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Abstract 
 

The study of the interactions that take place between the bone and an artificial implant is 

very important in the development of a new material used in the prosthetics field.  

Osteointegration is a direct structural and functional connection between biological 

components of bone tissue and the artificial material implanted inside the body. In this 

dynamic process, an important role is played by the implant in modulating molecular and 

cellular behavior. Many materials are used in the production of prosthetic implants 

including metal alloys, polymers and ceramics. Among the latter silicon nitride is one of 

the most studied. This non-oxide material can be functionalized with different treatments. 

In this way its chemistry can be varied from of a silica-like surface to one mainly 

consisting of amine groups.  

In this study different surface-treated silicon nitride samples have been tested in 

biological environments using two different cell lines: Osteosarcoma (SAOS-2) cells and 

Periodontal ligament stem cells (PDLCs).  

The samples have been divided in two groups:  

- “as sintered” mechanically untreated on the surface, used in SaOS-2 treatment 

- “as-polished” with lapped surface, employed in PDLCs treatment 

For every groups there are five types of different surface-treated samples:  

- non-treated  

- HF treated, using hydrofluoric acid,  

- N2 baked in N2 atmosphere and high temperature,  

- thermally oxidized, exposing the sample to ambient atmosphere at high 

temperature  

- glazed presenting Si(Y)AlON on the surface.  

Alumina and Titanium alloy, two biomaterials currently employed in orthopedic 

applications, have been used for comparison. To verify the osteointegration process, the 

formation and the growth of hydroxyapatite (HA) on the surface of the samples have been 

evaluated through techniques such as Raman spectroscopy and laser microscope. The 

results have shown the presence of biological compounds and HA in different quantities 

in all the samples confirming the good biocompatibility and osteointegration properties 



  

 

 

of silicon nitride. PDLCs presented a lower quantity of HA as compared to samples 

treated with SAOS-2 cells. This is probably due to the surface features of the samples. 

The binding mechanism of the cells to the material can be influenced by the roughness of 

the different surfaces and by the surface charge. This work provides a basis for future 

studies to understand which kind of treatment and material’s features can give the best 

benefits to promote osseointegration process, thus boosting the development of the new 

non-oxide ceramics for biomedical applications. 
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Aim of the thesis 
 
 

The purpose of this thesis is to verify the osseointegration properties of silicon nitride 

samples subjected to various surface treatments. Two cell lines have been used: cells of 

osteosarcoma and mesenchymal cells respectively obtained from the periodontal 

ligament. Interactions with sample surface has been investigated and formation of 

hydroxyapatite, indication of an osseointegration process, has been verified. 

After cell culture, the samples have been analyzed by various analytical techniques 

including Raman spectroscopy and Laser microscope.
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Chapter 1 
 

 

Introduction 
 

 

Given the increase in life expectancy throughout the whole world, the number of joint 

replacement operations is growing year by year. In Italy, more than 1,6% people have 

joint replacement. Every year in our country the number of shoulder, hip and knee 

surgeries is over 200,000 (ANSA). The majority relates to hip surgeries, which amounted 

to 60% and this percentage is set to rise annually by 5%. A high percentage of implant 

used is also present in America (about 325,000 hip and 300,000 plants in the knees) and 

even in Europe where respectively 230,000 and 700,000 hip and knee implants are made. 

Also in the field of dentistry, following the advent of new biocompatible prosthetic 

implants, such as those constituted by a titanium alloy, there is a high number of yearly 

interventions. Nearly half a million oral implants are performed each year worldwide. 

Despite the improvements in the sector, there are still many reasons for which the 

application of prosthetic implants may lead to complications. 

One of the main reasons is the incorrect positioning of the prosthetic components that can 

lead to an incorrect distribution of stress within the system [1,2]. 

This complication can greatly affect the bone remodeling process at the interface bone-

implant [3,4,5]. Another problem may be the occurrence of infections that triggers an 

inflammatory process while preventing the osseointegration process. 

This last aspect, which is present almost exclusively in situations involving orthopedic 

implants and not dental, is of significant importance in the development of a biomaterial 

deputy to the construction of an implant. A number of materials have been studied to 

improve the biocompatibility and at the same time promote interaction and bone-implant 

contact. It also guarantees the absence of immune reactions by the individual because 

there is no input from other cells or organisms. 
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In prosthetic market there are different materials which have different functions, 

replacement, improvement and recovery of tissues or organs; these materials also differ 

depending on the material that constitutes them: metals such as titanium alloys or stainless 

steel 316L, having high mechanical strength associated with chemical inertness; organic 

materials such as polyethylene, and ceramic materials oxide and non-oxide. 

Among these materials there is the silicon nitride, a non-oxide bio-ceramic which has 

characteristics that make it one of the possible materials used in the field of implants even 

in a future perspective. 

Over the last few years, chemical and physical characteristics of this material have been 

studied, trying to functionalize the surface to make it more akin to the interaction with the 

load bearing articulation environment and to stimulate the osteointegration and 

osteoconductive processes, through the use of different mechanical and chemical 

treatments, keeping its main features. 

 

 

1.1 Background: Bone tissue 
 

Bone tissue is a connective tissue which has the support functions of an individual and is 

characterized by high strength and a high hardness. It is responsible for the architecture 

and the structure of the bones that form the skeleton of vertebrates. The bone tissue mainly 

consists of cells present in an extracellular matrix, which is in turn formed from an 

amorphous substance glycoprotein, fibers and which presents also a mineral compound 

noted as hydroxyapatite. The amorphous substance has the particular characteristic of 

being subject to a process of mineralization and calcification. So the extracellular matrix 

produced by the same cells constituting the tissue is formed by both inorganic materials 

mineralized and organic material, very similar to that of the connective tissue, in 

particular to the cartilage. The prevailing part of the extracellular matrix appears to be the 

type I collagen fibers. The latter, in adult bone, are arranged in order to obtain a triple 

helix structure that increases the compactness of the tissue; this complex, fibers and cells 

make up a laminated shaped structure. The collagen fibers confer a tensile strength to the 

bone but they are not resistant to compression because of their length. Given its 

anisotropy, collagen properties strongly depend on their structural arrangement, density 
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and elasticity. Fibers are arranged parallel to each other, conferring flexibility to the bone 

structure. 

In addition to collagen fibers, in the matrix there are also other components for the 

adhesion and anchoring mechanisms. These components are fibronectin, thrombospondin 

and osteopontin protein. In the matrix, there is also another very important protein known 

as osteocalcin and bone-GLA-protein (BGP) synthesized by osteoblasts and having 

endocrine functions. They play a significant role in bone mineralization mechanisms. The 

same function is also covered by another protein of the bone matrix, the osteonectin which 

favors the formation of mineral crystals and also shows a high affinity for collagen. 

As previously noted, the organic part of the bone also presents different cell types deputies 

to the formation and maintenance of the implant itself: 

- Osteo-progenitor cells; 

- Osteoblasts; 

- Osteocytes; 

- Osteoclasts. 

The osteo-progenitor cells are mesenchymal stem cells. They have different properties 

because they can proliferate and differentiate into osteoblasts and are located mainly in 

the periosteum and endosteum.  When reactivated, they proceed to new bone formation. 

Osteoblasts are the basic cells of the bone tissue, responsible for the formation of matrix 

components which arise from the differentiation of mesenchymal progenitor cells. They 

are characterized by a massive body with an ovoid nucleus not centered but slightly 

peripheral, are highly polarized and have basophilic cytoplasm as it presents an 

endoplasmic reticulum rough very extended as well as Golgi apparatus. Osteoblasts have 

osteogenic function; they are deputies to the synthesis of molecular components of the 

organic matrix (osteoid) and the deposition of the inorganic matrix. They produce type I 

collagen, osteocalcin, osteonectin, osteopontin and bone sialoprotein. The latter are 

expelled by exocytosis and go to act outside of the cell, acting as a support in the 

deposition process of the calcified matrix. 

When bone formation is completed, osteoblasts are trapped inside of the bone matrix gaps 

created by them. From here become osteocytes, living cells in a quiescent state which 

provide for the maintenance of bone extracellular matrix. They have an irregular shape 

with a clearly visible nucleus, endoplasmic reticulum rough and Golgi apparatus 

underdeveloped and cytoplasm has several extensions. Through these extensions, the 
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cells are able to obtain the nutrients that are inside of microscopic tunnels called 

canaliculus. Through these canaliculus, the cytoplasmic extensions of the osteocytes can 

make contact with each other through gap 

junctions or with blood capillaries placed in 

bone channels allowing the exchange of 

metabolites. Osteocytes can also keep in 

contact with osteoblasts through appropriate 

signals sent by the latter that can control 

osteocytes if there is a need to lay down new 

bone extracellular matrix. The function of 

osteocytes is to participate in the remodeling of 

the bone tissue in response to stimuli of calcitonin and adjusting the levels of calcium and 

phosphorus. Osteocytes also have membrane receptors for parathyroid hormone (PTH), 

which allows control of the osteoclasts. 

Osteoclasts do not belong to osteoprogenitress line but derive from the merger of several 

monocyte precursors (up to thirty), and are assigned to produce and secrete enzymes that 

destroy the calcified matrix and then allow bone remodeling. These cells come into action 

during the growth processes with the replacement of the immature bone tissue in the adult 

form, and to implement subsequent bone remodeling. 

Osteoclasts are very large, diameter exceeds 100 microns and have numerous internal 

nuclei. They are also highly polarized: if they are activated, osteoclasts have a 

cytoplasmic face bone proximity, with very mobile ripples that adhere to the bone surface, 

creating a completely isolated from the surrounding microenvironment. The isolated part 

is subject to acidification with activation of lysosomal enzymes such as protease and 

phosphatase or other non-lysosomal enzymes such as metalloproteinases. Thus, it has the 

occurrence of erosion of the bone matrix and the consequent formation of a defined 

depression of Howship lacuna. 

The inorganic part of bone tissue is formed instead of several constituents: calcium, which 

combines with oxygen, phosphorus and hydrogen. These go on to form a molecule known 

as hydroxyapatite, the mineral compound that goes on to form thin crystals having the 

shape of prisms, but there are also other minerals such as magnesium phosphates and 

citrates of sodium, manganese and potassium. This mineral component in the body of an 

adult human is about 65% of the dry weight of the bone tissue while the organic part goes 

to make up the remaining 35%. 

Figure 1.1: Section of lamelar bone tissue. 
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The process that leads to bone formation is known as osteogenesis or ossification and 

takes place starting from mesenchymal progenitor cells of the bone. 

The ossification may be of two types mainly: 

- Direct or intramembranous; 

- Indirect or chondral. 

Intramembranous ossification takes place a direct passage from mesenchymal cells for 

the formation of a bone tissue while through indirect ossification the intermediate 

formation of hyaline cartilage occurs. 

The direct ossification follows the organization in mesenchymal cell aggregates 

differentiate into osteoblasts and proceed to the deposition of bone extracellular matrix 

subsequently mineralized. In this way the non-lamellar primitive bone tissue is formed 

and will be replaced by lamellar bone tissue in response to remodeling. Examples of direct 

ossification relate to the flat bones and short bones, ie bones that have no supporting 

function. 

The indirect ossification instead is a process that leads to bone formation starting from a 

cartilaginous structure to obtain a structure highly resistant to compression and therefore 

suitable for the function of support. 

 

 

1.2 Bases of osteointegration 
 

Per-Ingvar Branemark, a Swedish professor of applied biotechnology coined the term 

"osseointegration" at the end of the sixties, referring to "a direct anchoring, an intimate 

union, of an implant to a bone without the presence of apparent connective tissue" [6]. 

This particular phenomenon emerged for the first time in 1952 during an experiment 

carried out in vivo on rabbit and having the purpose of studying the healing of bone 

fractures processes. Using a titanium container in order to analyze the passing blood flow 

through the bone tissue, he indeed noticed that the container could no longer be removed, 

and it was integrated to the bone. Subsequently Schroeder also confirmed, in 1976, the 

formation of osseointegration due to direct contact between bone tissue and peri-implant 

surface [7]. Studies later convinced him on the use of titanium, its biocompatibility and 

integration within the bone. Others like Albrektsson and Zarb defined osseointegration as 
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"the process by which you get a direct contact at the microscopic level, between the 

implant made of alloplastic and biocompatible materials and the bone tissue that is 

constantly changing. Fixation, clinically asymptomatic, must be rigid and maintained 

under load "[8,10]. Dorland instead identified the osseointegration as "a direct anchorage 

of an implant through the formation of bone tissue around the implant itself without the 

growth of fibrous tissue in the area of contact between bone and implant" [11]. Branemark 

will also define the osseointegration process as "a direct connection, structural and 

functional between a vital bone and the surface of an implant subjected to load" and that 

"the fundamental requirement for establishing a real tissue integration and durable by a 

non-biological material is based on the detailed understanding of the response of the hard 

and soft tissues of the receiving site, the surgical preparation and the installation of the 

prosthesis implant” [12]. 

Other studies were made regarding osseointegration, such as those conducted by Osborn 

and Newesley where features showed two distinct pathways of bone formation: distance 

osteogenesis and contact osteogenesis [13,14]. 

 

 

Figure 1.2:Two forms of osteogenesis: distance osteogenesis and contact osteogenesis. 

 

The first relates to a process of deposition of osteoblasts and subsequent mineralization 

that starts from the bone tissue surface already present and goes towards the implant; the 

bone goes to slowly encircle the prosthesis. [15, 16] The contact osteogenesis, instead, 

takes place in the opposite way; the bone tissue is formed directly above the implant 

surface that is colonized by bone cells which differentiate into osteoblasts and leading to 

the subsequent formation of bone matrix. This osteogenesis process follows the model of 

“fracture repair”. [17] 

Nowadays the osseointegration study led to the development and use of several prosthetic 

implants in treatments subsequent to amputations as a bone-anchored hearing aids, neck 
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and hip joints of the fingers, thumb and major arts [18,19,20,21,22] or to replace 

prosthetic joints such as the hip, knee and spinal implants. 

It’s necessary also, to point out that the osseointegration phenomenon is related to two 

other that are the osteoconduction and osteoinduction. 

Hench and Wilson have suggested that the osteoconduction is the process by which a 

bone grows in conformity with the surface of a material [23]. The bone growth on a 

surface depends on cell differentiation. They may originate in osteoblasts or pre-

osteoblasts due to an injury or simply through a recruitment process undertaken by 

mesenchymal progenitor cells by osteoinduction. 

Albrektsson [24] has studied how the osteoconduction and the in vivo remodeling require 

a full vascularization necessary to transport all those components involved in bone 

formation such as the growth factors and plasma proteins. Among the main growth factors 

deputed to the formation of bone tissue there are the TGF-β, the platelet-derived growth 

factor (PDGF), the insulin-like growth factors (IGF-I, IGF-II) and the factor of growth of 

fibroblasts (FGF). These act as signaling agents of cells and capable of stimulating the 

proliferation and cell differentiation. 

Osteoinduction indicates the ability of a material to stimulate pluripotent cells, primitive, 

undifferentiated to develop a particular cell line deputed to bone formation; briefly it is 

the process by which via migration of certain cells, differentiation and proliferation, there 

is the formation of a bone tissue, then osteogenesis is induced [23]. 

