSP, β-GLAP, RUNX2 and SP7 expression was analyzed as osteogenic-associated markers. 

After 16 days, an up-regulation of RUNX2 and SP7 in femur of mice that received the Sr implant 

was observed (p<0.01) if compared to control, instead, RUNX2 resulted slightly up-regulated in 

femur of BMP2 implanted mice (p<0.01), if compared to control (Fig. 4.6). In BMP2 and Sr 

sponges, all osteogenic-associated genes, a part from DMP1, were up-regulated if compared to 

control (p<0.05) (Fig. 4.7).  

After 33 days, in femurs of mice with BMP2 and Sr implants, only β-GLAP and SP7 were up-

regulated (p<0.05), if compared to control (Fig. 4.8). Furthermore, in Sr sponges, all osteogenic 

markers genes were up-regulated (p<0.001), while in BMP2 sponge similar up-regulation was 

observed for DMP1, IBSP, β-GLAP and SP7 (p<0.01), if compared to control (Fig. 4.9). 

 

 

 

 Fig. 4.6 Gene Expression of chondrogenesis, osteogenic, osteoclasts, osteocytes and stem cell recruitment markers evaluated 

with qRT-PCR after 16 in femurs of mice that received control, BMP2 and Sr implant. Bars represent mean ± SEM. 

Statistical analysis was performed against control (*p<0,05; **p<0,01; ***p<0,001) 
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Osteoclasts-associated Gene Expression 

ACP5, RANKL and CTSK expression was analyzed as marker for osteoclasts.  

After 16 days, both in femur and Sr implant, all three genes were down-regulated if compared to 

control (p<0.01). CTSK resulted down-regulated in femur from BMP2 implanted mice and in BMP2 

sponge while ACP5 was up-regulated, if compared to control (p<0.001) (Fig. 4.6 and 4.7).  

After 33 days, Sr-hydroxyapatite induced a significative down-regulation of all three genes both in 

femur and implant, if compared to control (p<0.001) (Fig. 4.8 and 4.9). BMP2 sponges, instead, 

down-regulated RANKL and ACP5 in femur (p<0.05) (Fig. 4.8), but no big differences were 

observed in the sponge, if compared to control (p>0.05) (Fig. 4.9).  

 

 

 

 

Fig. 4.7 Gene Expression of chondrogenesis, osteogenic, osteoclasts, osteocytes and stem cell recruitment markers evaluated 

with qRT-PCR after 16 in Control, BMP2 and Sr Implant. Bars represent mean ± SEM. Statistical analysis was performed 

against control (*p<0,05; **p<0,01; ***p<0,001) 
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Osteocytes-associated Gene Expression 

SOST expression was analyzed as marker for osteocytes.  

After 16 days, SOST was up-regulated in femurs of BMP2 implanted mice, if compared to control 

(p<0.001) (Fig. 4.6). Instead, in both BMP2 and Sr-containing sponges, up-regulation of SOST was 

observed if compared to control (p<0.001) (Fig. 4.7).  

After 33 days, a significant down-regulation of SOST was observed both in femurs and sponges 

with BMP2 and Sr, if compared to control (p<0.001) (Fig. 4.8 and 4.9). 

 

 

  

Fig. 4.8 Gene Expression of chondrogenesis, osteogenic, osteoclasts, osteocytes and stem cell recruitment markers evaluated 

with qRT-PCR after 33 in Femur of mice that received control, BMP2 and Sr implant. Bars represent mean ± SEM. 

Statistical analysis was performed against control (*p<0,05; **p<0,01; ***p<0,001) 
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Stem cells recruitment Gene Expression 

NANOG expression was analyzed as marker for stem cells recruitment.  

After 16 days, an up-regulation of NANOG expression was observed in femur and implants with 

BMP2 and Sr, if compared to control (p<0.01) (Fig. 4.6 and 4.7). 

After 33 days, up-regulation of NANOG expression in Sr sponge was observed, if compared to 

control and BMP2 (p<0.001), while no differences were observed in femurs from Control, BMP2 

and Sr implanted mice (p>0.05) (Fig. 4.8 and 4.9). 

 

  

Fig. 4.9 Gene Expression of chondrogenesis, osteogenic, osteoclasts, osteocytes and stem cell recruitment markers evaluated 

with qRT-PCR after 33 in Control, BMP2 and Sr  Implant. Bars represent mean ± SEM. Statistical analysis was performed 

against control (*p<0,05; **p<0,01; ***p<0,001) 
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5.4 Discussion  

In this study, ectopic bone formation induced by gelatin sponge containing BMP2 and Strontium-

hydroxyapatite was evaluated. In particular, mice were bilaterally implanted with sponges which 

were inserted surrounding the femur, adjacent to the periosteal surface. After 16 and 33 days, mice 

were X-rayed; right limbs were harvested and fixed for histology analysis whereas gene expression 

from femur, implant and surrounding muscle of left limbs was analyzed.  

To assess the effect of BMP2 and Sr, bone ectopic formation was evaluated also in mice implanted 

with sponges without BMP2 and Sr-hydroxyapatite and used as control. To make sponges harder 

and to improve their consistency for the surgery, a 30% nano-hydroxyapatite (Fluidinova®) 

suspension was adsorbed to sponges. For BMP2 implant, 0.3µg of recombinant BMP2 protein was 

added. This amount was demonstrated to be the minimum to induce femoral ectopic bone formation 

in mice implanted with BMP2-enriched demineralized bone matrix (data not shown). For Sr 

implant, instead, 10% of the nano-hydroxyapatite was substitute with Sr100 hydroxyapatite. This 

amount was extrapolated from in vitro studies, estimating the amount of Sr100 nanoparticles 

administered in 28 days to improve osteoblasts differentiation of hBMMSCs. 

X-ray revealed induction of ectopic bone formation by all three types of implants at both tested 

times (Fig. 4.2). We observed a more extensive ectopic mineralized tissue in mice implanted with 

BMP2 and Sr sponges, than the control. Moreover, we observed a reduction of implant dimension 

passing from 16 to 33 days, suggesting a material degradation and resorption over the time. X-ray 

data were confirmed by histology observations performed at 16 days: from the femoral cortical 

bone, new tissue formation toward the sponge and strictly connected to it, was observed (Fig. 4.4). 

Safranin-O staining highlighted a more extensive cartilage tissue in Sr implant than in BMP2 and 

control. These results were corroborated by gene expression of chondrogenesis markers ACAN, 

COL10A1 and SOX9 that were up-regulated by Sr-containing implant, if compared to control and 

BMP2, suggesting a higher stimulatory effect of Sr-hydroxyapatite to chondrogenesis (Fig. 4.7 and 

4.9). SOX9, the gene responsible for chondrocyte lineage commitment from mesenchymal stem 

cells
20

, was significant increased by Sr implant at both tested time points. ACAN and COL10A1 are 

specific late cartilage markers, which are used to assess the progression of chondrogenesis, 

specifically in endochondral ossification
21

. In this sense, at 33 days, Sr implant down-regulated 

these two genes in femurs suggesting the reduction of chondrogenesis in advantage to osteogenesis 

(Fig. 4.8). Sr-containing implant seems to stimulate and enhance the endochondral ossification 

process improving chondrogenesis, the first step toward ossification. 

Afterwards, gene expression of osteogenic marker was evaluated. In particular, RUNX2 and SP7 are 

two transcriptional factors activated during osteoblasts differentiation, the first one activated in 
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earlier stages
22

 and the second one in later ones
23

. A time course in activation of these two genes 

was observed, especially in implants. After 16 days, higher expression of RUNX2 was observed in 

Sr containing implant and related treated femur, suggesting a stimulatory effect on osteoblasts 

differentiation at earlier stages (Fig. 4.6 and 4.7). After 33 days, higher increase of SP7 expression 

was detected in Sr implant and related treated femur suggesting a stimulatory effect on osteoblasts 

differentiation also at later stages (Fig. 4.8 and 4.9). Moreover, RUNX2 has also been demonstrated 

to have significant role in chondrocyte hypertrophy in endochondral ossification
24

. In this sense, 

RUNX2 up-regulation by Sr implant corroborates the hypothesis of the stimulatory effect of Sr-

hydroxyapatite on chondrogenesis.   

Related to mature osteoblasts is the expression and deposition of osteocalcin, a small protein 

specific constituent of bone mineralized matrix
25

 and transcribed by β-GLAP gene. Its expression 

resulted up-regulated in femur by Sr-containing implant after 16 and 33 days (Fig. 4.6 to 4.9).  

DMP1 gene expression is strictly related to bone matrix mineralization and later stages of 

skeletogenesis and it transcribes for dentin matrix protein 1
26

. After 16 days, no differences of 

DMP1 expression was observed between control, BMP2 and Sr implants (Fig. 4.6 and 4.7), while, 

after 33 days, both in femur and implants, DMP1 was up-regulated by Sr-containing implant (Fig. 

4.8 and 4.9). Increased DMP1 and β-GLAP expression, together with X-ray observations, suggest a 

higher stimulatory effect of Sr-hydroxyapatite on ectopic tissue formation and mineralization.  

Another gene associated to osteogenesis is IBSP that transcribes for the bone sialoprotein, the most 

abundant non-collagenous protein in the bone matrix. Its expression in femurs resulted not modified 

by BMP2 and Sr implants at both tested time (Fig. 4.6 and 4.8), if compared to control, whereas, 

surprisingly, in BMP2 and Sr implants, IBSP expression is significantly increased (Fig. 4.7 and 

4.9), suggesting bone matrix deposition by osteoblasts inside both types of implants. 

To evaluate the effect of BMP2 and Sr implants also on bone resorption, expression of ACP5, 

CTSK and RANKL were analyzed. Sr implants down-regulated the three osteoclast associated gene, 

if compared to control and BMP2, at both tested times, with a higher effect at 33 days (Fig. 4.6 to 

4.9). These data confirm the inhibitory effect of strontium on osteoclasts differentiation and bone 

resorption highlighting its dual action on osteoblasts and osteoclasts. 

Another factor that influences the bone remodeling process is sclerostin/SOST expression as 

inhibitor of osteoblasts differentiation blocking the Wnt pathway
27

. After 16 days, no SOST 

expression was detected in control implant, suggesting absence of osteocytes, unlike to BMP2 and 

Sr implants (Fig. 4.7). After 33 days, BMP2 and Sr implants down-regulated SOST expression if 

compared to control suggesting a promotion of osteoblasts differentiation and bone matrix 
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deposition (Fig. 4.8 and 4.9). In this sense no differences were observed between BMP2 and Sr-

hydroxyapatite. 

NANOG expression was used to evaluate stem cells recruitment by implanted materials. NANOG 

has been demonstrated to be linked to the development and differentiation of cells in the extra-

embryonic endoderm and appeared to interact via BMP signaling pathways by interfering with 

BMP’s induction of mesenchymal stem cell differentiation
28

. Increased NANOG expression after 16 

days in implant containing BMP2 and Sr, suggests higher stem cells recruitment for new tissue 

formation (Fig. 4.7). After 33 days NANOG expression decreased because of greater percentage of 

differentiated cells, unlike to Sr-containing implant, where NANOG expression was higher than 

control and BMP2 suggesting more prolonged stem cell recruitment by Sr-containing implant (Fig. 

4.9). 

In summary, Sr-containing implant induced a greater ectopic bone formation than control and 

BMP2 implant. The formation of new tissue starts with stem cell recruitment by implant and seems 

to proceed from chondrogenesis to osteogenesis following the endochondral ossification model. Sr-

hydroxyapatite, in this sense, enhanced the differentiation of chondrocyte and the cartilage matrix 

deposition, as demonstrated by histological observations and chondrogenesis related gene 

expression. Afterwards, Sr-containing implant improved the osteoblasts differentiation and bone 

matrix deposition, acting on early and late stages of osteoblasts maturation. X-ray and histology 

observations revealed the presence of mineralized ectopic bone and Sr-hydroxyapatite, from a 

macroscopic point of view, showed comparable effect of BMP2. Next to the stimulatory effect on 

osteoblasts, an increase inhibition on osteoclastogenesis was observed by Sr-hydroxyapatite, if 

related to control and BMP2, confirming the dual action exerts by strontium on bone formation and 

bone resorption. 

These results are in agreement with recent in vivo data showing that incorporation of Sr in bone 

substitutes
29–31

, collagen membranes
32

 and titanium implants
33–35

 enhanced bone regeneration and 

osseointegration. Importantly, the present results extend the previous observation by demonstrating 

the effect of strontium also on chondrogenesis and so the effect on the endochondral ossification 

process. Few in vitro works have been performed in this sense
36

, but, to the best of our knowledge, 

no in vivo results are present in literature.  
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5.5 Conclusion and Future Perspective 

In this first in vivo study we demonstrated the ectopic bone formation induced by Strontium-

containing implant. To do that, gelatin sponges were enriched with hydroxyapatite to improve their 

consistency and BMP2 or Sr-hydroxyapatite was added. Sponges were implanted around the femur, 

adjacent to the periosteal surface of 9-11 weeks old male mice. X-ray at 16 and 33 days revealed 

BMP2 and Sr-containing implants induced greater mineralized ectopic tissue formation from the 

femoral cortical bone toward sponge than control. We observed a reduction in implant size over the 

time suggesting its degradation. Histology analysis and gene expression revealed increased 

endochondral ossification, with chondrogenesis occurring prior to ossification, induced by Sr-

hydroxyapatite. Moreover, Sr-containing implant improved bone formation by up-regulating 

osteogenic-associated gene expression and down-regulating genes related to osteoclasts 

differentiation. Sr-hydroxyapatite seems an excellent substituted of BMP2 protein to develop 

biomaterials for bone tissue regeneration: Sr-hydroxyapatite is more stable and easier to obtain than 

BMP2 and, moreover, it seems to be effective both on osteoblasts and osteoclasts. 

Results presented in this chapter are part of an ongoing study. Histology analysis at 33 days have to 

be performed as well as other histology staining to evaluate TRAP activity and some cartilage and 

bone markers observed in gene expression, as type-10 collagen and osteocalcin. Moreover, in vitro 

studies need to be performed to study at cellular level the effect on chondrogenesis and 

osteoinduction of implanted materials. 
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Chapter 5 

6. Sr-containing nanoparticles as a potential countermeasure 

for the bone loss induced by microgravity 
 

6.1 Introduction 

 
Many are the studies about bone loss observed in astronauts after spaceflight and in ground 

simulated microgravity experiments and in the last decades, thanks to the new technologies to 

simulate microgravity on earth and to the increased possibility to perform experiments on ISS, the 

number of investigations in this field is grown up exponentially. Bone loss ranges from 1%–2% to 

12%–24% per month in space-flown animals
1
 and from 2%–9% in astronauts, with slow and often 

only partial recovery. This degeneration has been mainly attributed to altered bone tissue 

regenerative growth and repair, and a distorted responsiveness to factors present in the micro-

environment: i.e., reduced or absent gravitational forces decrease the integrity of osteoblasts and 

increase bone resorption by osteoclasts. However, it is only recently that consideration has been 

given to the possibility that unbalanced bone remodeling in spaceflight may be orchestrated by 

BMMSCs as well as osteoblasts, osteocytes and osteoclasts
2–5

. 

MSCs represent a stem cell population present in adult tissues that can be isolated, expanded in 

culture, and characterized in vitro and in vivo. Their ability to self-renew, their multipotent 

differentiation capacity or simply their stem capability is the main features. BMMSCs can 

differentiate efficiently and robustly into anchorage-dependent cells, such as osteoblasts, 

chondrocytes, and adipocytes
6
 and also produce active substances regulating bone homeostasis. In 

terms of bone remodeling, the key components and biological functions of BMMSCs in vivo are in 

part controlled by their niches located mainly in perivascular areas of bone marrow or close to the 

endosteum
7–10

.  

Over the last 10 years, studies have shown that all cells can respond to applied or cell-generated 

mechanical forces by activating mechanosensors that mediate the complex process of biological 

mechanotransduction
11–13

. Accordingly, it is widely recognized that defects in mechanotransduction 

can contribute to human diseases and atypical mechanical stresses, and that the normal 

mechanotransduction modulate cell processes and cause tissue function impairment or failure
13,14

. 