As already stated earlier, in addition to differentiated cells such as osteoblasts, osteoclasts 

and osteocytes, the bones contain a certain number of undifferentiated mesenchymal cells 

which are of considerable importance for a proper healing or for anchoring to an implant 

because they can be used as osteo-progenitor cells. The latter may develop following a 

correct stimulus, by means of inductive agent, in pre-osteoblasts. 

One of the main osteoinductive agents is the glycoprotein BMP, belonging to the family 

of transforming growth factors (TGF-β). During the remodeling process about fifteen 

BMP are released including BMP-2 and BMP-7, two morphogenic proteins which 

potentially induce osteoblast differentiation in a variety of cell types.  

Bone Induction may be affected directly or indirectly also by stress factors or electrical 

signals. [25,26,27,28]. It is a referral biological mechanism that occurs regularly, for 

example during the healing period subsequent to a fracture or after the incorporation of a 

prosthetic implant. 
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According to Frost [29,30] after fracture a repair process reactivates involving the same 

bone, bone marrow and surrounding tissues sensitizing the surviving cells. 

After the injury, a series of biochemical and physical local messages, that help cells 

respond appropriately, are released. Some of them appointed to differentiation and cell 

organization, while others favor the mitotic reproduction. 

It is in this initial part of the healing response that osteoinduction occurs, present 

immediately after the injury, and very active during the first week. 

 

 

1.3 Factors that influence osteointegrations 
 

The factors that play a decisive role during the osseointegration process are the primary 

stability (mechanical stability) and secondary stability (biologic stability after the bone 

remodeling). 

The primary stability is the prerequisite for the advent of osseointegration process. It is a 

mechanical stability and is created as soon as the implant is inserted in the body and enters 

in direct contact with the bone. This contact depends on implant shape, bone quality and 

preparation of the implant site through osteotomia. The fixation of implant must be able 

to be resistant to those of displacement forces acting on the implant. If these forces are 

able to also induce a minimum implant mobility during healing, it could introduce a 

disturbance in the bone formation process up to a subsequent failure of osseointegration 

process. The biological fixation requires several weeks. The speed in the achievement of 

stability can vary through the use of modified implant surfaces that allow a high stability 

of the clot and at the same time accelerate the osseointegration process. The secondary 

stability, or biological stability, occurs when the remodeled bone is subject to new areas 

of contact with the implant surface. Here osteoblasts come into play forming new bone 

matrix and the osteoclasts that, instead, ensure clean up waste products previously. 

This process takes over gradually to the first and after healing, the primary stability is 

fully replaced by the secondary stability (Figure 1.3).  
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However, there is a critical phase characterized by a poor stability of the implant 

because the pre-existing bone is not yet completely resorbed while the newly formed is 

still not mature to be able to maintain the loads. 

There are other very important factors to consider so that the osseointegration process 

proceeds in the manner most appropriate and satisfactory as possible [31-37]: 

- System design; 

- Plant Chemical composition; 

- The topography of the area and possible surface treatments; 

- The material and its shape and length; 

- The host bone; 

- The healing mechanism; 

- The mechanical stability and load conditions applied; 

- The use of osteogenic adjuvant, stimulants or biological coatings; 

- Biocompatibility of the material. 

Another important factor which can influence the osteointegration process is the surface 

charge of a material. many researchers reported the improved-biocompatibility, cell 

affinity and cell differentiation on the implanted surfaces by using the positive ions and 

the negative ions [38]. For instance, hydrogels scaffolds incorporated with positive 

charges supported significantly more cell attachment and spreading of osteoblasts and 

fibroblasts as compared to negative or neutral charges [39]. Another group, also, 

investigated that negatively charged hydrogels scaffold increased at the extents of 

chondrocyte differentiation, such as collagen and glycosaminoglycan expression, in 

Figure 1.3: Diagram of primary and secondary stability. 
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comparison with that on the neutral or positively charged hydrogel scaffolds [40]. The 

distribution of charges that a material presents to the surface can affect the wettability 

and, therefore, may confer hydrophilic or hydrophobic characteristics to the material. This 

fact has been confirmed in numerous studies, varying the surface charge in the analyzed 

samples and observing as well as the adhesion and cell behavior would behave differently 

depending on the surface charge. A comparison between the polarized and non-polarized 

HA samples was made by Nakamura et al. The samples showed difference in wettability, 

given that those non-polarized showed an angle of contact greater than those polarized. 

The result in in vitro tests led to the conclusion that polarized surfaces, positively and 

negatively, favored the adhesion and cell growth [41]. In the case of work done by 

Masataka et al., Negatively polarized surfaces, and brought accession osteoblast cell 

proliferation compared with positively charged surfaces and non-polarized [42]. Same 

conclusions were reissued by Bodha et al. in 2009 [43]. But in the case of the studies done 

by Kizuki et al., emerged opposite results in which the cells of osteoblast favored samples 

with negatively charged surfaces [44].  

 

 

In addition to these we must also consider the factors that can inhibit the osseointegration 

process [45-47]: 

- Excessive plant mobility; 

- A not adequate porosity of the material; 

- Use of certain drugs such as methotrexate, cisplatin, warfarin, cyclosporin A; 

- Non-steroidal anti-inflammatory drugs and how the COX-2 inhibitor. 

Even the patient's condition can lead to problems in the development of osseointegration 

if present osteoporosis, rheumatoid arthritis, poor nutritional conditions, kidney failure, 

smoking and also the patient's age [48-51]. 

The features related to the implant surface used are of considerable importance because 

certain morphological characteristics (ex. Roughness) and surface chemistry can affect 

the surface energy and consequently the primary interaction between the implant body 

and environment. Following recent studies, it has been seen as a high surface energy of 

the plant is beneficial in the integration process. [52] Then the roughness is another factor 

imported relative to the surface. Curved surfaces that possess cavities or pores having 

dimensions or comparable rays to those of biological components can interact differently 
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with respect to those little rough surfaces. The surfaces, which have high roughness, 

promote osseointegration through membership of cellular components such as platelets 

and monocytes that allow direct attachment of osteoblasts and subsequent proliferation 

[53]. It is important, however, to consider how the implant surface should present a 

correct roughness. studies using samples with high surface roughness showed an 

unfavorable cell adhesion compared to other samples presenting a lower roughness 

indicating how certain types of particularly fond moderate roughness cells [54,55].  

As indicated above, a very important factor concerns also the load conditions because due 

to variations of the latter, a remodeling of the bone tissue can occur.  To explain the 

functional adaptation of the bone subjected to load, the Mechanostat theory 

mathematically described by Frost in 1989 can be used [56].  

 

Figure 1.4: Mechanostat theory graph about bone mass-amplitude deformations. 

 

 

This theory presents four levels of load increasing bone: 

- Pathologic unload areas - if no force is applied on the bone then its minerals and 

consequently its resistance are lost (ex non usu atrophy). Characterized by 

deformation of less than 200 microstrain (με);  

- Adaptation areas - if the bone is properly stimulated, the right physiological 

remodeling is created. The deformations amount in the range between 200 and 

2000 με, range of physiological loads; 
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- Overload zone - if the applied force exceeds the adaptation area, the bone tissue 

reacts by opposing the external stimulus with activation of osteoblasts and new 

bone apposition. Deformations in the range between 2000 and 3000 με; 

- Pathologic overloaded zones: if the load exceeds the physiological range can 

inhibit the function of osteoblasts, and therefore the osteoclastic function prevails. 

Consequently, the bone becomes weaker and in the case of dental implants 

osseointegration doesn’t occur. Finally, overcoming the elastic limit and fabric 

strength are witnessing the bone fracture. The deformation exceeds the limit of 

3000 με.  

Following a higher load than necessary, there is a greater activity of osteoblasts and thus, 

an increase of bone formation while if there is a lower load, a resorption can occur. So it 

is important to accurately evaluate the intensity of the load. 

An incorrect load distribution can also lead to another phenomenon known as “stress 

shielding” which leads to a reduction in bone density (osteopenia) [57]. Stress-shielding 

can be caused by the discharges of the forces which don't take place correctly. They are 

supported by the prosthesis and not by the bone that tends to atrophy leading to a 

demineralization, a bone resorption with loss of mechanical stability given by the 

prosthesis mobilization [58,59]. 

If this phenomenon occurs, the osseointegration process hardly happens. 

Even the bone quality interested to the intervention and the implant site have to be 

considered. A healthy bone is very important because it provides cells, growth factors, 

local regulators and nutrients through the blood vessels near so that allow rapid healing; 

on the contrary osteoporosis seems to compromise the primary and secondary stability, 

therefore the mechanical fixation. Furthermore, disease like osteoporosis can affect 

mesenchymal cells, cell proliferation (low osteoblast), protein synthesis and the reactivity 

of cells to local factors [60,49]; moreover, vascularization may be compromised [61,62].  

The implantation site influences the osseointegration process through the type of bone 

tissue which is in direct contact with the prosthesis. The process varies depending on 

whether it has a lamellar bone tissue or a non-lamellar bone tissue. 

The lamellar bone tissue can be divided in compact (cortical) and spony tissue. It consists 

of lamellas that confer resistance to stress especially in compact tissue, which is equal to 

80% of the total bone tissue and is responsible for the protective and support functions of 

the skeleton. In contrast to the non-lamellar bone tissue it is a compact tissue and 
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promotes primary stability. Studies have shown that an implant placed in the bone 

lamellar shows a percentage of bone-implant contact that reaches 90%, however this 

percentage can go down to 50% if the implant is placed in the medullary bone [63,64].  

The functionalization of a material with biological components or through coatings can 

increase the osseointegration process [36,37]; Conventional coating systems using 

different growth and differentiation factors have been developed in order to accelerate the 

healing process and thus, to improve bone cell growth and to strengthen the bond of the 

tissue implant [31]. 

Among these, the most important growth and osteogenesis factors used are [65-68]: 

- Bone morphogenic protein (BMP) (in particular BMP-2 and BMP-7); 

- Osteogenic protein (OP-1); 

- Growth factor derived from protein (PDGF); 

- Insulin-like growth factor (IGF); 

- The transforming growth factor beta (TGF-β1, TGF-β2); 

- Collagen and extracellular matrix proteins such as fibronectin and vitronectin or 

the parathyroid hormone (PTH). 
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1.4 Cellular treatments 
 

1.4.1 Osteosarcoma cells (SAOS-2) 
 

The SAOS-2 is a human tumor cell line isolated the first time in 1973 by Fogh [69] that 

has its own characteristics of osteoblasts and is used as a research resource inherent in 

bone tissue behavior [70]. Through the use of the SAOS-2, cell line, it is possible to obtain 

a large number of cells in a very short time; also they can easily differentiate the same 

way with which naturally differ osteoblasts [71]. 

The SAOS-2 is ideal for the study of bone tissue development in vitro because of its 

ability to produce a mineralized extracellular matrix [72]. 

These cells have shown from previous analyses how the structure of collagen synthesized 

is very similar to that synthesized by human osteoblasts but have a high level of 

hydroxylation of lysine which becomes hydroxylysine through the action of the enzyme 

lysyl hydroxylase [73,74]. Thus, a continuous production of collagen takes place, and the 

latter is then glycosylated. 

Important feature of this cell line is the activity of alkaline phosphatase that is still high 

in the time unlike normal cells. 

Vesicles of alkaline phosphatase, in the extracellular matrix, have a very important role 

in the bone mineralization process. SAOS-2 cells can be stimulated by dexamethasone as 

well as phosphate substrates influencing cell phenotype [74]. 

As regards the growth factors and cytokines, the values in the cell line SAOS-2 are 

comparable to those of normal osteoblasts [74]; Moreover, it is seen that the SAOS-2 

showed an expression level of parathyroid hormone (PTH) and calcitriol (1,25 (OH) 2 

D3) similar to that expressed by osteoblasts, both in vivo and in vitro. 

The adhesion and spread of SAOS-2 is permitted thanks to the presence of two integrins, 

the β1 subunit and the αv subunit which are really important for cells adhesion, 

proliferation and formation of mineralized extracellular matrix. 

Recent studies have shown that these cells have a strong interaction with fibronectin rich 

substrates by binding the αv integrin subunit [74,75]. 
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1.4.2 Periodontal ligament stem cells (PDLSCs) 
 

The second cellular treatment was done using mesenchymal cells, particularly stem cells 

from periodontal ligament (PLDSCs). PLDSC, are multipotent cells that can differentiate 

into adipocytes, osteoblasts, chondrocytes and cementoblasts producing mineralized 

tissue influenced by certain factors such as the tissue origin, inflammatory conditions, the 

growth factors present, the donor's age and the ground of culture when treated in vitro. 

This cell line has a high proliferation capacity and express markers on the surface of the 

membrane as the fibroblast growth factor (FGF) and endostatin. The PDLSC also express 

certain markers such as CD105 [76-81], CD90 [76-78, 81, 82], and CD73 [80,83]. 

Moreover, they possess immuno-modulatory activity comparable to those of the 

mesenchymal cells of bone marrow (bmMSCs). They have a low immunogenicity due to 

the fact that there are molecules having costimulatory activity of T lymphocytes and 

HLA-DR II, specifically, there are no two markers CD80 and CD86 [84]. The PDLSCs 

inhibit the proliferation of allogeneic T lymphocytes via an upregulation of prostaglandin 

E2 (PGE-2) and cyclooxygenase-2 (COX-2) and also inhibit the proliferation, 

differentiation and migration of B lymphocytes [85]. 

Several studies have been made to analyze the osteogenesis properties of this cell line; 

Gay et al., checked the differentiation and proliferation capacity by examining the level 

of alkaline phosphatase and sialoproteins (BSP) in the mesenchymal cells of the 

periodontal ligament (PDLSCs), in mesenchymal cells of bone marrow (bmMSCs), and 

performing a collection of chondrocytes and adipocytes [86]. The result showed that, 

despite different initial levels of alkaline phosphatase, the two lines have the same 

differentiation and proliferation capacity [86]. In recent years, many experiments were 

done using PDLSCs mesenchymal cells that have occurred a significant regeneration of 

bone tissue after osseointegration peri-implant [87].  

Tests using other mesenchymal cells such as GMSCs (cells mesenchymal gum) have been 

performed confirming that the mesenchymal cells of the periodontal ligament had more 

osteogenic and bone formation potential [88,89]. In vivo tests showed the formation of 

"cementum-like tissue" after the application of a system [90-93]. The mechanism of 

formation is given by the presence and migration of cementoblasts and precursor cells 

from the ligament periodontal towards the implant [94] due to the direct contact with the 

bone tissue implant.  
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Chapter 2 

 

 

Materials and Methods 
 

 

2.1 Material: Silicon Nitride 
 

Silicon nitride is a non-oxide ceramic that expresses unique properties and that for this 

reason is the subject of study and development in the medical field, in particular in 

orthopedics [95-99]. 

It is hardly present in nature; It was first observed in 1990 in meteorites and analyzed by 

Alfred O.C. Nier [100]. It was synthesized starting from 1857 thanks to Henri Etienne 

Sainte-Claire Deville and Friedrich Wohler [100] that warmed silicon tetrachloride in 

nitrogen atmosphere using a crucible placed inside another of carbon-rich coating 

crucible for the purpose of reduce the oxygen permeation.  

The exact chemical composition was unknown until 1879 when Paul Schutzenberger 

heating the silicon in nitrogen using a carbon paste (coal or coke mixed with clay used 

for crucibles), made a product with Si3N4 composition [101]. 