The cytoskeleton, ECM, adhesion complexes and membranes are the first and most common cell 

mechanosensors. As all proteins are deformable and therefore subject to mechanical modulation, 
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many enzymes that change their conformation in response to force, such as kinases, phosphatases, 

GTPases, cyclases, and G protein-coupled receptors, create transduction pathways that lead to 

mechanical stress. Force transduction can also involve changes in the kinetic rate constant of a 

mechanosensitive enzyme or, more qualitatively, expose cryptic binding sites on a molecule
15

. The 

mechanotransduction mechanisms involved in bone repair and regeneration have been interpreted 

on the basis of the tensegrity
16,17

 and mechanosome theories
18

. In space research, 

mechanotransduction has been mainly investigated in studies of bone loss under simulated 

microgravity conditions, whereas most the studies of flown cells and yeast considered the 

cytoskeleton the main mechanosensor
19

. 

Simulated microgravity reduces osteoblastogenesis of human BMMSCs and induces adipogenesis. 

Briefly, hBMMSCs failed to express alkaline phosphatase, collagen 1, osteonectin, and Runx2, 

whereas PPAR-γ2 (which is important for adipocyte differentiation), adipsin, leptin and glut-4 were 

all highly expressed after 7 d of simulated microgravity. The cells also showed decreased ERK and 

increased p38 phosphorylation, the pathways that respectively regulate the activity of Runx2 and 

PPAR-γ2
2
. The reduction in osteoblastic differentiation and induction of adipocytic differentiation, 

initially associated with reduced integrin signaling
2
 was then mainly attributed to the large increase 

in G-actin, reduced RhoA activity and the subsequent phosphorylation of cofilin
20

. 

To address the challenge of microgravity induced musculoskeletal alteration, astronauts usually 

spend ~2.5 hrs/day of exercising (running and weight lifting). However, this is still not sufficient 

enough to attenuate bone loss in space. While promising studies have shown anabolic effects using 

drugs and growth factors, the long-term effects of pharmacological agents are still unclear. 

Furthermore, drugs have mostly systemic effects, are not as effective in space, and are expensive as 

a treatment for extended space time
21

. Some authors demostrated the effect of testosterone and 

synthetic anabolic steroid (nandrolone decanoate) on musculoskeletal regeneration in hind limb 

suspended rat model
22

 but, these pharmacological treatments are usually hard to translate on 

humans. Other evidence demonstrated the positive effect in vitro and in vivo of pulsed ultrasound
23

 

on bone loss, but all these countermeasure are not sufficient enough to attenuate bone loss in space. 

Our group already demonstrated the positive effect of Strontium-containing hydroxyapatite NPs on 

bone deposition. In vitro and in vivo results showed increasing in bone deposition by osteoblasts 

and reduction of osteoclasts differentiation by Sr-containing nanoparticles. 

In this chapter encouraging results (FIRST PART) about the effect of Sr100 nanoparticles on 

hBMMSCs cultured on Random Positioning Machine (RPM) that simulates microgravity on earth 

are reported. In particular, ECM deposition and mineralization, ALP activity and gene expression 

were evaluated. 
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Moreover, it is described the experiment we had the opportunity to perform on ISS (SECOND 

PART) about the effect exerted by the addition of hydroxyapatite nanoparticles on the 

differentiation of  hBMMSCs to osteoblasts in microgravity. The experiment was launched with the 

SpX-6 , the 14 April 2015 (Cape Canaveral, Florida, USA). 

 

All data presented in this chapter are the results of a fruitful cooperation among our group in Pavia 

with the Institute of Crystallography of National Research Council of Italy (CNR) in Rome and 

with the Department of Pharmacological and Biomolecular Sciences of University of Milan. 

Furthermore, the hardware used for the experiment on ISS was provided by the industrial partner, 

Kayser Italia (www.kayser.it)  
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6.2 Materials and Methods 

6.2.1 Isolation, expansion, and culture of hBMMSCs 

The design of this study was approved by the Institutional Review Board of the Fondazione IRCCS 

Policlinico San Matteo and the University of Pavia (2011). 

BM aspirates were harvested from healthy pediatric hematopoietic stem cell donors after obtaining 

written informed consent. Thirty milliliters of BM from each donor was assigned to BM-MSC 

generation; heparin was added as an anticoagulant. Mononuclear cells were isolated from BM 

aspirates (30 mL) by Ficoll density gradient centrifugation (density, 1.077 g/mL; Lymphoprep, 

Nycomed Pharma, Oslo, Norway) and plated in non-coated 75- to 175-cm
2
 polystyrene culture 

flasks (Corning Costar, Celbio, Milan, Italy) at a density of 16 · 10
4
 cells/cm

2
. Cells were cultured 

in Mesencult medium (Stem Cell Technologies, Vancouver, Canada) supplemented with 2mM L-

glutamine, 50 µg/mL gentamycin, and 10% fetal calf serum. Cultures were maintained at 37°C in a 

humidified atmosphere containing 5% CO2. After 48 h, non-adherent cells were discarded and 

culture medium was replaced twice a week. After reaching 80% confluence as a minimum, the cells 

were harvested and replated for expansion at a density of 4000 cells/cm
2
 until the fifth passage. The 

colony-forming unit fibroblast assay (CFU-F) was performed as described previously
24

. CFU-F 

formation was examined after 12 days of incubation in a humidified atmosphere (37°C, 5% CO2); 

the clonogenic efficiency was calculated as the number of colonies per 10
6
 BM mononuclear cells 

seeded. According to the International Society for Cellular Therapy on the nomenclature of 

mesenchymal progenitors, the cells cultured for this study were defined as multipotent stromal cells. 

To phenotypically characterize hBMMSCs and to define their purity, FACS analysis was performed 

as previously described
24

. After reaching 80% confluence at a minimum, the cells were harvested 

and replated for expansion at a density of 2.5 · 10
4
 cells/cm

2
. The cells were cultured at 37°C, 5% 

CO2, and three fifths of the medium was renewed every 3 days. 

 

6.2.2 Cell Culture Condition and Nanoparticles treatment 

A suspension (5 x 10
5
) of hBMMSCs in Mesencult medium was seeded in 25cm

2
 tissue culture 

flasks and allowed to attach and reach the confluence in 72 hours. Then, the medium was replaced 

with osteogenic medium (OM) and changed 2 times per week: α-MEM (Invitrogen, Paisley, PENN) 

supplemented with 10% fetal bovine serum, 50 µg/mL penicillin-streptomycin, 2% L-glutamine, 

2% Sodium Pyruvate, 10
-7

 M dexamethasone, 50 µg/mL ascorbic acid, and 5mM b-

glycerophosphate
25

. 
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The osteogenic differentiation of hBMMSCs was performed for 8 and 28 days on the ground (GC) 

and on the Random Position Machine (RPM) and samples were treated with 3 different nanoparticle 

(NPs) suspensions: Ca100, Ca50Sr50 and Sr100. To evaluate the effect of nanoparticles on 

osteoblast differentiation of hBMMSCs, 5 mg of nano-powders (Ca100, Ca50Sr50 and Sr100) were 

suspended in 4 mL of 5% BSA solution, sonicated for 1 h at 45°C using LBS2 sonicator bath 

(FALC Instruments) with an operation frequency of 40 kHz and then diluted with Phosphate Buffer 

Solution (PBS). Nanoparticles suspensions were used at concentration of 62.5 µg/mL in the cell 

culture medium. 

 

6.2.3 Culture on the RPM 

Microgravity conditions were simulated using the 

RPM (Dutch Space, Leiden, Netherlands)
26

 (Fig.5.1). 

The RPM provides continuous random change in 

orientation relative to the gravity vector of an 

accommodated experiment. Culture flasks containing 

confluent monolayers, 72 hours after seeding were 

completely filled with medium supplemented with 

12.5 mM HEPES (Sigma-Aldrich) devoid of air 

bubbles and fixed on the RPM, as close as possible to 

the centre of the platform, which was then rotated 

using the real random mode (random speed and 

random direction) of the machine. The RPM operated 

at 37°C. GC cultures, treated in parallel in identical equipment, were placed on the basis of the 

RPM. 

 

6.2.4 Resazurin-based assay 

The resazurin-based assay was used to estimate the number of viable cells by measuring the 

reduction of resazurin into resorufin. Resazurin solution (Sigma-Aldrich) was added as one-tenth of 

culture volume to each flask, which was then incubated for 3 h at 37°C and 5% CO2. Optical 

measurements were run on aliquots of 100 μL by a microplate reader (BioRad Laboratories, 

Hercules, CA, USA) at reference wavelengths of 600 nm and 690 nm at day 8 and 28 on NPs 

treated and untreated cells cultured on ground and on RPM. A cell viability standard curve was used 

to express the results as number of live cells. 