In 1910, Ludwig Weiss and Theodor Egelhardt warmed silicon in rich pure-nitrogen 

environment in order to obtain silicon nitride [102]. 

Another protocol (proposed by Friederich and L.Sitting and performed in 1925) provided 

carbo-thermal reduction under nitrogen, by heating the silica, the nitrogen and carbon to 

1250-1300 ° C [103]. 

Since then, for a few decades, the silicon nitride remained nothing more than a mere 

curiosity until the early post-war years, when it began to be used in commercial 

applications. From 1948 to 1952 an American company, the Carborundum Company, 

(Niagara Falls, New York,) came into possession of several patents for the production 

and application of silicon nitride [100]. 
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Later in 1958 the International Haynes (Union Carbide) used silicon nitride for 

commercial purposes producing thermocouple tubes, crucibles for melting metals and 

nozzles for different uses. 

This material is used nowadays in various industrial fields and not, including the 

development of high-performance bearings for turbine blades, spark plugs, uses in 

electronic fields such as the development of cantilevers and other materials having such 

characteristics high hardness, strength and wear resistance [104]. 

The use of silicon nitride in different industrial applications has allowed to improve the 

mechanical properties by different methods of treatment and refining, and with the use of 

additives and treatments to create composites. 

These properties have led silicon nitride to be used also in the medical field, in particular 

in the production of knee and particularly of spinal implants [105-107]. Indeed, about 

25,000 spinal implants, fusion cages, were produced from 2008 until today with a low 

incidence of adverse events [108]. 

Silicon nitride, in addition to being a material having excellent mechanical characteristics, 

is biocompatible [109,110]; also being partially radiolucent it can be observed by 

radiography. 

 

Figure 2.1: Representative spinal and hip, knee joint implants produced from biomedical silicon nitride. [98] Courtesy 

Amedica Corporation 
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2.1.1 Structure of Silicon Nitride 
 

Silicon nitride is a chemical compound made up of two elements, silicon and nitrogen 

and having the chemical formula Si3N4. It is a mineral of white color having a high 

melting point, is inert and possesses high hardness (8.5 Mohs scale). 

It can take three different crystal structures: α, β and γ. 

The most common are the α and β which differ only along the c axis in the stacking 

sequence of the crystallographic planes. 

The γ structure, instead, is obtained working at high pressure (15 GPa) and temperatures 

around 2000 ° C. In this structure, the coordination number of Si is equal to 6, while in 

the β structure coordination number is equal to 4. In the structure relative to γ- Si3N4 two 

silicon atoms coordinate six nitrogen atoms in octahedral configuration and the third 

silicon atom binds to four nitrogen atoms to form a tetrahedron. The space group is Fd3m 

with a = 7.738 Å.  

The crystal structures of α- Si3N4 and β- Si3N4, determined by Hardie and Jack and 

Turkdogan, are both hexagonal crystal structures constituted by tetrahedrons of Si3N4. 

Each of them is connected to another by a nitrogen atom [111,112]. 

The space group of the α- Si3N4 structure is P31c with cell parameters a = 7.748 pm c = 

5.615 Å contains four unit cells of Si3N4, while the β- Si3N4 space group is P63/I contains 

two units of Si3N4. The cell parameters of the β- Si3N4 are a=7.608 Å and c = 2.911 Å. 

Their structure can also be thought like stacked planes consisting of alternating silicon 

atoms to nitrogen atoms in an ABAB sequence in the β- Si3N4 and in a ABCDABCD 

sequence in α- Si3N4. 

 

Figure 2.2: Crystalline structure of Si3N4-α (A), β- Si3N4 (B) and γ- Si3N4 (C).  

The CDs plans are similar to those AB except for a 180 ° rotation along the 

crystallographic c axis. The α- Si3N4 phase has a mean Si-N bond length equal to 0.1738 

nm. The β phase of Si3N4 instead provides alternation of atoms of Si and N that forms a 
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series of layers constituting the continuous channels in the direction c. The average 

binding length of Si-N in the β phase is equal to 0.173 nm. 

 

 

2.1.2 Silicon nitride Production Methods  
 

The preparation of silicon nitride requires different essential steps such as the 

synthesizing and the densification of the powders. 

The synthesis of Si3N4 powder leads to the formation of submicrometer grains of variable 

size between 0.1 µm (fine particles) of up to 10-15 µm (coarse particles). 

There are different methods of synthesizing the powders; the oldest is the direct 

nitridation of silicon powder at temperatures around 1450 ° C in N2 atmosphere 

[113,114], the following chemical reaction:  

3Si + 2 N2(g) → Si3N4                                                                   (2.1) 

Depending on the quality of the starting silicon purity can vary, however, the size of the 

obtained grains is high. 

Another method synthesizing in vapor-phase at high temperatures (~ 1200 ° C) [98,100]:  

3SiCl4(g) + 4NH3(l) → Si3N4 + 12HCl(g)                               (2.2) 

The result is an amorphous silicon nitride, crystallized after heat treatment (1200-1500°C) 

[100].  

To date, the most widely used method of synthesis is related to the carboreduction in a 

nitrogen atmosphere. 

The starting materials are silica and carbon which are reacted at 1500°C in the presence 

of nitrogen. A reduction of the silica occurs followed by the nitriding:  

3SiO2(g) + 2N2(g) + 6C → Si3N4 + 6CO(g)                               (2.3) 

The result is the formation of very fine powders of α-Si3N4. 

Subsequently, the obtained powders of silicon nitride are passed to the sintering process. 

This process is described by the Frenkel’s “sphere model” in which two neighboring 

particles coalesce by diffusion process with the Gibbs free energy reduction:  

ΔGT = ΔGv + ΔGb + ΔGs.                                                                   (2.4) 

There are mainly three different methods of densification: 
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- Reaction Bonding 

- Hot pressure and hot isostatic pressure 

- Sintering 

The Reaction Bonding consists of a direct nitriding during sintering. This method was 

developed in 1950 and was mainly used for refractory materials. Later, from 1980, this 

technique was used to produce turbine engines with hot-zone components consisted 

entirely from ceramic [100]. In this production method, there is a pre-sintering in an inert 

atmosphere in order to impart consistency and, subsequently, a nitridation in a nitrogen 

atmosphere at about 1400 ° C for some days is made. The chemical reaction is:  

3Si + 2N2(g) → Si3N4                                                                       (2.5) 

Silicon nitride obtained by Reaction Bonding (RBSN) has a porosity of 15-25% and 

presents low mechanical properties. Furthermore, proceeds silicon nitride has a low 

resistance to bending, equal to 200-300 MPa [98]. 

The methods of hot pressing and hot isostatic pressing sintering methods are the most 

used nowadays. In the technique Hot pressing of silicon nitride powders are subjected to 

pressure of 40 MPa and at temperatures of 1600 ° C; the proportion of additives added is 

about 5%, and the result obtained has a porosity of about 2%. 

Through Hot pressing is possible to obtain only simple shapes, it is, therefore, necessary 

to carry out subsequent processing on the sample. 

The Hot isostatic pressing, instead, differs for the processing performed to the sample 

because very high pressures have been applied up to 150-200 MPa and the temperature 

reaches about 2000 ° C. Product obtained is homogeneous and has a perfect density even 

just adding 1% of additives. Moreover, the sample can have complex shapes without 

performing further processing. 

These treatments lead to an increase in the resistance even if the costs are substantially 

higher [115]. 

The third method of densification used is the Sintering in which silicon nitride powders 

are mixed with a percentage of additives, typically Yttria (Y2O3) and alumina (Al2O3); 

the powders are compacted and heated at elevated temperatures above 1700 ° C in N2 

atmosphere with range of pressure between 10-20 MPa. In this method, additives react 

with the layer of silica SiO2 formed over the silicon nitride in order to form a liquid phase 

among the silicon nitride grains and thereby promoting the densification. 
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On cooling, the material presents a partially crystallized glass phase between the silicon 

nitride grains [98].  

Also, it’s possible to sequence two sintering methods, in particular Sintering and the Hot 

isostatic pressing technology, as to obtain a material with isolated pores and subsequently 

treated by HIP technique with the aim of obtaining a high resistance at lower costs. 

To the powder of Si3N4 is possible to add also other additives, in particular metal oxides, 

which generate a liquid phase appointed to facilitate the transport mechanisms of matter 

favoring the sintering process. 

The powders of α-Si3N4 are covered with a thin layer of silica SiO2 resulting from 

oxidation which reacts with the additives added to form a liquid phase (~ 1700 ° C) [98]. 

At the sintering temperature, there is the transition from α phase of silicon nitride to β 

phase through precipitation. 

The result is a structure of β- Si3N4 consists of elongated grains presented in a glassy 

matrix that will constitute the grain boundaries. 

Mainly, the most used additives are MgO, Al2O3 and Y2O3 and are selected according to 

the thermal properties similar to the predominant phase to avoid the establishment of 

internal stresses due to thermal expansions [114]. 

The additives highly influence the material, especially as regards the thermal properties, 

because the liquid formed in the sintering process and which precipitates at the grain 

boundaries leads to an increase of the speed of creep and a consequent reduction of the 

time to creep failure. 

Given the presence of an amorphous phase, critical defects for ceramic relate to the grain 

boundaries. Therefore, it’s necessary to find an equilibrium between the needs of sintering 

and final thermal properties depending by the use. 

In addition, additives, favoring the growth of elongated grains, allow a considerable 

increase of the mechanical strength and hardness thanks to an auto due to a self-

reinforcement, which leads to a greater cohesion in the structure. 
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2.1.3 Properties of Silicon Nitride 
 

Si3N4 presents a series of physical properties, including high chemical and mechanical 

resistance, high hardness and high toughness, much higher than other ceramics, which 

make it one of the most promising materials in the prosthetic field. 

The mechanical properties of Si3N4 may also result from the heat treatment used, and by 

the use of additives to control the composition of a glass phase. This latter is a liquid 

phase created during the reaction between silicon nitride silica and additives. After 

cooling the liquid solidifies forming intergranular glass. Silicon nitride, as the other 

ceramic used in artificial joints is obtained by hot-isostatic pressing which allows to 

obtain a density closer to the theoretical 100% of the material; the Si3N4 has a low density, 

about 3.2 g / cm3 compared to other important biomaterial commercially available. 

Also the size and the morphology of the grains play an important role, since it has been 

proved that their bimodal structure [116] and their large size [117-119] can increase 

toughness. The silicon nitride is the only biomedical ceramic having the form of acicular 

grains. This is given by the irreversible transformation from α- Si3N4 phase to β- Si3N4 

phase growing in anisotropic manner. 

As said, silicon nitride is a non-oxide ceramic, however, this material has a flexural 

strength comparable to that of the oxide materials and is between 800 and 1100 MPa 

[100]. Moreover, this high resistance, in contrast to other ceramic, doesn’t depend on the 

presence of a metastable phase transformation but on the acicular microstructure.  

The progress of an eventual crack continues along a tortuous path at high energy. There 

are toughening mechanisms such as bridging grain and the pull-out in the crack that allow 

a reduction in stress and tensile stresses resulting in increased resistance to crack growth. 

[120]. Bridging mechanism occurs when an elongated not fractured grain supports part 

of the load applied to the crack exerting a block against the surfaces of fracture [121]. 

Pull-out instead occurs when the elongated grains do not break in correspondence with 

the propagation plane of the fracture, but above or below it. In this case crack has to make 

a grain extraction work, consuming a certain amount of energy. 

The pull-out mechanism is favored for grains having a small diameter and in high 

temperature tests [121, 122]. If a brittle material is treated, the level of resistance is related 

to the presence of defects and their dimensions.  
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Another important parameter which provides a statistical measure of the resistance 

variation is the Weibull modulus. This is commonly used to characterize the resistance of 

the experimentally determined materials [123].   

The Weibull modulus of silicon nitride is ≥12 and is influenced by the size of the grains, 

because as seen from the R-curves that describes the propagation resistance compared to 

the length of a crack, the increase in size and number of the grains results in an increase 

of the resistance and a hardness to fracture [124-126]. Indeed, if there isn’t acicular 

growth of the grains, the mechanical properties of silicon nitride are comparable to those 

of the ceramic oxides [127,128]; it’s important to notice that if the grain size increases, 

concomitantly, also the related Weibull modulus increases because, they are the strength 

which limits the flaws [128]. It has a KIC, critical factor of the stress intensity which 

determines the resistance to fracture of a linear-elastic material, which varies between 4.4 

and 15.0 MPa · m1 / 2. This value is due to a structural difference resulting from different 

microstructures that allow an increase of the hardness as a result also of a joint of a fibrous 

nature. Indeed, as can be seen from the Figure 2.3, silicon nitride has the strongest R-

curves compared to other ceramic as a result of the propagation of the crack (up to 8 µM) 

there is an increase of the resistance [129].  

 

Figure2.3: R-curve of different bioceramics. [129] 
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As said, the preparation of Si3N4 involves a phase transformation from α to β.  

With the addition of adjuvants, useful in the sintering process, the α-Si3N4 is converted 

entirely in β-Si3N4. 

The α phase has a higher free energy, about 30 kJ / mol at 25 ° C, and this makes the 

inverse transformation completely impossible [130]. 

It forms a thin layer of silicon dioxide SiO2 at the grain boundaries and this depends on 

the percentage of additives present and the degree of impurities of the starting powders 

[131]. The phase of this material remains stable in a physiological environment which 

has no impact. Indeed, according to the quantity and the composition of the added 

components, Si3N4 can resist at ambient temperature, from attack by common organic 

solvents and acids or weak bases [132-133]. This has been verified by a study that has 

shown how solutions containing NaCl and CaCl2 in contact with silicon nitride, at room 

temperature, have corrosive power almost negligible [132]. 

Silicon nitride is strongly influenced by the corrosive working at high temperatures, or in 

the presence of strong acids or strong alkaline solutions [134-141] (> 300 ° C), high 

pressures (> 8MPa) [142] or in the presence of molten salts [143,144].  

The resistance of this material also depends on the conditions and the corrosive solvent 

concentration [145,146]. Moreover, in addition to the conditions, also the type of 

processing may influence the anticorrosive properties of the silicon nitride; an example 

is given by a study conducted in two different samples of Si3N4, the one produced by 

sintering and the other by high isostatic pressing. 

Results have shown as the first sample was more susceptible to attacks of hydrochloric 

acid HCl, placed in contact with the samples successively, compared to isostatically 

pressed sample. By treating the samples with HF, corrosive effect of the agent was the 

opposite of what happened in the samples treated with hydrochloric acid [135]. 

The corrosion, as in the case of other ceramics, occurs at the level of the grain boundaries; 

this indicates how a better resistance can be conferred after the crystallization of the 

intergranular glassy part [138-141]. 

The silicon nitride has been shown to be a material having a stable phase under 

hydrothermal conditions. However, on a superficial level, chemical-physical variations 

can occur through the interaction with biological fluids. 

As shown by some studies, through tribological processes, the dissolution of silicon 

nitride, at the surface level, is mediated by a preferential attack of the Si-N with the 
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consequent release of ammonia (NH3) and hydroxylate silicic acid (Si(OH4)·xH2O [136, 

147,148], a tribochemical wear surface film is formed that allows the reduction of stress 

on the roughness and the reduction in the rate of wear and the friction level [147,148]. 