 Fig. 5.1 Random positioning Machine (RPM). 
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6.2.5 Alkaline Phosphatase (ALP) Activity 

ALP activity was determined using a colorimetric end point assay
27

. The assay measures the 

conversion of the colorless substrate p-nitrophenol phosphate (pNPP) by the enzyme ALP to the 

yellow product p-nitrophenol; the rate of color change corresponds with the amount of enzyme 

present in solution. The test was performed as previously described
28

 on cells cultured in presence 

or absence of NPs on ground and on RPM at 8 and 28 days. Samples were run in triplicate and 

compared with the calibration curve of p-nitrophenol standards. The enzyme activity was expressed 

as micromoles of p-nitrophenol produced per minute per milligram of enzyme. 

6.2.6 Quantification of calcium – Alizarin Red Staining 

To analyze calcium (Ca) deposition by hBMMSCs, after 8 and 28 days of culture in GC and RPM 

condition, cells were rinsed with PBS, fixed for 30 min at 4°C with 4% PFA and stained for 10 min 

with 40 mM Alizarin Red S (pH 4.2, Sigma-Aldrich)
29

. Alizarin Red S staining was released from 

the cell matrix by incubation in 10% cetylpyridinium chloride (Sigma-Aldrich) in 10 mM sodium 

phosphate (pH 7.0), for 15 min and the absorbance measured at 562 nm. 

6.2.7 Extraction of ECM proteins and enzyme-linked immunosorbent assay 

Protein precipitation with acetone was performed from flow-through of the RNA binding step 

during the total RNA extraction procedure (see below). Four volumes of acetone were added to the 

flow-through and incubated for 30 minutes at -20°C. Samples were allowed to thaw and centrifuged 

for 10 minutes at 16000g. Pellet was washed 1 time with 50% Ethanol, resuspended in 2% SDS 

solution and the total protein concentration was evaluated with the BCA Protein Assay Kit (Pierce 

Biotechnology, Inc., Rockford, IL).  

Calibration curves to measure type-I and -III collagens, decorin, osteopontin, osteocalcin, 

osteonectin, FN, and ALP were performed. Microtiter wells were coated with increasing 

concentrations of each purified protein, from 10 ng to 2 mg, in coating buffer (50mM Na2CO3, pH 

9.5) overnight at 4°C. Control wells were coated with bovine serum albumin (BSA) as a negative 

control. To measure the ECM amount of each protein by ELISA, microtiter wells were coated, 

overnight at 4°C, with 100 µL of the previously extracted ECM (20 µg/mL in coating buffer). After 

three washes with PBS containing 0.1% (v/v) Tween 20, the wells were blocked by incubating with 

200 µL of PBS containing 2% (w/v) BSA for 2 h at 22°C. The wells were subsequently incubated 

for 1.5 h at 22°C with 100 µL of the anti-type-I and -III collagens, antidecorin, anti-osteopontin, 

anti-osteocalcin, anti-osteonectin, and anti-ALP rabbit polyclonal antisera (1:500 dilution in 1% 

BSA), kindly provided by L. Fisher. The same dilution was used for the anti-FN rabbit polyclonal 

IgG. After washing, the wells were incubated for 1 h at 22°C with 100µL of horseradish peroxidase 
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(HRP)-conjugated goat anti-rabbit IgG (1:1000 dilution in 1% BSA). The wells were finally 

incubated with 100 mL of the development solution (phosphate-citrate buffer with o-

phenylenediamine dihydrochloride substrate). The color reaction was stopped with 100 µL of 0.5 M 

H2SO4, and the absorbance values were measured at 490nm with a microplate reader (BioRad 

Laboratories). An underestimation of the absolute protein deposition is possible because the sample 

buffer, used for matrix extraction, contained sodium dodecyl sulfate, which may interfere with the 

protein adsorption during ELISA. The amount of ECM constituents was expressed as pg/cell. 

6.2.8 Fluorescence microscopy analysis 

After 28 days of culture on ground and on RPM, untreated and NPs treated samples were fixed with 

4% (w/v) paraformaldehyde solution in 0.1M phosphate buffer (pH 7.4) for 30 min at 4°C and 

washed with PBS three times. For immunological studies, paraformaldehyde fixed cells were 

blocked by incubating with PAT (PBS containing 1% [w/v] bovine serum albumin and 0.02% [v/v] 

Tween 20) for 2 h at room temperature and washed. Anti–type-I collagen and anti-osteocalcin 

rabbit polyclonal antisera were used as the primary antibodies diluted to 1:500 in PAT. The 

incubation with the primary antibodies was performed overnight at 4°C, whereas the negative 

controls were incubated with PAT alone. The samples and the negative controls were washed and 

incubated with Alexa-Fluor-488 goat anti-rabbit IgG (HþL; Invitrogen) at a dilution of 1:750 in 

PAT for 1 h at room temperature. At the end of the incubation, the samples were washed in PBS, 

counterstained with a Hoechst solution (2 µg/mL) to target the cellular nuclei, and then washed. The 

images were taken by the Fluorescence microscope (Leica Microsystems, Bensheim, Germany) 

equipped with a digital image capture system at 40X magnification. 

6.2.9 Gene expression analyses 

Total RNA from samples cultured in presence and absence of NPs, on ground and on RPM for 8 

and 28 days in DM was extracted with the RNeasy Plus Mini Kit (Qiagen) and retrotranscribed into 

cDNA with the iScript cDNA Synthesis Kit (BioRad Laboratories) as previously reported
28

.  

Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) analysis was performed in 

a 48-well optical reaction plate using a MiniOpticon Real-Time PCR System (BioRad 

Laboratories). Oligonucleotide primers were designed with gene sequences published in GenBank 

and are indicated in Table 5.1. Reactions were performed in 20 µL with 2 µL of cDNA, 10 µL 

Brilliant SYBER Green qPCR Master Mix (Stratagene, La Jolla, CA), 0.4 µL of each primer, and 

7.2 µL H2O. PCR conditions were as follows: 3 min at 95°C, 40 cycles of 5 sec at 95°C, and 23 sec 

at 60°C. Gene expression was normalized to the 18S housekeeping gene expression. Each sample 
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was analyzed in triplicate and correlated against a standard curve. The reaction mixture, without 

cDNA, was used as a negative control in each run. 

 

Gene Forward primer Reverse Primer 

IBSP 5’-GGGCAGTAGTGACTCATCCG-3’ 5’-TCAGCCTCAGAGTCTTCATCTTC-3’ 

ALP 5’- ACCTCGTTGACACCTGGAAG-3’ 5’- CCACCATCTCGGAGAGTGAC-3’ 

COL1A1 5’-TGTAAGCGGTGGTGGTTATG-3’ 5’-GGTAGCCATTTCCTTGGAAG-3’ 

COL3A1 5’-TGGATCAGATGGTCTTCCA-3’ 5’-TCTCCATAATACGGGGCAA-3’ 

DCN 5’-CGAGTGGTCCAGTGTTCTGA-3’ 5’-AAAGCCCCATTTTCAATTCC-3’ 

RUNX2 5’-ACAGTAGATGGACCTCGGGA-3’ 5’-ATACTGGGATGAGGAATGCG-3’ 

BMP2 5’-AACGGACATTCGGTCCTTGC-3’ 5’-CGCAACTCGAACTCGCTCAG-3’’ 

18S 5’-GTAACCCGTTGAACCCCATT-3’ 5’-CCATCCAATCGGTAGTAGCG-3’ 

 

6.2.10 Experiment performed on ISS 

In order to study the effect of Sr100 hydroxyapatite nanoparticles on hBMMSCs differentiation to 

osteoblasts on ISS, 12 STROMA experimental units (EU) provided by Kyser Italia were used to 

cultivate cells in absence and presence of Ca100 and Sr100 nanoparticles: 6 were launched on ISS 

and 6 were cultured on ground. Fig. 5.2 shows the closed EU with the electronic part built on (Fig. 

5.2A) and the KIC (Fig. 5.2B) that contains the EU and allows the connection to the incubator, 

KUBIK (Fig. 5.3B) and to the software for the experiment control and the inner part of STROMA 

EUs with five independent reservoirs (Fig. 5.2C).  

3 x 10
5
 cells were seeded on 12 thermanox 

coverslips (Nunc) and let them attach for 48h. 

Than the medium was replaced with OM 

without/with Ca100 or Sr100 nanoparticles at 

the same concentration. After 8 days, few 

samples were fixed for SEM observation. 