 

Figure 2.4: Scheme shows the tribochemical wear mechanism of silicon nitride with water. [470] 

Moreover, Si3N4 in hydrothermal conditions behaves as oxygen scavenger bringing an 

improvement, especially in polyethylene implants, given by a preventive action against 

oxidative deterioration [148]. 

 

 

2.1.4 Biocompatibility 
 

Among the appropriate characteristics that make the silicon nitride an excellent material 

for medical applications, there is definitely the biocompatibility. 

However, initially, the first studies carried out in 1980 regarding the biocompatibility of 

Si3N4 didn’t bring positive results [149]. Samples tested contained iron and magnesium 

as adjuvants and, therefore, it was concluded that this material could not hold jobs in the 

medical field. 

In 1989, however, porous silicon nitride obtained through Reaction-bonding was used to 

check bone growth in vivo and the results showed favorable outcomes [150]. 

Subsequently, other study groups focused their attention in the characteristics of silicon 

nitride with a special interest in the clinical field. Among these, Kue et al. in 1999 carried 

an in vitro study using discs that presented a surface machined modified, made smooth 

(as-polished), and others who had a higher surface roughness (as-sintered). These samples 
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obtained by means of two different methods of sintering, were placed in contact with the 

human cell line MG-63 osteoblast. The polished disks presented high levels of osteocalcin 

and a proliferative capacity greater than non-polished discs [151]. 

A year later other studies were carried out by Sohrabi et al [152] on silicon nitride samples 

obtained by Reaction-bounding or by Sintering after Reaction-bounding. The 

experiments showed that there was cell propagation in both samples but the samples 

produced by Reaction bonding showed a high presence of interleukin 1L-1β and also of 

the cytokine TNF-α compared to the other samples. This results indicate that Si3N4 is 

biocompatible and doesn’t obstruct the proliferation or induce proinflammatory cytokine 

expression of cells in vitro. 

Also composites of silicon nitride were studied; Si3N4 / bioglass complex were analyzed 

by inherent testing about the wettability in order to obtain the contact angle using water, 

diiodomethane and a simulated body fluid (SBF) [153]. The results showed that the 

composite assumed hydrophilic behavior because the contact angle analyzed is lower than 

that of other conventional ceramics such as HA, βTCP and bioglass. This hydrophilic 

behavior can lead to an increase of cells adhesion to the Si3N4 than other materials which 

have hydrophobic behavior on the surface.  

Even the use of additives such as Ytterbium, yttrium and aluminum oxides in the silicon 

nitride have been tested and it is seen that the derivative material hasn’t cytotoxic activity 

[154]. In 2004 comparative tests were made using silicon nitride, alumina and titania to 

check the cytotoxicity, the adhesion, the cell viability and also the morphology. These 

tests were made in vitro using an osteoblasts cell line of mouse (the L929-cell). They 

received various good results especially in those samples of polished silicon nitride in 

which the cell growth was better promoted. [155]  

Other studies showed how the silicon nitride was also biocompatible with other cell types. 

Cappi et al. showed as samples treated with human mesenchymal cells had non-toxic 

nature, encouraging growth and differentiation into osteoblasts [156].  

In 2004 results were published relating to a research concerning the use of the 

intervertebral spacers of Si3N4 effected in a period of time long 15 years and addictive 

thirty patients presenting degeneration of the spinal cord. 

For this research were used 10 subjects like control, tested with autogenous bone; after a 

year, fourteen patients had a significant decrease in pain while after five years almost all 

patients had a reduction in pain along with an increase of implant resistance [157]. 
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In 2006 mini-fixing systems were employed to induce osteosynthesis in piglets. The 

materials, miniplates and the screws were composed of silicon nitride and were reliable 

in the absence of movements or problems concerning the implant, or fracture. However 

not all the samples presented direct contact with the bone and consequently a complete 

bone healing [158]. Another test in vivo was made from Guedes et al. using ceramic of 

silicon nitride implanted in rabbit tibias for about 8 weeks. The histological analyzes of 

the samples were made and results have shown that the process of osseointegration has 

taken place throughout the period without any adverse reaction present around the implant 

[159]. 

Another test in vivo was carried out by Anderson and Olsen who employed silicon nitride 

with a spongy non-absorbable structure and developed a cylindrical implants inserted in 

the medial femoral condyle of sheep [160]. 

 

Figure 2.5: In vivo femoral condyle implant in ovine. Courtesy Amedica Corporation 

 

The implants were retrieved from the animals after 3 and 6 months and were analyzed in 

order to verify the bone growth [160]. 

Also monolithic materials and an electroconductive composite Si3N4/TiN were developed 

which didn’t show toxic activity and could be shaped into complex geometries [161]. 

These materials were also the subject of study in terms of wettability in aqueous media 
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or physiological solutions. Their stability and the wear resistance in conditions similar to 

the hip prosthesis have been studied. The results showed low contact angles compared to 

the initial ones, signaling increased hydrophilicity which can lead greater cell adhesion 

[162]. 

 

 

2.1.5 Si(Y)AlON 
 

The market of the prosthesis is dominated (more than 90% of the products) by ceramics 

containing alumina despite other ceramics, such as silicon nitride, have better properties 

for certain applications. The reason of this choice can be found in the excessive cost of 

the production of pure silicon nitride and, therefore, a new solid solution based on the 

same structure of silicon nitride has been studied and produced [163]. The SiAlON, 

silicon oxynitride and aluminum, is a ceramic which is formed when in the structure of 

the silicon nitride Si6N8 oxygen is replaced to the nitrogen and at the same time, the 

aluminum takes over to silicon maintaining the neutrality of the charge [164]. 

This material has an isomorphic shape, in particular, there are three basic forms which 

are isostructural with the α and β forms of silicon nitride and the silicon oxynitride. The 

most common form of SiAlON is the β form as in the case of silicon nitride. 

The composition of the ceramic of β-SiAlON is SI6-xAl xOxN8-x, with the value of x which 

can vary in the range from 0 to 4.2 [165, 166]. Reported in the 1971 by Oyama [167,168] 

and successively in 1972 by Jack and Wilson, SiAlON presents a lot of very important 

properties and features like a high chemical and oxidation resistance. This material is 

easier to sinter thanks to the presence of aluminum that reduces the eutectic temperature 

by 200° C, being easier forming grain boundary glasses [164]. 

Microstructural characteristics of SiAlON depend by the nature of Si3N4 before the 

processes, the conditions of sintering and also the additives used. As written before, Si3N4 

exists in two forms, α and β; α-Si3N4 has higher reactivity than β-Si3N4 and during the 

sintering process there is a transformation from α to β and the formation of elongated 

grains [169-171]. If it’s used α-Si3N4 as the starting powder, it’s more difficult to obtain 

the formation of elongated grains and their densification [172]. 

The working conditions and the additives used have an important role during the process 

of formation of SiAlON, especially on the growth of the grains [173, 174]. 
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The transformation during sintering process forms α-SiAlON to β-SiAlON is fully 

reversible differently from the silicon nitride transformation. The morphologies of α-

SiAlON and β-SiAlON are different because β-SiAlON consists of elongated prismatic 

grains, while in α-SiAlON grains are small and equiaxed.   

The material’s mechanical and thermal properties depend on the ratio of the two 

polymorphs (α-SiAlON and β-SiAlON) and the presence of sintering aids like rare earth 

oxides and the different treatment and procedures that can control the composition [175, 

176]. The quantity of additives initially influences the chemistry and the amount of the 

glass phase changing different properties of the material as fracture toughness, strength 

at high and ambient temperature, creep and oxidation resistance [177,178]. 

Also the thickness of the grain-boundary and the layers depend by the amounts of 

additives [179,180]. Like the quantity, also the chemical composition can shape the 

strength even if debonding phenomenon can lead to loss of it [181].  

Silicon nitride samples can be treated with 

different ratios of Y2O3 and Al2O3. Different 

percentage of these additives can vary the 

behavior of the material; in particular, it’s possible 

to see that more elongated rod-like crystals have 

better resistance to crack propagation, so if the 

composition of the grain boundary changes, the 

morphology and the ratio of the grain vary as the 

time and temperature of sintering [174,179]. 

Indeed, in a comparison between silicon nitride 

with low Y:Al ratios and silicon nitride samples 

with high Y:Al ratios, the latter show an intergranular increased fracture. this is due 

because different ratios of Y:Al can influence the atomic bonding structure across the 

silicon nitride intergranular glass interface. Furthermore, inducing different contents of 

Al and O in the growth region of elongated grains, it’s possible to modify the composition 

of the glassy phase [179]. The figure 2.6 shows how the decrease of Al can bring an 

improved fracture resistance by activation of toughening mechanisms.  

 
 

Figure 2.6: Fracture toughness v. intergranular 

glass composition. [179] 
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2.1.6 Surface chemistry of the Silicon Nitride 
 

On its surface, silicon nitride develops a layer of SiO2 because the material possesses a 

thermodynamic instability in oxidizing or moist environment [182]. This layer has been 

measured, and can be 3-5 nm thick [183] and this formation is due by the following 

reactions [184]: 

 

 Si3N4(s) + 3O2(g) → 3SiO2(s) + 2N2(g)                    (2.6) 

 Si3N4(s) + 6H2O(l) → 3SiO2(s) + 2NH3(g)           (2.7) 

 

However, these reactions don’t describe exactly the surface chemistry of silicon nitride 

because the situation is more complex, in particular the composition near the surface 

contains also Si-N-O and Si-O bonds [183, 185-189]. There is a transitional process, when 

Si-N bonds are exposed to air or moisture, a reaction starts to form charged functional 

groups like Si-NH3+, Si-OH2
+, Si-O-, and also neutral functional groups like Si-NH2, Si-

OH [186, 190-193]. 

About the neutral functional groups, the equations that describe the reactions are [186, 

191] : 

 Si3N(s) + 2H2O(l) → Si-NH2(s) + 2Si-OH(s)  (2.8) 

 Si-NH2(s) + H2O(l) → Si-OH(s) + NH3(g)  (2.9) 

 

In an aqueous environment, the two species, Si-NH2 and Si-OH(s), can dissociate 

following these reactions [191, 194, 186]: 

 

 Si-OH����
	  ↔ Si-OH(s) + H�
��

	    (2.10) 

 Si-OH(s) ↔ Si-O- + H�
��
	    (2.11) 

 Si-NH���
	  ↔ Si-NH2(s) + H�
��

	     (2.12) 

 

The reaction describing the protonation of the silanol group Si-OH����
	  is possible only in 

highly aicidic environment whereas, the other two reactions are possible at homeostatic 

pH. Through the change in pH of the system, it’s possible to drive the reactions, and is 

possible to analyze the isoeletric point of the material with zero net charge at the surface. 

The isoelectric point (IEP) is an indicator of an equal balance of negative-charges and 
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positive-charges on the surface of a material [187]. If IEP is lower than pH of the 

environment, the surface of the material will expose net negative charge, while if IEP is 

highest compared to pH, the surface’s net charge will be positive. 

The IEP of a sample of pure silicon nitride is 9.3-9.7, and this value is due by the presence 

of a high amine groups concentration on the surface [187,197] and this feature assumes 

that the surface has a negative charge. 

Instead, SiO2 owns a low IPE (2-3) and so thanks to the variation of IPE, it is possible to 

analyze and estimate the thickness of the oxide layer and the balance between amine and 

silanol groups on the surface.  

However, it is more important to consider also the influence and the presence of chemical 

additives like Y2O3 and Al2O3 because these can react with silion nitride and with 

superficial silicon dioxide to form a liquid phase.  After cooling, this liquid solidifies and 

there is the formation of an intergranular glass or Si(Y)AlON, crystalline silicon yttrium 

aluminum oxynitride. These sintering aids can bring other modifications on the surface 

with the formation of hydrolyzed Al-OH and Y-OH functional groups especially in 

regions where grain boundaries intersect the exposed surface. 

The reactions are similar to the reaction that describes the behavior of SiOH as follows 

[195]: 

                Y-OH����
	  ↔  Y-OH(s) + H�
��

	  

               Y-OH(s)  ↔  Y-O- + H�
��
	  

                Al-OH����
	  ↔  Al-OH(s) + H�
��

	  

              Al-OH(s)  ↔  Al-O- + H�
��
	   

 

IEP for the additives is ~8-9 for Yttria [198] and ~9 for Allumina [199] while IEP for a 

silica-rich silicon oxynitride is 6-7 [200]. The combination of these compounds influences 

the chemistry of the surface and this permit immediately the development of a surface 

charge when placed in an environment (i.e. biological environment) where Si3N4 is 

covered by an absorption layer. An important rule is played by topography of the material 

that can help about the formation of this layer of ions and proteins, permitting the 

adhesion of cells both in vivo and in vitro [201].  

Surface composition has an important effect like using hydroxylated surfaces of TiO2, 

Ta2O5 and SiO2 where it has been shown how these surface can induce the formation of 

apatite at biological condition of pH both in vivo and in vitro [202, 203] through a 

(2.13) 

(2.14) 

(2.15) 

(2.16) 
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mechanism on the surface of the material and concerns the exhibition of negative charge 

at homeostatic pH.  

 

 

2.2 Samples 
 

2.2.1 Silicon Nitride and surface treatments 
 

Silicon Nitride samples used in this thesis have been produced by Amedica Corp., (Salt 

Lake City, UT), using conventional ceramic fabrication techniques. Si3N4 powder (Ube 

SN E-10, Ube City, Japan) has been mixed with Y2O3 (Grade C, H. C. Starck, Munich, 

Germany) and Al2O3 (SA8-DBM, Baikowski/Malakoff, Charlotte, NC) used as additives 

and sintering aids. The samples have been sintered in nitrogen atmosphere at a 

temperature 1700°C and further densified by Hot-isostatic pressing at 1650°C and in N2 

gas pressure of >200MPa. The resulting Si3N4 showed a two-phase microstructure: a 

anisotropic β-Si3N4 grains separated by thin (<2 nm) grain boundaries constituted by an 

amorphous or crystalline yttrium aluminum oxynitride or Si(Y)AlON, respectively [204]. 

The samples can be divided into two groups. One group designated as “as-fired” which 

has untreated surface. The second group is labelled “polished” because the surface has 

been lapped using 6 µm diamond (Engis, Wheeling, IL) on a lapping machine (Lapmaster, 

Mt. Prospect, IL), and subsequently polished using colloidal silica (Leco, St. Joseph, MI).  

The samples have then divided into sub-groups and subjected to the thermal and chemical 

treatments [191]: 

- Wet Chemical Etching; this treatments, made using hydrofluoric acid (HF), 

should maximize the concentration of amine groups at the surface by etching away 

the passivation layer of SiO2 [205]. Thus the surface composition has been biased 

to the nitride end of the nitride-oxide spectrum; 

- Nitrogen Heat Treatment: this heat treatment can be considered as a potential 

alternative to the HF etching treatment. Re-exposing Si3N4 to a N2 atmosphere at 

high temperatures, the density of surface amines relative to hydroxyl groups might 

increases; 



  

34 

 

- Oxidation Treatment: this treatment was employed to oxidize, completely, the 

surface, yielding the maximum concentration of hydroxyl groups and pushing the 

surface composition as far to the oxide end of the nitride-oxide spectrum.  

Another sub-group has been subjected to a glazing treatment using slurry which 

contains: 

- SiO2 (~.05 micron): 48.8 mol% 

- Si3N4 (~95% alpha, SNE-10, <0.5 micron): 2.4 mol% 

- Y2O3 (<0.1 micron, HC Starck): 28 mol% 

- Al 2O3 (theta, ~50-100nm, Sasol APA-0.2): 4.8% 

- AlN (~0.5 micron, HC Starck Grade C): 16% 

A layer on the surface has been formed and the samples have been characterized before 

the cellular treatment to understand the surface chemistry and structure. 

All the samples have been analyzed and tested with different cells and after 

characterization. 

In the treatment with osteosarcoma line cells (SaOS-2) the samples employed are “as-

fired”, the “glazed” samples (as-fired and polished) and Ti alloy and Al2O3, used as 

control. 

In the treatment with PDLSCs cell line the samples used are “polished” and control (Ti 

alloy and Al2O3); no “glazed” samples have been tested. 
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2.3 Methods: Raman spectroscopy 
 

2.3.1 Introduction to Raman spectroscopy 
 

Raman spectroscopy is one of the main spectroscopic technique used to study vibrational, 

rotational and other low-frequency modes in a system in chemistry or in condensed matter 

physics [206]. 

This technique permits to identify molecules and it’s used to provide information about 

physical forms and chemical structures thanks to a specific spectral pattern, called 

“fingerprint” which is also used to estimate, quantitatively or semi-quantitatively, the 

amount of a substance in the sample.   

Raman spectroscopy can be used to study solid, liquid and gaseous samples. 

The phenomenon on which this technique relies is known as Raman scattering, an 

inelastic scattering of a monochromatic light.  

The frequency of the monochromatic light changes upon interaction with the sample. 

Photons of the laser source are absorbed by the sample and then reemitted at different 

frequencies shifted up or down compared with original monochromatic frequency. This 

shift provides information about vibrational, rotational and other low frequency 

transitions in molecules.  

Raman scattering has been foretelled initially in 1923 by Adolf Smekal and observed by 

Raman in 1928 [207,208]. First experiments used concentrated sunlight, a lens to collect 

the scattered radiation and filters to show the existence of scattered radiation. 

The results of these tests were based on direct observation of the color changes in the 

diffuse light [209]. Following experiments provided spectra of different liquids obtained 

using mercury lamps and spectrographs until, in 1960, a great improvement in the 

development of visible laser occurred with the introduction of such a monochromatic 

source, laser source, coherent, with a very narrow beam and high intensity. Since then, 

very small volumes of solids, liquids and gases samples can be analyzed obtaining a 

Raman spectrum also in a variety conditions.  

This spectroscopic technique has been further improved thanks to microelectronics that 

led to the introduction of stepper motors and computerized techniques. These latter allow 

the counting of the photons and the acquisition and the process data. A big step forward 
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was done with the inclusion of the CCD, charge couple device, that permits to record a 

complete Raman spectrum in less than a second [210]. 

Main advantages of this technique are the capabilities to focus a very intense light onto a 

sample with small size and the wide range of available exciting wavelength, which can 

mitigate or even permits the suppression of undesired fluorescence emission derived from 

certain samples. Indeed, now it’s possible to select the the laser beam based on the sample 

to investigate, varying the wavelength from the infra-red to the ultra violet. 

Raman spectroscopy can be used in numerous applications in research activities for 

analysis both qualitative and quantitative of inorganic, and organic system [211].  

In the biological field the use of this technique has brought many advantages. First, there 

is no complex handling during the preparation, the use of aqueous solutions doesn’t not 

affect the output and it’s possible to obtain precise information on the sample. 

It is therefore possible to use this technique to analyze some materials as artificial 

prosthesis studying their behavior when subjected to loads and the interactions with the 

body. There are numerous cases in the literature that illustrate how Raman spectroscopy 

can be used to answer key questions of medical interest, science and technology. Through 

an approach of spatial and spectral deconvolution, it’s possible to perform a non-

destructive test verifying the reliability of a biomaterial. 

Surface analysis, can be carried out in materials that have undergone a phase transition 

following exposure to a biological environment. These analyses can be done using Raman 

confocal, technique which deletes out-of-focus light adding a spatial pinhole placed at 

the confocal plane of the lens [212]. So Raman spectroscopy is used to calculate the 

residual stress within each phase, oxidation and other changes related to the combined 

effect of biological environment and load. 

 

 

2.3.2 Basic Theory: scattering process 

 

When a monochromatic light interacts with the matter, most of it is scattered elastically, 

without loss of energy while a part of it can be scattered elastically. This latter can carry 

with it important information about the structure of the matter.  

If a photon, in the light, has certain energy compared with the energy gap between ground 

state and excited state of a molecule, this photon can be adsorbed and so the molecule 
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promotes to the higher excited energy state. This change of energy, in absorption 

spectroscopy, corresponds to an energy loss of radiation from the light detected, but it’s 

also possible that the photon can scatter from a molecule after the interaction [213].  

Scattering spectroscopic technique, as written before, can give some informations about 

the materials and molecules analyzed, like size and its distribution.  

Furthermore, it’s possible to do molecular identification. For this latter, Raman scattering 

spectroscopy is the main technique used. Like Raman, there are other spectroscopic 

technique that used the process of adsorption like X-ray absorption spectroscopy, NMR, 

acoustic spectroscopy and FTIR. But the way in which radiation is employed between 

FTIR and Raman spectroscopy is different because in infrared spectroscopy; indeed, 

where the frequency of incident radiation matches that of a vibration, there is the passage 

of state. Infrared absorption involves direct excitation of the molecule from a low energy 

state to an excited state by a photon of exactly the energy difference between them. While 

Raman scattering uses much higher energy radiation and measures the difference in 

energy between the two different states by subtracting the energy of the scattered photon 

from that of the incident beam.   

Another important technique based on the absorption process is SERS, Scattering Raman 

Surface-enhanced, technique which gives an enhancement of up to about 106 in scattering 

efficiency over normal Raman scattering.  

 

Figure2.7: The electromagnetic spectrum showing the wavelength associated to different types of radiation. 

 

In the figure 2.7, the electromagnetic spectrum, a wavelength range of some used type of 

radiation and associate to spectroscopic technique, is indicated. This range can be divided 
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different spectral regions characterized in wavelength and frequency. Radiation is 

characterized by wavelength (λ), but in spectroscopy, usually discussing in terms of 

energy, it’s useful to introduce frequency (ν) and wavenumber (ϖ) scales. Between these 

parameters, there is a correlation, given by the following equations [214,215]:   

λ = c / ν                                                          (2.17) 

ϖ = ν / c = 1 / λ                                                   (2.18)     

ν = ΔE / h         ΔE = hν                                              (2.19)    

 

Raman spectroscopy employs a single frequency of radiation to irradiate the matter and 

this radiation, detected after inelastic scattering, has different energy from the incident 

one. 

In Raman scattering, light interacts with the molecule, polarizes the cloud of electrons 

around the nuclei and forms a “virtual state”. This latter, is not a stationary state and does 

not correspond to a well-defined value of the energy. Furthermore, it is a short-lived state, 

not stable so the photon is quickly re-radiated. The spectroscope detects the nuclear 

motion caused by the change of energy. But if the nuclear motion is not induced and the 

electron cloud distortion involves only scattering, the change of frequencies will not be 

present. This process is an elastic scattering called Rayleigh scattering and photon 

maintains the incident energy. This is the dominant process, while, if nuclear motion is 

induced during the scattering process, energy will be transferred either from incident 

photon to the molecule or from molecule to another photon scattered. In this case the 

process is inelastic and it’s called Raman scattering. In this process the scattered photons 

possess a totally different energy from that to the incident photon.  

This scattering process can be divided in Stokes scattering if photons undergo a loss of 

energy, and anti-Stoke scattering if photons earn energy.   

An exemplary of the Raman spectrum can be seen in Figure 2.9 which shows the intense 

peak, related to the Rayleigh scattering in the center, that shows no shift in frequency, 

and the Stokes and anti-Stokes bands with opposing movements. 
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Figure 2.8: Scheme about different energy states describing anti-Stokes, Rayleigh and Stokes scattering. 

 

At room temperature, a lot of molecules are present in the lowest energy vibrational level. 

The virtual states of these molecules are created when laser interacts with the electrons 

and causes polarization and the energy of these states is determinated by the frequency of 

the light source used. The most intense process will be the Rayleigh scattering since most 

photons scatters elastically, and as written before, it doesn’t lead to changes of energy. 

Consequently, the light returns to the same energy state.   

Raman scattering process describes instead an adsorption of energy by the molecule with 

a promotion from the ground vibrational state to a higher energy excited vibrational state. 

This phenomenon is called Stokes scattering. But it’s also possible that some molecules 

can be present in an excited state, due to thermal energy and not in the ground state. This 

is the case of an anti-Stokes scattering. 

The basic processes are shown in the Figure 2.8, and the relative intensities depend on 

the population of the various states of the molecule.  

Stokes and anti-Stokes scattering differ from Rayleigh scattering of a quantity ΔE = hν, 

(the sign changes and it’s positive in scattering Stokes and it’s negative in scattering anti-

Stokes) and this corresponds to the energy gap between the first vibrational level and 

ground state. 
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Figure 2.9: Example of Raman spectrum with the different bands related to scattering Rayleigh, Stokes and anti-

Stokes. 

 

The ratio of the intensities between anti-Stokes and Stokes depends and increases with 

the temperature, because there is an increasing of the number of molecules in the 

vibrational excited state if thermal motion grows. This can be calculated from the 

Boltzmann equation,  

         

                                                   

Where Nn and Nm are the numbers of molecules in the excited vibrational energy level 

(n) and in the ground vibrational energy level (m), g is the degeneracy of the levels n and 

m (this indicates if there are different molecules at the same energy state), En – Em is the 

difference in energy between the two energy levels and k is the Boltzmann’s constant 

(1,3807 × 10-23 JK-1).  

At room temperature, as written before, there are a lot of molecule present in the ground 

state energy level than the excited energy state, and this indicate that anti-Stoke line is 

much weak than the Stroke line. Another important thing regards the molecule’s 

polarizability. 

Polarizability measures the case with which the electron cloud around the molecule can 

be distorted. The selection rule asserts that Raman scattering occurs because a molecular 

vibration can variate the polarizability. This is described by these formulas:  

 

(2.20
) 
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                                                                                         (2.21)                                                                                                                         

                                                                                                                (2.22)                                                             

 

 

where µ is the induced dipole moment, α is the polarizability of the molecule, E is the 

electric field, qo is the coordinate of the nuclear displacement q (normal coordinate of 

vibration). 

The change of polarizability is described by its derivative, dα /dq that have to be different 

from zero; this means that the charge distribution of the molecule may be distorted by an 

electric field E of a certain quantity q. Polarizability increases in big atoms because the 

volume occupied by the electrons enhances, the size grows and the binding of the 

electrons with the nucleus decreases in intensity. 

On the contrary, in small atoms, the electrons are strongly bund to the nucleus.  

If a molecule is polarizable, it is also a Raman active molecule. Among these molecules 

are H2O, CO2, alkanes, CS2 and many others. In the figure 2.10 vibrational modes and the 

changing of polarizability ellipsoids is shown. All modes are found to be Raman active, 

and this is generally true for all asymmetric top molecules like water. It’s possible to see 

how if q = 0 there is no variation of the polarizability. 

Molecules more polarizable are alkanes, more than alkenes and arenes thanks to their 

high reactivity. 
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Figure2.10: changes in the polarizability ellipsoid in water molecules. 

 

 

2.3.3 Hydroxyapatite structure and Raman Spectra 

 

Apatite is a group of minerals having the general formula Ca10(PO4)6X2 with the final 

group being Cl-, F-, Br- or OH- [216,17]. The last group regards the hydroxyapatite (HA) 

that is the most relevant and common mineral studied in biology and material sciences. 

HA can be found in teeth and bones because it’s the naturally occurring form of calcium 

apatite [218]. HA has a hexagonal crystal structure, with 44 atoms per unit cell and a 

stoichiometric calcium-to-phosphate ratio of 1.67 [219]. Hydroxyapatite belongs to the 

P63/m (dypiramidal) [220], and the structure is constituted by PO4 tetrahedral in which 

the two atoms of oxygen are placed on the horizontal plane compared to the axis c and 

the other two located on the axis which is parallel to the direction c. The unit cell 

dimensions of HA are a=b= 9.432 Å and c= 6.881 Å (α=β=90° and γ= 120°) [221-223]. 

Tetrahedrons are arranged in two levels (placed at ¼ and ¾ of the unit cell) and distributed 
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forming two types of channels which are perpendicular to the basal plane [224]. One of 

them contains calcium ions and it’s called Ca (I) or columnar Ca. In every unit cell there 

are two channels with two calcium ions. The other channel is larger than the previous one 

and surrounded by oxygen and calcium atoms. These latter are denominated Ca (II) of 

the axis of screwing (screw-axis). Figure 2.11 shows the HA structure: 

 

Figure 2.11: structure of hexagonal hydroxyapatite. 

 

The main symmetry elements of HA are: 

- One plane of symmetry perpendicular to the z-axis (at z =1/4); 

- One roto-traslation axis (screw-axis) 63 to the origin of the cell parallel to the c-

axis and associated with an inversion center to (0,0,0); 

- Three axes of rotation-translation 21 parallel to the axis c at the center of the unit 

cell at (1/2, ½, z), (1/2, 0, z) and (0,1/2, z). The axes are associated respectively with 

the inversion centers (1/2, 1/2, 0), (1/2, 0, 0) and (0, 1/2, 0). 

- Four of improper rotation axes 6 parallel to the axis c at (1/3, 2/3, z) and (2/3, 1/3, z). 

There is a correlation between the symmetry of the lattice and the overall vibrational 

behavior of hydroxyapatite; 33 Raman modes in addition to 22 active infrared modes 

can be found and represented by the following representation [219,220,225]: 

Γ= 22A + 22B + 22E1 + 22E2                                    (2.23) 

Bands that originate from internal vibrations of phosphate ions (PO43-), dominate the 

Raman spectrum of HA. (PO4
3-) ion has nine normal vibrational mode and Td 

symmetry (figure 2.12) [219, 225]: 

- Symmetric stretching of the P-O bond, ν1; 

- Bending doubly degenerate O-P-O, ν2; 
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- Asymmetric stretching three-time degenerate P-O, ν3; 

- Bending asymmetric three times degenerate O-P-O, ν4. 

  

  

 

Figure 2.12: vibrational modes of the PO4
3- ion. 

 

In the next figure instead (figure 2.13), two Raman spectra of hydroxyapatite are shows 

in which there are the four spectral regions ν1 ~ ν4. The Raman spectra have been 

performed both with a cross polarization both parallel. In both polarizations it can be 

observed at around 960 cm-1 Raman band corresponding to the most intense peak of the 

symmetrical stretching of the P-O bond (ν1). 

The two band located at about 432 and 442 cm-1 belong to the ν2 region related to the 

bending of O-P-O. The bands included in ν3 group are located at higher frequencies and 

that is around 1025, 1047 and 1087 cm-1. Finally, the bands belonging to the vibrational 

modes ν4 are about 579, 592 and 608 cm-1. 
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Figure 2.13: Raman spectrum of a single crystal obtained from plane (1221) with cross and parallel polarization. 

 

It’s important to mention that fluoride (F-), chloride (Cl-) or carbonate (CO32-) ions can 

replace OH- ions and the result is the formation of three different minerals: fluoroapatite, 

chloroapatite and carbonateapatite. 