Then, for the other samples media were 

collected and kept at -80°C and thermanox 

were built inside the Culture chamber of the 

EU with fresh medium without/with 

nanoparticles plus the addition of 12.5 mM 

HEPES (Sigma).  

Tab.5.1 Primers used for Quantitative Reverse-Transcription Polymerase Chain Reaction 

Fig. 5.2 STROMA Experimental Units used for experiment on 

ISS. A) External view of EU with electronic part built; B) KIC 

containing EU and that allow the connection with KUBIK; C) 

Inner part of STROMA Eus with five indipendent reservoirs 

and Culture Chamber 
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RESERVOIRS FILLING OF THE EU: Four of the five EU reservoirs were filled in this order: #2 

with fresh medium without or with nanoparticles (depending of the EU) , #3 PBS (first washing), 

#4 PBS (second washing) and #5 RNA Cell Protector (Qiagen). 6 EUs inside 6 KICs were shipped 

inside BIOKIT (Fig. 5.3A), that ensured the temperature constant at 37°C, to ISS through the space 

vector Falcon 9 of the SpaceX CRS6, launched from SLC-40 (Space Launch Complex 40) on 14
th
 

of April 2015 from Kennedy Space Center – Cape Canaveral – Florida. The payload reached the 

ISS on 17
th

 of April and it was docked by Captain Samantha Cristoforetti who inserted KICs inside 

the KUBIK, the incubator present on ISS. When the KICs were inserted in the KUBIK, the first 

medium change from reservoir #2 occurred. Cells were cultivated for 88 hours and then washed two 

times with PBS from reservoirs #3 and #4 and, finally, RNA Cell Protector was inserted in culture 

chamber to stabilize RNA. EUs were then transferred by Captain Samantha Cristoforetti from the 

KUBIC to -95 °C. The 6 KICs of GC followed the same procedures but manually. 

On 21
st
 of May 2015 freeze samples were carried down to earth by Dragon 6 vector that splashed 

down in Pacific Ocean at 12.58 pm. Samples were then shipped to Italy. The KICs were opened and 

the RNA cell protector from the culture chambers, the thermanox and culture media from washings 

were recovered. 

RNA and proteins were extracted from RNA cell protector using RNeasy Mini Kit (Qiagen), RNA 

qualitatively analyzed by Agilent BioAnalyzer 2100 in order to perform RNAseq. 

Pics of thermanox were acquired, media were stored at -80°C to analyze cytokine release and 

proteins will be used for a proteomic study.           

6.2.11 Human Cytokine Antibody Array 

Media collected during the first 8 days of culture before the EU building of untreated and NPs 

treated cells, were analyzed to study the release of 36 cytokines using the Human Cytokine 

Fig.3 A) BIOKIT and B) KUBIK incubator 
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Antibody Array (Affimetrix). Cytokines were evaluated also in basal medium without cells and 

subtracted as background. 

It is still incomplete the experiment with the culture medium of the samples performed on the ISS 

experiment.  

6.2.12 Statistics 

Each experiment was repeated three times. Quantitative results are expressed as the mean ± 

standard error of the mean (SEM). In order to compare the results between untreated, Ca100, 

Ca50Sr100 and Sr100 treated samples, the one-way ANOVA with post hoc Bonferroni test was 

applied, with a significance level of 0.05.   
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6.3 Results 

 

6.3.1 FIRST PART: Experiment on simulated microgravity (RPM)  

Alkaline Phosphatase (ALP) Activity 

In order to evaluate the effect of simulated microgravity (by using RPM) on osteoblasts 

differentiation, ALP activity of cells cultured on GC and RPM was measured at 8, 14, 21 and 28 

days, respectively. Fig. 5.4 shows results expressed as ALP specific activity. We observed an 

increase in ALP activity over the time in both culture conditions but a significative reduction of 

enzyme activity in RPM (p<0.05) was determined as related to GC. 

In order to evaluate the effect exerted by the addition of Ca100, Ca50Sr50 and Sr100 NPs on 

osteoblasts differentiation in GC and RPM, ALP activity was evaluated after 8 and 28 days of cell 

cultures. Figure 5.5 shows results expressed as ALP specific activity. After 8 days, an increase in 

ALP activity was observed in Ca50Sr50 and Sr100 treated cells cultured on GC (p<0.05) while no 

differences were observed between treated and untreated cells cultured on RPM (p>0.05). After 28 

days the same statistically significant increase was observed in samples cultured on GC, whereas on 

RPM only cells treated with Sr100 nanoparticles showed an increase in ALP activity related to 

untreated cells (p<0.001). At both time points, enzyme activities measured in samples cultured on 

RPM were lower than those cultured on GC. 

 

 Fig. 5.4 ALP activity of cells cultured on ground and on RPM at 8, 14, 21 and 28 days of 

culture. (*p<0,05; **p<0,01) 
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Calcium deposition 

After 8 and 28 days of cultures, ECM mineralization was evaluated on samples cultured on GC and 

RPM, untreated and treated with Ca100, Ca50Sr50 and Sr100 nanoparticles, by using Alizarin red 

staining. Calcium deposition was, then, quantified after cetylpyridinium dissolution of Alizarin Red 

crystals. Figure 5.6 shows representative images of Alizarin Red stained samples (Fig. 5.6A) and 

the absorbance readings at 562 nm obtained after dissolution of Alizarin red crystals (Fig. 5.6B). 

After 8 days, we observed an increase of calcium deposition in Sr100 treated samples in both 

culture conditions, GC and RPM, if compared to their controls. This slight increase was confirmed 

quantitatively by absorbance values (p<0.01). After 28 days, Sr100 treated samples showed in 

general a higher mineralization (p<0.01), if compared to control. Quantitative results showed a 

decrease in ECM mineralization in RPM samples, if compared to GC, but confirmed the increase in 

Sr100 treated samples for both culture conditions. 

ECM proteins deposition 

After 8 and 28 days of cultures, ECM protein deposition was evaluated on samples cultured on GC 

and on RPM, untreated and treated with Ca100, Ca50Sr50 and Sr100 nanoparticles, by using 

ELISA (Fig. 5.7). 

After 8 days, ALP protein expression was increased by Sr100 treatment in both culture conditions, 

GC and RPM (p<0.01) if compared to control; OPN deposition was enhanced by all nanoparticles 

types related to untreated cells (p<0.001), while DCN resulted increased by Ca50Sr50 and Sr100 

nanoparticles (p<0.001), if compared to control.  

After 28 days, a larger number of proteins resulted more expressed in treated samples than control. 

In particular, DCN and type-III Collagen were more abundant in Ca50Sr50 and Sr100 treated 

samples (p<0.001), both cultured in GC and RPM, if compared to controls; increased deposition of 

 Fig. 5.5 ALP activity measured after 8 and 28 days of hBMMSCs cultured on ground and on RPM, untreated and treated 

with NPs. Statistical analysis performed against the GC Ctrl (#) and RPM Ctrl (*) (# p<0,05; ## p<0,01; ### and *** 

p<0,001)  
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type-I collagen and osteonectin was measured in Ca50Sr50 and Sr100 treated samples cultured on 

ground (p<0.001), if compared to control; OPN deposition resulted enhanced by all nanoparticles 

treatment in particular for Sr-containing samples (p<0.001), if compared to control; finally, 

deposition of OCN resulted enhanced only in Sr100 treated samples (p<0.001), cultured on ground 

and on RPM, in comparison to control. 

Quantitative results were corroborated by immune-localization of type-I collagen and osteocalcin 

evaluated at 28 days on NPs treated or untreated samples, cultured in GC or RPM. Figure 5.8 

shows representative images of samples cultured on GC and RPM. A more intense and diffuse 

green fluorescence for both types of proteins in samples cultured on GC than on RPM was 

observed. Moreover, the addition of Sr100 nanoparticles in both cell cultures conditions showed to 

improve the expression of these proteins, in comparison to control. 

 

Fig. 5.6 Extracellular Matrix Mineralization of NPs treated and untreated samples cultured on ground and on RPM. (A) 

Representative images of samples stained with Alizarin Red untreated and treated with NPs, cultured on ground (GC) and 

on Random Positioning Machine (RPM) at 8 and 28 days, 20X Magnification; (B) Quantitative evaluation of Alizarin Red 

stained calcium deposits after cetylpiridinium dissolution. Statistical analysis performed against the GC Ctrl (#) and RPM 

Ctrl (*) (## and ** p<0,01; *** p<0,001)   
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Fig. 5.7 Bone Extracellular Matrix proteins deposition. Quantitative evaluation at 8 and 28 days of ALP, OPN, DCN, hFN, 

OCN, ONT, type-I and type-III collagenes in sample untreated and treated with NPs, cultured on ground and on RPM. 

Statistical analysis performed against the GC Ctrl (#) and RPM Ctrl (*) (# and * p<0,05; ## and ** p<0,01; ### and *** 

p<0,001) 

 

 

Fig. 5.8 Extracellular matrix proteins immunostaining. Representative fluorescence images of Type-I Collagen and 

Osteocalcin immuno-localization (green) in samples untreated and treated with NPs, cultured for 28 days on ground (GC) and 

on RPM. Nuclei were counterstained with Hoechst 33342 (blue). 40X magnification. 
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Gene expression  

After 8 and 28 days of cultures in GC or RPM experimental conditions, the expression of specific 

marker genes of untreated or treated samples with Ca100, Ca50Sr50 or Sr100 nanoparticles was 

evaluated by qRT-PCR. Fig. 5.9 shows relative expression of indicated genes normalized with 

untreated samples at 8 and 28 days, respectively. After 28 days, in samples cultured in both culture 

conditions, expression of IBSP and ALP was slightly enhanced by nanoparticles treatment, 

especially  with Sr100 nanoparticles (p<0.001), if compared to control. Interestingly, after 8 days, a 

slight down-regulation of RUNX2, COL1A1 and COL3A1 induced by Sr100 treatment was observed 

(p<0.001), if compared to control. After 28 days, the expression of RUNX2, COL1A1 and COL3A1 

in Sr100 treated samples resulted comparable or even increased (p<0.05), if related to untreated 

samples at similar time of incubation. Regarding BMP2 and DCN expression, a slight increase was 

observed in Sr100 treated samples cultured on RPM (p<0.01). 

6.3.2 SECOND PART: Experiment performed on ISS 

In order to visualize cells adherent on thermanox coverslip, SEM observation of duplicates were 

performed. Figure 5.10 shows representative images of hBMMSCs seeded on thermanox 

coverslips, cultured for 8 days in absence (Fig. 5.10A and B), presence of Ca100 (Fig. 5.10C and 

Fig. 5.9 Gene expression of indicated bone specific markers as determined by qRT-PCR. Gene expression of GC samples are 

normalized to the GC untreated samples (#); gene expression of RPM samples are normalized to the untreated RPM sample 

(*); (# and * p<0,05; ## and ** p<0,01; ### and *** p<0,001) 
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D) and Sr100  (Fig. 5.10E and F) nanoparticles. Cells covered completely the Thermanox coverslip 

surface and showed a more round-shape morphology typical of first stages of osteoblasts 

differentiation.  

In order to evaluate the influence of nanoparticles on osteoblasts differentiation in space 

environment, 6 EU after space flight on ISS and 6 EU from GC were opened and RNA cell 

protector was recovered. Unfortunately, in two of the 6 EUs from ISS, an evident contamination 

was observed. RNA cell protector was recovered from culture chambers, allowing the isolation of 

both proteins and RNAs. The quality of RNA was, then, evaluated by Agilent BioAnalyzer 2100 

(IC- CNR, Rome) and Figure 5.11 shows relative results. Four samples showed good quality RNA 

Fig. 5.11 Qualitative analysis of RNA extracted from EU from 

ISS evaluated by Agilent BioAnalyzer 2100 

Fig 5.10 Representative images of hBMMSCs seeded on thermanox coverslips, cultured for 8 days in absence (A and B), 

presence of Ca100 (C and D) and Sr100 (E and F) nanoparticles. Observed samples are duplicates of those built in EUs. 

Magnification 5000X (A, C and E) and 10000X (B, D and F). 
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(RNA integrity numbers between 7.5 and 8.6) while in the two contaminated EUs, RNA was 

completely degraded. 

Tab. 5.2 shows quantitative results of proteins isolated from 6EU after space flight on ISS and 6 

EU from GC and that will be analyzed by mass spectrometry to perform proteomic study in 

collaboration with Immunotechnology Department, Lund University, Sweden. 

 EU Protein amount (µg) 

IS
S

 S
A

M
P

L
E

S
 

124 135.57 ± 0.41 

125 103.67 ± 0.51 

126 162.15 ± 0.91 

127 116.96 ± 0.7 

128 177.43 ± 1.02 

129 182.08 ± 0.71 

G
C

 S
A

M
P

L
E

S
 

116 82.4 ± 0.6 

117 101.01 ± 1.52 

118 158.82 ± 0.64 

119 164.14 ± 0.91 

120 210.66 ± 0.41 

121 174.11 ± 0.36 

 

Tab. 5.2 Protein amount isolated from EU after space flight on ISS and from EU from GC 

Fig. 12 Crystal size evaluation of hBMMSCs cultivated on ground and on ISS. (A) Crystals (red arrows) visible in thermanox 

after RNA Cell protector treatment; (B) Representative pics of thermanox recovered from EUs from ISS and GC; (C) 

Quantitative evaluation of crystal sizes. Statistical analysis performed against untreated (*) and Ca100 treated (#) cells. 

(*p<0,05; #p<0,05) 
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Furthermore, Thermanox from EU were recovered and observed under inverted microscope and 

crystal size (Fig. 5.12A) was evaluated (UniMi, Milan). Figure 5.12 shows pics of recovered 

thermanox (Fig. 5.12B) and the results extrapolated by crystal size quantitative analysis (Fig. 

5.12C). In both culture conditions (ISS and GC), an increment in crystal size for Sr100 treated 

samples in comparison to Ca100 and control (p<0.05) was observed. Moreover, the crystals’ size 

for  ISS’s samples was smaller if related to those on GC (p<0.05).  

Cytokines Release 

During the first 8 days of cell 

cultures, the collected medium 

from samples that were then built 

in EUs, was evaluated for 

cytokines and chemokines 

determination. Media collected 

from untreated, Ca100 and Sr100 

treated cells were incubated with 

Affimetrix membranes to detect 36 

different cytokines. The presence 

of cytokines was visualized using 

chemiluminescent system (Fig. 

5.13). The same procedure was 

used for basal medium to detect the presence of cytokines in medium without cells. Results from 

basal medium were subtracted as background. 16 different cytokines were detected in samples, 

three were subtracted because already present in basal medium and differences in release between 

control and treated samples were observed for 11 cytokines (Figures 5.14 and 5.15). In particular, 

about 2-times lower levels of granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-

17 were detected in treated samples related to control (p<0.001) and no differences were observed 

between the two different nanoparticles treatments (Fig. 5.14). Intercellular Adhesion Molecule 1 

(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), VEGF, TNF-α, IL-1α and IL-6 were 

measured around 1.5-times higher in Sr100 treated samples than in control and Ca100 treated ones 

(p<0.001). An increment between 2- and 3-times of TGF-β, IL10 and MMP3 cytokines were 

observed in treated samples related to untreated ones (p<0.001) (Fig. 5.15). 

 Fig. 5.13 Arrays for cytokines determination in culture medium, 

untreated, Ca100 and Sr100 treated cells for 8 days. 
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 Fig. 5.14 Pro-inflammatory cytokines released in the medium by BM-MSCs untreated and treated with NPs cultured for 8 

days on ground. Data represent intensities of spots detected by Human Antobody Array (Affimetrix). Statistical analysis 

was performed between treated and untreated samples (*p<0,05; **p<0,01; ***p<0,001). 

Fig. 5.15 Anti-inflammatory cytokines released in the medium by BM-MSCs untreated and treated with NPs cultured for 

8 days on ground. Data represent intensities of spots detected by Human Antobody Array (Affimetrix). Statistical analysis 

was performed between treated and untreated samples (*p<0,05; **p<0,01; ***p<0,001)  
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6.4 Discussion 

The in vitro effect of Sr-containing nanoparticles on mesenchymal stem cells differentiation to 

osteoblasts cultured in microgravity condition was evaluated. 