In the synthetic hydroxyapatite, for example, there is the substitution of OH- (type A) or 

PO4
3- (type B) with CO3

2- in the lattice which creates an important impurity [226]. 

The band related to the symmetric stretching ν1 of CO3
2- is the most intense like the 

symmetric stretching ν1 of PO4
3- of HA spectrum. Spectral variations especially in the ν3 

PO4
3- region have been shown in Raman studies on carbonated apatites [227]. Two main 

bands have been reported at ~1070 and 1046 cm-1 and two distinct wavenumbers for the 

ν1  carbonate mode have been suggested to depend on whether substitution is of type A 

or B at 1108 and 1070 cm-1, respectively [228]. These substitutions induce the generation 

of vacancies and distortions in the lattice.  

 

2.3.4 Instrumentation 

 

Raman spectroscope consists of five main components:  

- A source of monochromatic light;  

- A microscope device;  

- A spectrograph;  

- A detector; 

- A software. 



  

46 

 

There are also other important components, among them, the “notch filter” that cuts off 

the elastic Rayleigh scattering of the laser and the “optical polarizer” whose rule is to 

collect the polarized Raman light. The typical source of a Raman spectroscope is a laser 

with a specific wavelength which, depending by the application, can vary from ultraviolet 

to near infrared. The light beam from the source is focused on the “notch filter” which 

reflects it toward the sample with a correct angle. 

 

 

Figure 2.14: Overview of the T64000 spectrophotometer. 

 

The scattered Raman radiation is direct back to the filter and the its structure allows the 

passage of only Raman radiation. This latter is directed toward a monochromator which 

uses a grating to diffract the beam with very narrow band wavelength. Each wavelength 

is caught by a detector, in general, a CCD detector (charged-coupled device) which counts 

the photons and converts the information into an electric signal processed by an 

appropriate software. All the spectroscopic experimental results reported in this thesis 

have been obtained at room temperature, in backscatter condition, using a micro-Raman 

spectrometer (T-64000, Horiba/Jobin-Yvon., Kyoto, Japan) and an excitation source 

emitting at 532 nm (Nd:YVO4 diode-pumped solid-state laser; SOC JUNO, Showa 

Optronics Co. Ltd., Tokyo, Japan) operating with a power of 10 mW. The figure 2.14 

shows an overall view of the instrument.  
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Figure 2.15: Scheme concerning the operation of T64000 spectrometer. 

 

The instrument is equipped with an integrated triple monochromator design for increasing 

optical stability and spectral resolution; furthermore, it presents a set of holographic 

diffraction gratings of 600 gr/mm, 1800 gr/mm and 2400 gr/mm. This latter, in the 

spectrograph stage, permit to obtain the resolution and the range of wavelength that a 

spectrometer can handle. Indeed, a better dispersion of the polychromatic light is favored 

by an increase of the grooves number. Also the width of the spectral band depends by the 

grating used. The T64000 spectrometer can work using a single or triple monochromator. 

The triple configuration consists of one spectrographic stage and two pre-

monochromators double. These latter are two identical grating (1800gr/mm) which work 

in a subtractive mode and act as filters adaptable to the specific spectral range (stage 1 

and 2 of figure 2.15). In the single monochromator, notch filter is used to eliminate the 

elastic component (Rayleigh) and the first two stages are skipped (stage 3 figure 2.15). 

There is a motorized stage which allows to choose the point to analyze.  

To acquire the spectrum, the detector used is a multichannel 1024 x 256 pixels CCD 

camera device (CCD-3500V, Horiba Ltd., Kyoto, Japan) mounted in the plane of the exit 

image and cooled down to 140 K with liquid-nitrogen.  
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The laser beam is focused on the sample by an optical microscope. This latter has three 

different objective long focus lenses: a 100x objective lens with NA=0.9, a 50x objective 

lens with NA=0.X and a 20x objective lens with NA=0.9. Using a beam splitter, the 

scattered light is separated from the incident beam because it is collected in backscattering 

configuration.  

Furthermore the T64000 Raman spectrometer has a set of cross-lit, which allow the 

modulation of the Raman probe and hence can work in confocal mode, excluding the 

informations from the region out-of-focus. The confocal microscopy is technique 

employed in the Raman spectroscopy and in other imaging microscopy [229]. It has been 

patented by Minsky in 1957 [230], and presents two filtering pinhole, one placed on the 

laser beam path (Gaussian shape of probe is enhanced) and the second is located in the 

exit focal plane of the microscope (space resolution, both lateral and axial, improved) 

(Figure 2.16). Through this two pinhole it’s possible to exclude the light originating from 

the out-of-focus planes. 

 

Figure 2.16: Schematic draft of the confocal configuration for Raman assessments. 

The signal is brought from the surface to a focus at the aperture and passes without 

significant attenuation. On the other hand, out-of-focus light from below the surface is 

cut off because it is brought to a focus before the aperture. So this technique can bring 

advantages like an increase of resolution and an improvement of the signal / noise ratio. 
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2.4 Laser microscope 
 

Laser microscope is a technique that permits to obtain high-resolution optical images with 

depth selectivity. It has been used to characterized the morphology of the samples and to 

quantify the growth of hydroxyapatite after cellular treatments. The key feature of this 

microscope is its ability to acquire in-focus images from selected points and depths. The 

principle on which is based the confocal microscope has been described by paragraph 

2.3.4 and it’s shown in the figure 2.17. The laser microscope used (Laser Microscope 3D 

& Profile measurements, Keyence, VK-x200 series, Osaka, Japan) has a very high 

resolution and a large magnification (24000X according to the manufacturer).  

As written before, the confocal configuration presents two pinholes and only a small 

fraction of the volume of the sample around the point of focus will be probed. 

This technique has also the advantage to scan not only in the xy plane but also along the 

z axis obtaining a 3D profile of the surface of the specimen. So, it’s possible to obtain 

some informations about the profile and the surface roughness without any kind of contact 

with the surface of the sample avoiding to damage it.  

 

 

Figure 2.17: 3D Laser Scanning Microscope of the VK-x200 series by Keyence. 

 

2.5 Laser Raman Microscope 
 

Raman microscope is a laser-based microscope used to perform Raman spectroscopy 

[231]. This technique begins with a standard optical microscope and adds a set of 

fundamental components in Raman spectroscopy like excitation laser, laser rejection 

filters, a monochromator, and a detector like CCD. Traditionally the use of Raman 
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microscopy was to measure the Raman spectrum of a point on a sample, but recently the   

implementing of Raman spectroscopy, for direct chemical imaging over the whole field 

of view on a 3D sample, has extended the technique. 

The instrument used is Laser 

Microscope RAMANtouch 

(Nanophoton Co., Osaka, Japan), 

which show the ultra-fast imaging and 

diffraction-limited spatial resolution. 

This device is equipped with the 

dedicated confocal optics, spatial 

resolution, closed to the diffraction 

limit which can achieve even in depth direction. The illumination mode forms point laser 

beams into line shaped to cover larger sample area.  

This line of illumination excites Raman scattered light along the line-illuminated area by 

collecting 400 spectra simultaneously, thus collecting maps in a time faster than the 

movement of cells. The device presents galvanometer mirrors which help to scan fastly 

and accurately the laser beam. A spectrograph with 50 mm focal length is used and there 

are a multiple selections of gratings but it’s 

possible to choose three gratings at maximum 

(150, 300, 600, 1200, 1800, 2400gr/mm). It has 

laser with different excitation wavelengths which 

you can decide to use based on the sample 

(488nm, 532nm, 671nm, 785nm). 

 

 

 

 

 
 

 

Figure 2.18: Illumination system of the device. 

Figure 2.19: Laser Raman Microscope RAMANtouch. 
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2.6 Experimental procedure 
 

2.6.1 Cellular Treatment: Osteosarcoma SAOS-2 

 

SaOS-2 (Human osteosarcoma cell line) (5x105cells/ml) were placed in 24-well plate 

above the discs of "as sintered" silicon nitride and the controls (Al2O3, alloy of Ti). 

Also “as sintered” glazed samples and “polished” glazed samples have been tested with 

SAOS-2 cells to compare the osseointegration activity with Titanium control. 

The cells were grown in osteogenic media (DMEM with 10% FBS, Ascorbic Acid, β-

Glycerophosphate, Hydrocortisone) which was changed twice in a week.  

culture conditions:  

- CO2 5%; 

- Temperature 37°C; 

-  Humidity 95%.  

After 7 days the samples were washed and analyzed. 

 

 

Figure 2.20: 24-well plate with samples under cellular treatments. 
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2.6.2 Cellular Treatment: Mesenchymal stem cells (PDLSCs) 

 

Human Periodontal Ligament Fibroblasts (Lonza, Switzerland) were cultured with 

Osteogenic media (DMEM with 10% FBS, Ascorbic Acid, β-Glycerophosphate, 

Hydrocortisone) on “polished” disks for osteogenic differentiation.  

Culture conditions:  

- CO2 5%;  

- Temperature 37°C;  

- Humidity 95%.  

The Medium was changed every 3days. After 5 weeks, Disks were removed from the 

culture plate and analyzed. 

 

2.6.3 Raman spectroscopy 

 

The Raman spectra have been recorded in backscattering, using a triple monochromator. 

An objective lens with a numerical aperture of 0.9 has been used both to focus the laser 

beam on the sample surface and to collect the scattered Raman light. A pinhole aperture 

of 100 µm was adopted with employing an objective lens with a magnification of 100x. 

Averages of 30 Raman spectra, collected at different random locations, were used for 

comparing differently treated Si3N4 samples. Acquisition time of 45 seconds is employed 

for all the analysis and for every spectrum 4 acquisition have been done to delete the 

presence of spike (narrow and intense peaks due to cosmic rays and not to the sample) 

and to reduce the background noise. Spectral windows were centered at 850 cm-1 and 

3000 cm-1.  The spectra have been studied using two software commercially available: 

Labspec 5 (Horiba, Japan) and Origin 9.2 (OriginLab Co. Northampton, MA, USA). 
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2.6.4 Laser Microscope 

 

The excitation source in the experiments used a 408 nm violet semiconductor laser 

operating with an output of 0.95 mW. An objective lens with a numerical aperture of 0.55 

was used both to focus the laser beam on the sample surface and to collect the reflected 

light. Taking advantage of an automated stage, whose movement can be controlled in xyz 

directions, a 3 dimensional colored image of the sample surface can be acquired by 

joining the 3D profile with the optical microscope image. The images of the samples have 

been taken at two different magnifications, 10X, 20X and 150X. Datas have been 

analyzed using the software VK Analyzer (Keyence, Osaka, Japan).  

 

 

2.6.5 Laser Raman Microscope 

 

Raman microscopy images were collected on living SaOS-2 cells with a dedicated 

equipment (RAMANtouch, Nanophoton Co., Osaka, Japan) with a 20x immersion-type 

optical lens. The excitation source emitted at 785 nm and the spectral resolution was 1.2 

cm-1 (spectral pixel resolution equal to 0.3 cm-1/pixel). 
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Chapter 3 
 

 

RESULTS AND DISCUSSIONS 
 

 

3.1 Surface characterization of silicon nitride samples 
 

3.1.1 Raman characterization 
 

Silicon nitride samples have been characterized before the cellular treatment using Raman 

spectroscopy to understand surface chemistry.  

Figure 3.1 shows the spectrum of the different samples:  

- untreated (AS);  

- chemically etched with HF (HF);  

- thermally treated in N2 atmosphere (N2);  

- thermally oxidized (OX);  

- glazing treated.  

All of the silicon nitride samples spectra have three main peaks (henceforth referred as 

“main triplet”), respectively at about 180 cm-1, 200 cm-1 and 220 cm-1 (peak 1, 2 and peak 

3 in the Figure 3.1) and related to the vibrational modes [232]:  

- E2g (~180 cm-1); 

- Ag (~ 200 cm-1); 

- E1g (~ 220 cm-1). 

In addition to this “main triplet”, there are other two peaks of silicon nitride at about 450 

cm-1 (peak 5 in Figure 3.1) and 615 cm-1 (peak 6 in Figure 3.1) which both represent E2g 

vibrational modes. Depending on the sample, triplet spectra have different relative 

intensities depending on the surface treatment to which they have been subjected. Silicon 
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nitride glazed sample spectra shows numerous peaks, compared with other samples. In 

the glazed samples the “main triplet” is present but, compared to those in the other spectra, 

it is less intense. 

There are many other peaks related to Y2O3 [233], AlN [234], α-Al 2O3 [235] and SiO2 

[236,237]. These are the five differet powders contained in the glazed slurry used in the 

glazing treatment. There are, also, peaks of Yttrium Alluminum Garnet (YAG) arising 

from heating glazing mixture at high temperature [238]. YAG has many peaks, the most 

intense being at 402 cm-1 which is also the highest of the spectrum. Furthermore, in the 

spectrum there are two peaks releated to α-Si3N4 [239]. All the peaks of glazed spectrum, 

with related symmetry, have been listed in the table 3.1. 

 

Figure 3.1: Raman Spectra of silicon nitride samples: as-sintered (AS), etched with HF (HF), N2 annealed (N2), 

thermally oxidized (OX) and glazed. peaks labeled referred to vibrational modes of silicon nitride (peaks 1,2,3,5 

and 6) and to YAG (peak 4). 
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RAMAN SHIFT 

 [cm
-1
] 

COMPOUND SIMMETRY 

125 Y2O3 Tg 
149 YAG T2g 

161 Y2O3 Ag+Tg 

181 β-Si3N4 E2g 

200 β-Si3N4 Ag 
221 YAG T2g 

230 β-Si3N4 E1g 
249 AlN E2 
259 YAG T2g 

274 SiO2  

318 Y2O3 Tg+Eg 

334 Y2O3 Eg 

351 SiO2 A1 

366 α-Si
3
N

4
 A1 

375 YAG A1g 
393 YAG Eg 
402 YAG T1g 

424 Y2O3 Tg 

515 α-Si
3
N

4
  

533 YAG Eg 
560 YAG A1g 

578 α-Al 2O3 Eg 

597 Y2O3 Tg 
655 AlN E2 

 

Table 3.1: Raman peaks assigment for glazed silicon nitride Raman spectra. 

 

3.1.2 Laser Microscope: roughness and morphology 
 

Surface roughness measurement were carried out (Figure 3.2). As-sintered samples have 

been compared pointing out that:  

- The three samples subjected to physical and chemical processing (HF, N2, OX) 

are uniform and don’t show statistical difference (p ≥ 0.05); 

- The roughness of the three treated samples is higher than Al2O3 and as-sintered 

(AS) (p ≤ 0.05); 

- The roughness of Ti control doesn’t show a statistical significant difference with 

all the silicon nitride samples (p ≥ 0.05). 
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In the table 3.2 there are the value of Ra, the arithmetic mean roughness and standard 

deviation of all the As-sintered samples, and controls. 

Figure 3.2: Roughness of As-sintered samples compared with commercially available bioceramic alumina and Ti 

samples. 

 

Samples Ra (µm) Std Dev 
AS 0.318 0.019 
HF 0.447 0.057 
N2 0.399 0.036 
OX 0.402 0.024 
Ti 0.375 0.162 

Al 2O3 0.102 0.010 
 

Table 3.2: Average roughness of As-sintered samples and controls. 