It is widely demonstrated that microgravity or simulated microgravity environment reduces 

differentiation of osteoblasts and their activity leading to reduction of bone mass. In this process 

also osteoclasts are affected: some evidence pointed out an increase in osteoclastogenesis in vitro
30

 

and in vivo
31

. On the other hand, it has been widely accepted that reduced bone formation is the 

main cause of bone loss under microgravity
32

. Thus, it is a significant possibility that decreased 

activity of functional cells and a decrease in new osteoblasts from progenitors play a vital role in 

this process. hBMMSCs act as a major source for osteoblasts and have a significant role in bone 

remodeling and repair
33

. Here, we observed that RPM reduced significantly ALP activity, the ECM 

deposition and mineralization, the gene expression of some osteogenic markers. 

Random positioning machine rotates biological samples along two independent axes to change their 

orientation in space in complex ways and so eliminate the effect of gravity
34

. The RPM is a more 

sophisticated development of the single-axis clinostat. RPM consists of two independently rotating 

frames. One frame is positioned inside the other giving a very complex net change of orientation to 

a biological sample mounted in the middle. It is a microgravity simulator that is based on the 

principle of 'gravity-vector-averaging'
35

. 

Sr-substitute hydroxyapatite nanoparticles have shown to accelerate and enhance the osteoblasts 

differentiation and their ability to deposit and mineralize ECM. For this reason, we investigated the 

effect of Sr-containing nanoparticles on osteoblasts differentiation in microgravity condition. 

To do that, we evaluated ALP activity of cells cultured on ground and on RPM in absence or 

presence of nanoparticles. We observed that Sr100 nanoparticles increased ALP activity, both in 

microgravity and on ground. Moreover, after 28 days, Sr100 nanoparticles induced higher ALP gene 

expression and higher deposition of ALP protein, following the enzyme activity data. ALP is a 

marker of osteoblasts differentiation and Sr100 nanoparticles seem to counterbalance the inhibitory 

effect of microgravity. Similar results showed reduced osteoblasts differentiation of hBMMSCs 

cultivated on Rotary Wall Vessel bioreactor with reduced ALP activity
36

.  

Strictly related to the osteoblasts differentiation is their ability of bone matrix deposition and 

mineralization. We observed a reduction of ECM protein deposition and mineralization induced by 

microgravity, as already widely reported
2,36

. The treatment with Sr-containing nanoparticles 

increased the ECM deposition and mineralization, in some cases counterbalancing completely the 

reduction due to microgravity exposure. In Sr100 treated samples cultured on RPM, deposition of 

osteopontin was comparable to the GC and significantly higher than untreated cells. Similar results 
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were obtained for decorin and type-III collagene. Regarding osteonectin, osteocalcein and type-I 

collagen, instead, an increase in Sr100 treated samples related to untreated cells was observed but 

the deposition in RPM cell cultures was much lower than those cultured on ground. Some of the 

gene expressions seem to follow the protein results, like DCN and COL1A1 but no significative 

differences were observed in COL3A1 expression suggesting that Sr100 nanoparticles may act both 

at transcriptional and translational level.  

Significative increase of IBSP transcription was observed after 28 days in Sr100 treated samples. 

IBSP gene transcribes for bone sialo-protein, the most abundant non-collagen protein present in 

bone matrix
37

. This result is in accordance with our previous observation on the effect of Sr100 

nanoparticles on the expression of this gene. Another gene found slightly up-regulated by Sr100 

nanoparticles on RPM was BMP2, a powerful modulator of osteogenesis
38

. 

Sr100 nanoparticles increased not only the ECM deposition in terms of proteins but also its bone 

matrix mineralization. Alizarin Red staining, in fact, revealed greater calcium deposition in Sr100 

treated samples both in ground and in RPM experimental conditions. The reduced matrix 

mineralization observed in microgravity is strictly related to the lower level of osteoblasts 

differentiation since calcium deposition occurs in the later stages of differentiation. We 

demonstrated that Sr100 nanoparticles push the hBMMSCs differentiation toward more mature 

osteoblasts, so this treatment increases ECM deposition and mineralization even in simulated 

microgravity counterbalancing its inhibitory effect. 

 

Regarding results obtained from experiment performed on ISS, RNAseq of isolated RNAs that were 

not degraded is still under analysis and no results are evaluable in both culture conditions (ISS and 

GC). Similar situation can be considered for proteomic studies on isolated proteins that will be 

performed in collaboration with Immunotechnology Department, Lund University, Sweden. 

We observed increased crystal size in those samples cultivated in presence of Sr100 nanoparticles 

both on ISS and on ground, and that could be due to Sr incorporation, as has been already 

demonstrated in previous in vitro work (described in chapter 3) with SAOS-2 cells. 

We performed a cytokine release analysis in media of cells on thermanox before inserting in EUs, at 

8 days of differentiation in absence and presence of Ca100 and Sr100 nanoparticles. This is a not 

very explored field, but it is possible to group cytokines in anti-inflammatory and pro-inflammatory 

and some works focused on different expression during osteoblast differentation
39

. hBMMSCs 

treated with TNF-α resulted in the activation of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-𝜅B), leading to increased mineralization and enhanced expression of 

osteogenic proteins, such as BMP2 and ALP, and transcription factors such as Runx2 and 
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Osterix
40,41

. Ferreira et al. found that IL-1 also enhanced mineralization through both NF-𝜅B and 

MAPK pathways
42

. It has been previously shown that cytokines such as IL-1, IL-6, and TNF-𝛼 

have the ability to inhibit adipogenic differentiation of hBMMSCs. In Sr100 treated samples, an 

increase in TNF-α, IL-1α and IL-6 were observed and these increases should result in decrease of 

adipogenesis and in enhancing of osteoblast differentiation. Moreover, increasing in anti-

inflammatory cytokines (like IL-10, MMP3, TGF-β) was observed in Sr100 treated sample. These 

cytokines reduce the inflammatory status that has been shown to contribute to a decrease in bone 

mineral density by inhibiting osteoblast proliferation and differentiation and enhancing the rate of 

osteoclast differentiation in patients with severe inflammatory disease
39

. 
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6.5 Conclusion and Future Perspectives 

 

In this chapter we presented results about the effect of Sr-substituted hydroxyapatite nanoparticles 

on hBMMSCs differentiation to osteoblasts in microgravity conditions, simulated (RPM) or on ISS. 

For simulated microgravity, mesenchymal stem cells isolated from human bone marrow were 

cultivated in RPM and GC, in absence and presence of Ca100, Ca50Sr50 and Sr100 nanoparticles. 

Sr100 nanoparticles improved the expression and activity of alkaline phosphatase on sample 

cultured on RPM suggesting a positive effect on osteoblast differentiation even in microgravity 

condition. Moreover, in samples cultured on RPM and treated with Sr100 nanoparticles, higher 

ECM deposition was measured, with higher amount of bone matrix proteins deposition as well as 

the related gene expression, like ALP and IBSP. An increase in bone matrix mineralization was 

detected in Sr100 nanoparticles treated samples cultured on RPM. 

Further investigation about the effect of nanoparticles on proteome modification of hBMMSCs 

cultured in RPM and GC will be performed in collaboration with Immunotechnology Department, 

Lund University, Sweden.  

Future works will focus on the effect of Sr-containing nanoparticles also on osteoclastogenesis in 

microgravity condition to evaluate if the observed dual action of Sr100 nanoparticles occurs also in 

microgravity condition.  

Sr-containing nanoparticles affect also the release of several cytokines that were demonstrated to be 

involved in osteoblasts differentiation like IL-1, IL-6, and TNF-𝛼 and increase the release of anti-

inflammatory cytokines that are strictly correlated with osteclastogenesis. It seems that 

nanoparticles effect on bone remodeling could be related also to the modulation of cytokines release 

by cells.    

All these data suggest that Sr100 nanoparticles improve the differentiation and activity of human 

osteoblasts and can be a powerful tool to reduce the bone loss induced by microgravity. Moreover, 

it is quite interesting to highlight that all these data demonstrated a positive effect of Sr-containing 

nanoparticles on human osteoblasts differentiation also in a non-physiological condition. 