 

Both glazed samples show statistically significant differences in roughness compared 

with the controls and with untreated sample (Figure 3.3). Glazed samples have the highest 

roughness compared to the as-sintered glazed and other control samples while the two 

glazed samples haven’t significant statistical differences among themselves.  This high 

level of roughness is given because of the surface treatment. 

Table 3.3 represents values of average roughness of the glazed samples. 
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Figure 3.3: Roughness of glazed samples compared with as-sintered sample and with commercially available 

bioceramic alumina and Ti samples. 

 

Samples Ra (µm) Std. Dev 
AS glazed 0.718 0.128 
Poli glazed 0.653 0.048 

 

Table 3.3: Average roughness of as-sintered glazed sample and polished sample. 

 

All the polished samples have different roughness showing statistically significant 

differences in all the comparisons and having lower roughness compared to controls, as 

shown in Figure 3.4. This is because the processing and mechanical treatment received 

before the chemical/physical changes. Among the silicon nitride samples, the one that has 

a greater roughness is the thermally oxidized sample (OX), while the sample treated with 

hydrofluoric acid (HF) has a roughness less than the untreated sample (AS). In Table 3.4 

are reported polished samples average roughness values. 

Images obtained by laser microscope using a magnification at 150X are showed below. 

As-sintered samples (Figure 3.5a-5c), surfaces don’t exhibit obvious morphological 

hexagonal even though Si3N4 grains anisotropically arranged are clearly visible. 
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Figure 3.4: Polished sample roughness compared with commercially available bioceramic alumina and Ti samples. All 

the samples show statistical differences. (p ≤ 0.05) 

 

 

Samples Ra (µm) Std Dev 
Polished AS 0.016 0.001 
Polished HF 0.015 0.001 
Polished N2 0.070 0.003 
Polished OX 0.142 0.003 

 

Table 3.4: Polished samples average raoughness compared with controls. 

 

 

 

 

 

 

 

 

 

 

 

(a) 
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Figure 3.5: Silicon Nitride samples laser micrographies at 150X of magnification: as-sintered untreated (a), N2 annealed 

(b), thermally oxidized (c). 

 

 

The glazed samples (Figure 3.6a and 3.6b) have a different morphology compared to all 

other samples, given by the glazed layer. It is possible to note the differences of the 

underlying layer between as-sintered glazed and the glazed polished sample due to 

different roughness. The as-sintered sample seems to have a more homogeneous surface 

than the polished samples. 

 

 

 

 

 

(b) 

(c) 

(a) 
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The polished samples show morphological differences between each other in the case of 

AS and HF samples with a surface appearance almost equal (Figure 3.7a-3.7c). Unlike 

the as-sintered samples, the anisotropic grains of silicon nitride are not visible due to the 

mechanical treatment to which they have been subjected. The surface modifications can 

be observed especially on the samples treated in nitrogen atmosphere (N2) and thermally 

oxidized (OX) which present a different morphology than the untreated sample (pure). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 

Figure 3.6: Laser micrograph of glazed sample at 150X of magnification: as-sintered (a), polished (b). 

(a) 

(b) 

(b) 
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3.2 Analysis after SAOS-2 treatment 
 

3.2.1 Raman analysis of as-sintered and glazed samples 
 

A Raman characterization of silicon nitride as-sintered and glazed samples was carried 

out after the cell treatment with SAOS-2. Figure 3.8 refers to the average spectra, which 

all show a main peak at 960 cm-1 corresponding to the P-O symmetric stretching of 

hydroxyapatite [240]. In addition to this band there are also other major bands 

summarized in the table 3.5 and related to the vibrational modes of hydroxyapatite, bands 

at about 591,947,1044 and 1076 cm-1 and approximately corresponding to vibrational 

modes ν1, ν3 and ν4 of the tetrahedral phosphate [240,241]. This shows the effective 

formation of the mineral on the surface of the samples. 

In addition, there are also bands corresponding to vibrational modes of biological and 

cellular components such as lipids, DNA, and the collagen proteins necessary for the 

formation of bone tissue matrix.  

Among these there are some peaks related to vibrational modes ν of C-C binding and νas 

of C-C of lipids at 1088 cm-1, 1125 cm-1 [241]. These components are very important in 

the mineralization process because they are the main constituents of the matrix vesicles. 

Moreover, lipids can assembly complex with cholesterol-dependent which involve the 

externalization of phophatidylserine [242]. There are two peaks in the spectra, related to 

the presence of cholesterol, at 609 cm-1 and at 2967 cm-1 [243]. Cholesterol is present 

inside the matrix vesicles and some, according to some studies, plays an active role in the 

Figura 3.7: Laser micrograph of polished silicon nitride samples at 150X of magnification: N2 annealed (a), thermally 

oxidized (b), polished untreated (c). 

(c) 
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initial mineralization processes thanks to the good fit with the crystallographic HA crystal 

structures [244,245]. 

There are two peaks at 577 cm-1 and 730 cm-1 relating to two classes of phospholipids 

that are very important: phosphatidylserine and phosphatidylinositol [243]. These latter 

play a main role in the formation of hydroxyapatite, as located in the most active sites of 

nucleation. Phosphatidylserine, in contact with lipids droplets, has a high binding affinity 

towards Ca2+ ions and also reacts with phosphates resulting in phospholipid:calcium: 

phosphate ion complexes which help in early mineralization [246-249]. It facilitates 

calcium-dependent Annexin protein binding, and are permissive for Annexins forming 

calcium channels through the membrane. The result is the entrance of ions Ca2+ into 

matrix vesicles for crystal formation [250]. Phosphatidylinositol, instead placed in the 

membrane of matrix vesicles, in form of glicophosphatidylinositol (GPI) bond to the 

membrane thanks to fatty acids, has the function to anchor the alkaline phosphatase. This 

latter is a mineralization promoter, an important enzyme to increase the concentration of 

inorganic phosphate. 

Regarding protein component, there are different peaks in the spectra related vibrational 

modes of C-C stretching of collagen backbone or of amino acids like phenylalanine and 

tyrosine at 621 cm-1,859 cm-1, 937 cm-1, 1003 cm-1 and 1030 cm-1 [241,251-253]. These 

peaks indicate the presence of an organic extracellular matrix necessary for the growth of 

the tissue. Furthermore, the presence of the phenylalanine indicates cell viability.   

Furthermore, there are several bands related to the vibrational modes of proline (at 727 

cm-1, 827 cm-1, 853 cm-1,937 cm-1, 1066 cm-1) [241,254]. Proline is a non-essential amino 

acid, necessary for the formation of collagen type-I which is essential for the 

mineralization process in the extracellular matrix. 

The amino acid glutamate is used as a precursor in the biosynthesis of proline [255]. The 

intracellular proline concentration increases with the confluence of cells [255]. 

There are two band related to the presence of hydroxyproline, at 827 cm-1 and 937 cm-1 

which is formed from the hydroxylation of proline under the influence of ascorbic acid 

(ASAP), which was added to cell culture media in this study [241,249]. Proline, 

hydroxyproline, glycine and other amino-acids constitute pro-collagen, which is 

exocytosed by Golgi bodies and is processed by pro-collagen peptidase to yield collagen. 

Collagen molecules are attached to the external side of the cell membranes in an 

organized way by fibronectins and integrins resulting in collagen type-I.  
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In the Figure 3.9, spectra centered at 3000 cm-1 were obtained to verify the presence of 

collagen proteins and organic components responsible for the formation of bone 

extracellular matrix. The figure shows a broad peak between 2800 cm-1 and 3000cm-1 

corresponding to protein and lipids bonds vibrations. 

The main intense peaks are related to [256,257,243]: 

- CH2 asymmetric stretching of lipids at 2933 cm-1 (peak 3 in Figure 3.9);  

- CH2 asymmetric stretching of proteins at 2891 cm-1 (peak2);  

- CH2 symmetric stretch of lipids at 2967 cm-1 (peak 4); 

- CH2 asymmetric stretch of lipids and proteins of lipids and proteins at 2871 cm-1 

(peak 1);  

- vibrational modes ν of aromatic amino acid residues at 3054 cm-1 (peak 5); 

- C-H stretching of aromatic or aliphatic groups of proteins at 3065 cm-1. 

All the peaks and their relative assignments are listed in the table 3.5.  

Studies carried out on this spectral window, in different time interval, have allowed to 

understand some aspects of the mineralization process, highlighting how the morphology 

and the intensity of the peaks can vary by passing to an increase of bands related to 

stretching of the protein and consequent decrease in those concerning to lipids. This 

indicates that there is the influence of lipids in the early stages of mineral formation, 

which are subsequently replaced by the proteins in the advanced stage which allows the 

growth of the apatite. In our case, in the area of 2800 cm-1 and about 3000 cm-1, peaks 

related to vibrational modes of the lipids are still present. In particular, there is the peak 

at 2933 cm-1 which is the most intense of the spectrum, relative to the asymmetrical 

stretching of the CH2 in lipids; this indicates how cells are still in the initial states of the 

mineral formation [249].  

In summary, the Raman spectra of samples as-sintered and glazed silicon nitride treated 

with the cell line SAOS-2 have revealed the presence of numerous important components 

relating to the process of mineralization and formation of the extracellular matrix through 

matrix vesicles and creation of collagen scaffold. 
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Figure 3.8: Raman spectra centered at 850 cm-1 of silicon nitride as-sintered and glazed samples treated with SAOS-

2. The labeled peak (1-5) are relative to ν1 symmetric stretching of P-O (peak 2 and 3) or ν4 and ν3 of PO4
3- (peak 1,4 

and 5) of hydroxyapatite.     
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Figure 3.9: Raman spectra centered at 3000 cm-1 of silicon nitride as-sintered and glazed samples treated with SAOS-

2. The labeled zone related to an interval between 2800 cm-1 and 3000 cm-1contains some peaks which refer to 

symmetric stretching of CH, CH2 and CH related to protein and lipids (peak 1-4). The labeled zone at about 3050-3070 

cm-1 regards to different peaks referred to a vibrational modes of aromatic amino acids residues and to symmetric C-

H stretching of aromatic and aliphatic groups of proteins (peak 5 and 6). 
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RAMAN 
SHIFT 

[cm
-1
] 

ASSIGNEMENT REFERENCE 

577 Phosphatidylinositol [243] 
591 Symmetric stretching vibration of ν4 

PO4
3− (phosphate of HA) 

[241] 

609 Cholesterol [243] 
621 C–C twisting mode of phenylalanine [251-253] 
727 C–C stretching, proline (collagen 

assignment) 
[254] 

730  Phosphatidylserine [243] 
746 T (ring breathing mode of DNA/RNA 

bases) 
[258] 

755 Symmetric breathing of tryptophan [251,253] 
781 Cytosine/uracil ring breathing 

(nucleotide) 
[251,252] 

827 Proline, hydroxyproline, tyrosine, ν2 

PO2− stretch of nucleic acids 
[241] 

853 Ring breathing mode of tyrosine and C–
C stretch of proline ring, Structural 
proteins like collagen 

[251,252, 259] 

859 Tyrosine, collagen [251] 
937 Proline (collagen type I), Amino acid 

side chain vibrations of proline and 
hydroxyproline, as well as a (C–C) 
vibration of the collagen backbone 

[241] 

947 Hydroxyapatite P-O symmetric 
stretching 

[240] 

960 Hydroxyapatite P-O symmetric 
stretching 

[240] 

1003 Phenylalanine (of collagen) [241] 
1030 Phenylalanine of collagen [241] 
1044 ν3 PO4

3− (symmetric stretching vibration 
of ν3 PO4

3− of HA) 
[241] 

1066 Proline (collagen assignment) [254] 
1076 Symmetric stretching vibration of ν3 

PO4
3− 

(phosphate of HA) 

[240] 

1088 ν1 CO3
2−, ν3 PO4

3−, ν(C–C) skeletal of 
acyl backbone in lipid 

[241] 

1124 ν(C–C) skeletal of acyl backbone in lipid [241] 
2854 CH2 symmetric stretch of lipids, CH2 

asymmetric stretch of lipids  
[256] 

2871 CH2 symmetric stretch of lipids, CH2 
asymmetric stretch of lipids and proteins 

[256] 

2891 CH2 asymmetric stretch of proteins [256] 
2912 CH stretch of lipids and proteins [256] 
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2933 CH2 asymmetric stretch  [256] 
2967 νas CH3, lipids, fatty acids, cholesterol 

and cholesterol ester 
[257,258] 

3006 νas(=C-H), lipids, fatty acids [257] 
3054 vibrational modes ν of aromatic amino 

acid residues 
[260] 

3065 C-H stretching of aromatic or aliphatic 
groups of proteins 

[261] 

 

Table 3.5: Peak assignments for as-sintered samples and glazed samples Raman spectra. 

 

 

 

3.2.2 Laser Microscope:  HA volume and distribution 
 

The analysis performed by Raman spectroscopy allowed to confirm HA presence and to 

calculate its volume.  

Images were collected using a magnification at 10X to determine the distribution of the 

formed matrix. It is important to underline that, the distribution of the mineralized 

extracellular matrix has taken place over the whole sample, but featuring more central 

areas indicating the uniformity of the samples.  

Figure 3.10 shows the different volumes of HA formed over the as-sintered samples. 

Figure 3.10: HA volumes in the as-sintered samples tested using SAOS-2 compared with Ti alloy and Al2O3 

controls. All the samples show statistical significate differences (p ≤ 0.05). 
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All samples showed significant statistical difference between each other.  The sample N2 

present the highest volume compared to the other as-sintered samples and in particular 

compared to Ti and Al2O3 controls.  

Analyzing the data about the roughness obtained prior to treatment, the N2 annealed 

sample doesn’t show differences with other as-sintered sample, subjected to other 

chemical and physical treatments, and titanium. So it is not possible to distinguish an 

influence net by the roughness. It can be assumed, therefore, that a principle underlying 

this result must be due to the surface characteristics derived from thermal and chemical 

modifications made before the cell treatment which modify the charge surface. Following 

a study carried out by Bock in 2015, it is seen as the heat treatment in a nitrogen 

atmosphere, leading to the formation of a layer of β-Si(Y)AlON. Instead, the sample 

thermally oxidized in air has a layer surface of SiO2 while the sample treated chemically 

with HF hasn't the surface oxide layer, but surface rich in amino groups [182]. It is 

supposed, therefore, that the layer of β-Si(Y)AlON neoformed modifies the surface 

charge conferring hydrophilic characteristics, contrarily to the other samples. This has 

been confirmed by analysis made by Bock about the contact angle of the different silicon 

nitride samples; the results have shown how the N2 sample has the lowest contact angle 

than the others. 

The figures 3.11 shows schematic drafts of the Si3N4 surface structure (surface and related 

charges) at physiological pH: 

- The HF-etched "clean" surface, on which the neutral amine groups, NH2, prefer 

to accept protons and stay as protonated amino groups, -NH3+, thus producing an 

overall positive charge; 

- The thermally oxidized surface with its amphoteric SiO2 layer by negatively 

charged deprotonated silanols, SiO-; 

- The N2-annealed surface, on Which Both -NH3+ and SIO- coexist, but the plus 

charge is enhanced by positively charged given by the presence of Al and Y. 