Microgravity, in fact, is a model used to mimic the osteoporosis condition, so it can be speculated 

that this data suggest a possible stimulatory effect of Sr-containing nanoparticles in an osteoporotic 

model. 
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Chapter 6 

7. Summary, closing remarks and future perspectives 

 

7.1 Summary and address to the aims 

Chapter 1 – General introduction (pag. 2) 

The change in living conditions during the twentieth century, compared to the previous centuries, 

has brought major benefits to the welfare and health of mankind. However, the increased life-

expectancy, the dynamism of activities (e.g. transportation methods and sport activities), and the 

growing world population lead to a substantial increase in patients who suffer from damaged, 

malfunctioning or diseased tissues or body parts. In the case of bone tissue, the normal function of it 

can be impaired by many traumatic injuries and some pathological disorders, such as osteoarthritis, 

osteoporosis, osteogenesis imperfecta, and Paget's disease and tumor. These malfunctions cause 

nonunion bone fractures, bone deformation, severe pain, and loss of mobility
1
. For this reason, 

research in bone field in growing up very quickly in last few years with the aim of discovering new 

factors that modulate bone remodeling to be addressed by new drugs. In this sense, many efforts 

have been made to study new strontium-based drugs to enhance the pharmacological effect of this 

element on bone cells. 

 

Chapter 2 - Synthesis and Characterization of Strontium-substituted hydroxyapatite 

nanoparticles for bone regeneration (pag. 44) 

Chapter 2 presents a deep and complete physical-chemical characterization of strontium(Sr)-

substituted hydroxyapatite (HA) nanopowders, stable nanoparticle suspension preparation and the 

evaluation of their biocompatibility. In particular, Sr-substituted hydroxyapatite nanopowders were 

systematically synthesized by aqueous precipitation in the range of 0-100 mol% Sr.  The 

replacement of Ca
2+

 by Sr
2+

 ions with different ionic radius and electronegativity leads to the 

nanopowders modification at different structural levels. Pure Sr-HA and Ca-HA nanopowders are 

characterized by larger crystallite size (50 – 60 nm) with respect to intermediate compositions (20-

30 nm).  Crystalline unit cells are subjected to an expansion which is larger along c than along a; 

this leads to functional group rearrangements, responsible for weaker P-O bonds and, above all, for 

evident OH spatial density changes and their local environment. 
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The synthesized powders can be easily used for the preparation of water suspensions with the 

addition of Bovine Serum Albumin. The produced suspensions are biocompatible with no apoptotic 

effect on osteoblast cells. Suspensions prepared with nanopowders containing larger Sr amount 

clearly promote osteoblast viability and proliferation. Moreover, we demonstrated that Sr-

containing hydroxyapatite nanoparticles have higher biocompatibility and stimulatory effect on 

osteoblasts proliferation if compared with strontium ranelate and strontium chloride. 

 

Chapter 3 - Effect of Strontium-containing nanoparticles on Bone Remodelling: in vitro cell 

studies (pag. 73) 

Chapter 3 presents a wide in vitro investigation of Sr-containing nanoparticle effect on bone 

remodelling, performing studies on pre-osteoblasts, hBMMSCs, murine osteocytes and osteoclasts.  

We observed enhanced osteoblasts differentiation induced by Sr-containing nanoparticles. In 

particular, we observed an increment in ALP activity, greater ECM bone matrix deposition and 

mineralization and an increased gene expression of specific markers for osteogenesis in Sr-

containing nanoparticles treated samples, in comparison to Ca100 nanoparticles and untreated 

samples (control). Pathway involved in nanoparticle uptake was shown to be micropinocytosis and 

deposition of strontium was observed also in mineralized bone matrix at the end of cell culture.  

Sr-containing nanoparticles reduced the differentiation of osteoclasts, the cells responsible for bone 

resorption. Reduction of osteoclasts differentiation markers, like TRAP, was observed in Sr treated 

samples. Moreover, Sr-containing nanoparticles prevent cell fusion and adhesion inhibiting the 

multinucleated cells formation, typical of osteoclasts. 

In our studies we also demonstrated that Sr-containing nanoparticles push the osteocytes 

differentiation toward more mature stages and improved their ability to deposit a mineralized bone 

matrix. A modulation in molecules that influence osteoblasts and osteoclasts differentiation was 

observed with a decrease of RANKL and increase of SOST expression. Preliminary results about the 

molecular mechanism involved in this process, suggest a role of calcium sensing receptor and in 

particular the possibility to use Sr100 nanoparticles to reduce the negative effect of calcilytics 

drugs. 

 

Chapter 4 - Effect of Strontium-containing gelatine sponge on ectopic bone formation 

(pag.127) 

Chapter 4 presents in vivo results about the ectopic bone formation induced by gelatin sponge 

enriched with Sr-containing hydroxyapatite and the comparison with gelatin sponge enriched with 
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BMP2. To do that, gelatin sponges with BMP2 or Sr-hydroxyapatite were implanted around the 

femur, adjacent to the periosteal surface of 9-11 weeks old male mice. X-ray at 16 and 33 days 

revealed the induction of mineralized tissue from the femur toward sponge in a more evident way in 

BMP2 and Sr-hydroxyapatite containing materials. Histology analysis and gene expression revealed 

increased endochondrial ossification induced by Sr-hydroxyapatite. Moreover, Sr-hydroxyapatite 

enriched sponges improved bone formation enhancing osteogenic-associated gene expression and 

reducing those related to osteoclasts differentiation. 

 

Chapter 5 - Sr-containing nanoparticles as a potential countermeasure for bone loss induced 

by microgravity (pag. 150) 

Chapter 5 presents results related to the effect of Sr-containing nanoparticles on osteoblasts 

differentiation from human mesenchymal stem cells cultured in simulated (RPM) and space 

microgravity  (ISS) conditions. Sr-containing nanoparticles improved the expression and activity of 

alkaline phosphatase on samples cultured on Random Positioning Machine (RPM) suggesting a 

positive effect on osteoblast differentiation even in simulated microgravity condition. Moreover, in 

samples cultured on RPM, Sr-containing nanoparticles induced higher ECM bone matrix deposition 

and mineralization like as gene expression of specific bone markers, such as ALP and IBSP.  

Sr-containing nanoparticles affected also the release of several cytokines that were demonstrated to 

be involved in osteoblasts differentiation like IL-1, IL-6, and TNF-𝛼 and increased the release of 

anti-inflammatory cytokines. It seems that nanoparticles’ effect on bone remodeling could be 

related also to the modulation of cytokines release by cells. The in vitro experiment performed on 

the ISS to study the effect of Sr-containing nanoparticles on osteoblasts differentiation in space 

condition, is also described and preliminary results (RNA quality, proteins quantifications and 

culture medium) are shown. Further studies (RNASeq results, proteomic studies) are still on going 

on the space flight experiments. 

7.2 Closing remarks and Future Perspectives   

In this thesis, research efforts focused on the development of a new nanosystem for the delivery of 

strontium to improve bone formation are reported. Strontium-substitute hydroxyapatite 

nanoparticles were synthesized and deeply physical-chemical characterize. The effect of 

nanoparticles on bone remodeling was evaluated using four different in vitro models that allowed 

investigations on every single bone cell type: BMMSCs, osteoblasts, osteocytes and osteoclasts. It 

is quite remarkable that, for the first time, results about the effect of Sr on osteocytes are here 

presented. In future studies the specificity of these nanoparticles needs to be improved to have a 
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more effective delivery of strontium in an in vivo systemic administration. To do that, peptides 

specific for bone matrix recognition could be conjugated to the external shell of nanoparticles to 

target them directly to bone tissue. Comparing to the existing drugs used to improve bone 

formation, Sr-NPs showed to be effective on both osteoblasts and osteoclasts, producing a synergic 

effect toward increased bone matrix deposition and reducing rebound effect caused by stimulation 

of only one cell type. Moreover, some steps ahead to the molecular mechanism were performed, but 

the complete understanding still needs to be addressed. 

Moving from in vitro to in vivo, a new material was developed made of gelatin sponge and enriched 

with Sr-hydroxyapatite and its effect on ectopic bone formation was evaluated in mice. Ectopic 

bone formation induced by Sr-hydroxyapatite resulted comparable, even greater in some cases, to 

BMP2 effect. In this sense, Sr-hydroxyapatite is easier to obtain, cheaper and more stable than 

BMP2. These studies need to be completed but promising results came out and they can be the 

platform to develop a material useful in orthopedic field to promote fracture healing or bone 

reconstruction. 

The bone loss is one of the main problems for astronauts who spend long period on ISS. Besides, 

microgravity is an ideal model to study the inhibition of osteoblast differentiation. Sr-containing 

nanoparticles showed to be a useful countermeasure to the bone reduction induced by microgravity, 

with lower side effects of pharmacological treatments. Also in this sense a deeper understanding of 

the molecular mechanism involved is necessary as well as translational studies on animal models. 
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