Then, assumption can be made about a "zwitterionic" behavior of the N2 sample at the 

surface level conferred by surface charges. It’s possible that this surface zwitterionic-like, 

with both positive and negative charge, influences mostly cell adhesion and proliferation.   
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Figure 3.11: Schematic drafts of the Si3N4 surface structures and related surface charge at physiological pH: (a) 
positively charged HF-etched “clean” surface with protonated amino groups, -NH3+; (b) negatively charged 
(thermally) oxidized surface with amphoteric SiO2 terminated with deprotonated silanols, SiO-; and, (c) mix-charged 
N2-annealed with both negatively charged SiO- and positively charged -NH3+. 

 

This hypothesis about the important role of surface charge in silicon nitride samples is 

confirmed by the studies made in other biomaterials which have different surface charges 

[38-44]. These have demonstrated how the surface, having a highly polarized surface, 

negatively, positively or a "zwitterionic" surface, allows the formation of a protein layer 

due to serum proteins from the culture medium and subsequent cell adhesion, 

proliferation and mineralization.  

 

 

 

Figure 3.12: HA volumes in the glazed samples tested using SAOS-2 compared with Ti alloy control. All the samples 

show statistical significate differences (p ≤ 0.05). 
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In the case of glazed samples, it is possible to note that the volume of HA is higher in 

both samples compared to the titanium control used (Figure 3.12). The two silicon nitride 

samples have shown significant statistical differences with the control. The sample which 

has showed the highest volume of hydroxyapatite is AS-sintered glazed.  

This data suggests that an important role is played by the additives added in the processing 

that have resulted in an even greater formation of β-Si(Y)AlON thus increasing the 

number of active sites loads. The higher amount of Y and Al on the surface may have 

made an increase of the charges, further polarizing surfaces both in the case of the as-

sintered sample and in that polished. Furthermore, the results show, from the analyzes 

previously carried out to the cellular tests, as the surface treatment has also led to an 

increase in roughness than the control sample and compared to the sample as-sintered 

untreated.   

Hypothesis can be made, saying how roughness, in this case, has played an important role 

in adhesion and cell behavior. Studies using rat osteoblasts showed a high proliferation 

and expression of alkaline phosphatase and osteocalcin materials having rough surfaces 

[262]. These results were also confirmed by Lim et al in 2005 thanks to tests performed 

on human fetal osteoblast cells in which there has been a high dissemination and 

proliferation in samples having rough surfaces [263]. Therefore, it is possible that the 

high level of roughness present compared to samples of Ti may have influenced the 

adhesion in combination with the surface charge present. 

Following, images at 10X of magnification of as-sintered samples, N2, OX, the untreated 

sample (AS) and Ti control are shown below (Figure 3.13a-d). In addition, there are also 

images of the two glazed samples (AS and poli) and its titanium control used and treated 

under the same conditions (Figure 3.13e-g).  

 

 

(a) 
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From the images, it’s possible to see how the mineralized extracellular matrix is 

uniformly distributed in the surfaces of all the samples, especially in the galzed samples. 

There are some sites of nucleation of the matrix which indicate also the homogeneity of 

the samples. This results can be seen also through the Laser Raman Spectroscope which 

identify particular areas of the samples where the cells adhere and start the formation of 

the matrix. 

 

 

3.2.3 Laser Raman microscope 
 

Laser Raman microscope analysis allowed to obtain Raman maps that showed in situ 

formation of hydroxyapatite and extracellular matrix compounds. Some tests using only 

SAOS-2 to monitor the growth without silicon nitride disks have been made. Analyzing 

an area of the sample interested by the growth of extracellular matrix, it’s possible to 

obtain Raman maps on wide surfaces in very short times. From these latter it’s possible, 

through the software, to label a peak of interest and plot intensity and/or area on the map. 

Figure 3.13: Laser micrograph at 10X of magnification of As-sintered samples: N2 annealed (a), untreated (b), 

thermally oxidized (c), Titanium control (d), polished glazed (e), as-sintered glazed (f) and Titanium anodized (g). 

All the images are taken at 10X of magnification after SAOS-2 treatment. 

(g) 

(f) 
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In these cases, the highest peak of hydroxyapatite at 960 cm-1 and the bands between 2800 

to 3000 cm-1 have been selected and plotted in the map. 

Control tests made using SAOS-2 cells placed in a well without any silicon nitride sample 

have been shown in the Figures 3.14a- 3.14d. These cells were periodically monitored in 

order to evaluate the cell growth and the formation of hydroxyapatite using Laser Raman 

Microscope. 

 

 

 

(a) (b) 

(c) (d) 

Figure 3.14: Images of the experimental SAOS-2 cultured activity test in a well of the plate without samples of silicon 

nitride or control. Images at 0 day of the cellular colture (a), at day 1 (b), at day 2 (c), at day 3 (d). Red zones are 

related to the presence of proteins while green areas indicate HA. 
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It is seen as with the passage of time the cells are grown and have created a complex 

proceeding to the formation of hydroxyapatite (green areas) and extracellular matrix (red 

areas). 

Figure 3.15 shows the spectra of the SAOS-2 in different times. 

It’s possible to note how there are always the bands related to collagen and lipids between 

2800 cm-1 and 3000 cm-1. But, it’s important to see how, the amount of hydroxyapatite 

increases over time. This fact is indicated by the increase of the peak intensity for 960 

cm-1 band, the sign of a tissue growth and mineral compounds formation. These spectra 

confirm the images. 

 

 

 

Figure 3.15: Raman spectra of SAOS-2 analyzed at different time: day 0 (black), day 1 (blue), day 2 (green), day 3 (red). 

The arrow at 960 cm-1 indicates the peak of hydroxyapatite (symmetric stretching vibration ν1 of P-O). 

 

 

The analysis carried out on cells without silicon nitride discs have provided some 

information regarding the proliferation and the formation of osteoid, which constitutes 

the first step to generate the bone tissue, making clear what happened on the surface of 

silicon nitride. At the beginning of the culture it has been possible to see how the cells 

proliferate and agglomerate going to create the osteoid, an organic matrix that is formed 

prior to the mineralization. It consists mainly of collagen fibers of type I and also from a 

small part of chondroitin sulfate and osteocalcin. After the osteoid formation, overtime, 

osteoblasts produce the matrix vesicles which have a roundish shape and originate 

directly from the cell membrane. 
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These vesicles substances are deposited in the matrix and, as mentioned previously, they 

constitute the nucleating sites for the precipitation of hydroxyapatite. 

In the images obtained by Laser Raman Microscope is possible to see how there is an 

increase, of areas which present HA, in the middle of the protein matrix, probably due to 

the action of vesicles matrix after the initial formation of collagen. 
 

 

All this results are confirmed also thanks to images (Figure 3.16) obtained by Laser 

Microscope of other silicon nitride samples treated with SAOS-2 and showing the 

formation of hydroxyapatite rapidly due to proliferation, agglomeration of osteoblasts and 

subsequent formation of the mineralized extracellular matrix. 

 

 

SAOS-2 treated samples analysis show a similar behavior; cells show a mechanism 

similar to what occurred on the samples without disks with the formation of extracellular 

matrix collagen and HA. Compared to the previous case, HA areas are labeled in red 

while extracellular matrix proteins and lipids are labeled in green (Figures 3.17a-3.17e). 

There are some differences between the images, especially in the presence of HA.  

As it’s possible to see, glazed samples have more red areas, (correlated to 

hydroxyapatite), than Ti control and the as-sintered sample which present more green 

areas (related to the presence of collagen). Also N2 sample present more area related to 

the presence of hydroxyapatite than Ti control and the sample untreated confirming the 

Figure 3.16: Laser micrograph of sample area characterized by osteoid complex and formation of hydroxyapatite. 
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data obtained with Laser Microscope. Furthermore, the red areas are more widespread 

throughout the sample, as it’s possible to see in the images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The average spectrum of the samples in the Figure 3.18a indicates the presence of the 

band at 960 cm-1 and at 1044 cm-1 related to vibrational modes ν1 and of the 

hydroxyapatite and the band at 1088 cm-1 which refers to the symmetric stretching mode 

of the substitutional carbonate and belong to the CO3
2-(ν1) in HA [240]. The intensity of 

the strong ν1 band of hydroxyapatite scaled with the amount of hydroxyapatite formed, 

and the scaling rate among different samples was in good agreement with the data by 

quantitative laser-scanning microscopy. Accordingly, the improved osteoconductive 

behavior of the N2-annealed sample could be confirmed by two independent techniques. 

The average spectrum in the Figure 3.18b shows the presence of proteins and lipids given 

by peaks located in the so-called CH region at frequencies in the interval 2800 ~ 3050 

cm-1 which contains some bands related to the CH2 stretching (vss) and (vas) CH3 

stretching [243,257,264]. Similar to the case of hydroxyapatite, the Raman emission in the CH 

region shows the highest intensity for the N2-annealed sample.  

(a) (b) 

(c) (d) 

(e) 

Figure 3.17: Selected area of AS (a), N2 (b), As-sintered glazed(c), polished glazed (d) and Ti samples(e). Red areas 

indicate hydroxiapatite presence while green areas are related to protein vibrational stretching. 
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Due to emission overlapping from organic and inorganic molecules and due to the relatively low 

spectral resolution allowed by a fast Raman in situ screening (i.e., ±2 cm-1) on living cells, we 

could not detect any significant difference in the morphology of the main hydroxyapatite band 

among different samples.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: Raman spectra of as-sintered sample. In the spectrum (a), it's possible to see different main peaks related 

to the presence of hydroxyapatite. In the spectra (b) there are additional Raman bands related to the vibration mode 

of extracellular compounds.  
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3.3 Analysis after PDLSCs treatment 
 

3.3.1 Raman characterization 
 

Raman analysis were carried out on PDLSC treated polished samples. 

The spectra centered at 850 cm-1 show in Figure 3.19 the same spectral bands of samples 

treated with SAOS-2. Peak with highest intensity is the one related to the P-O symmetric 

stretching (ν1) of hydroxyapatite at 947 cm-1 and at 960 cm-1 (peaks 2 and 3 in Figure 

3.19). Spectral shape suggests a low diversity among the samples.  

Figure 3.19: Raman spectra centered at 850 cm-1 of silicon nitride as-sintered and glazed samples treated with SAOS-

2. The labeled peak (1-5) are relative to symmetric stretching of P-O (peak 2 and 3) or ν4 and ν3 (peak 1, 4 and 5) of 

PO43- of hydroxyapatite. 
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Indeed, there are peaks related to vibrational modes ν3 and ν4 of HA at 591, 1044 and 

1076 cm-1 (peak 1,2 4 and 5 in Figure 3.19).  

There are peaks of lipids, phospholipids and other biological components which 

constitute the vesicles matrix and collagen and favor the mineralization of extracellular 

matrix. 

 

Figure 3.20: Raman spectra centered at 3000 cm-1 of silicon nitride as-sintered and glazed samples treated with SAOS-

2. The labeled bands related to an interval between 2800 cm-1 and 3000 cm-1contains some peaks which refer to 

symmetric stretching of CH and CH2 related to protein and lipids (peak 1-4). The labeled bands at about 3050-3070 

cm-1 regards to different peaks referred to a vibrational modes of aromatic amino acids residues and to symmetric C-

H stretching of aromatic and aliphatic groups of proteins (peak 5 and 6). 

Even in the case of the spectra centered at 3000 cm-1 (Figure 3.20) there are some peaks 

referred to the presence of bands assigned to the constituents of the extracellular matrix, 

which appear also in the spectra of as-sintered and glazed samples treated with SAOS-2.  
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There are peaks characteristics of symmetrical stretching of CH2 of lipids at 2885 cm-1, 

2896, 2933 and 2967 cm-1 (peaks 1,2,3,4) and of proteins at 3054 and 3065 cm -1(peaks 

5 and 6). Also in this case the highest peak is referred to the vibrational stretching of CH2 

at 2933 cm-1. The tables 3.6 shows all the peaks and their assignments. 

RAMAN SHIFT 

[cm
-1
] 

ASSIGNEMENT REFERENCE 

580 Phosphatidylinositol [243] 
591 Symmetric stretching vibration of ν4 PO4

3− 
(phosphate of HA) 

[241] 

609 Cholesterol [243] 
727 C–C stretching, proline (collagen assignment) [254] 
730  Phospatidilserine [243] 
746 T (ring breathing mode of DNA/RNA bases) [258] 
764 766 cm−1 Pyrimidine ring breathing mode [265] 
827 Proline, hydroxyproline, tyrosine, ν2 PO2− 

stretch of nucleic acids 
[241] 

853 Ring breathing mode of tyrosine and C–C 
stretch of proline ring, Structural proteins like 
collagen 

[251,252,259] 

947 Hydroxyapatite P-O symmetric stretching [240] 
960 Hydroxyapatite P-O symmetric stretching [240] 
1003 Phenylalanine (of collagen) [241] 

1044 ν3 PO4
3− (symmetric stretching vibration of ν3 

PO4
3− of HA) 

[241] 

1076 Symmetric stretching vibration of ν3 PO4
3− 

(phosphate of HA) 
[240] 

1088 ν1 CO3
2−, ν3 PO4

3−, ν(C–C) skeletal of acyl 
backbone in lipid 

[241] 

1125 ν(C–C) skeletal of acyl backbone in lipid [241] 
2854 CH2 symmetric stretch of lipids, CH2 

asymmetric stretch of lipids and proteins 
[256] 

2885 νsCH3, lipids, fatty acids [257] 
2896 C-H3 symmetric stretching [264] 
2912 CH stretch of lipids and proteins [256] 
2933 CH2 asymmetric stretch [256] 
2967 νas CH3, lipids, fatty acids, cholesterol and 

cholesterol ester 
[257,258] 

2972 νas CH3, lipids, fatty acids [257] 
3006 νas(=C-H), lipids, fatty acids [257] 
3054 vibrational modes ν of aromatic amino acid 

residues 
[260] 

3065 C-H stretching of aromatic or aliphatic groups 
of proteins 

[261] 

 

Table 3.6: Peaks assignement of silicon nitride spectra. 
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3.3.2 Laser Microscope: distribution of HA 
 

Images with 10X magnification were collected in order to observe the presence of 

hydroxyapatite and tissue growth. 

Unfortunately, due to the low amount of material, other analysis were performed to 50X  

in order to obtain appreciable results, the surface of the samples. The figures 3.21a-d show 

the samples of polished silicon nitride, Ti and Al2O3 treated with PDLSCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 
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Analyzing the results obtained from polished samples treated with mesenchymal cells of 

the periodontal ligament (PDLSCs), it is seen as the cell treatment has not led to effective 

osseointegration and formation of mineralized extracellular matrix. Indeed, through the 

images obtained by Laser Microscope it’s possible to see how the cells haven’t adhered 

to the surface if not in few areas of the samples leading to the formation of some "spots" 

where there are traces of hydroxyapatite confirmed the spectroscopic analysis. This not 

adhesion of the cells probably can be due to the conditions of cell culture. Indeed, even 

the sample of Ti, used as a positive control, hasn’t shown much more effective formation 

of hydroxyapatite. So, in all the samples, it hasn’t been possible to carry out the 

quantification of the apatite by Laser Microscope precisely due to the scarcity of material 

to be evaluated. It can suppose, therefore, that the cause of these results is not due to the 

poor roughness of the samples compared to the control. A study by Kim et al. on samples 

of Ti having different roughness and treated with PDLSCs cells have shown expression 

of all genes and enzymes responsible for cell growth, even after a few days, and even in 

the less rough samples [266]. This study can contribute to assume that the surface charge 

has not led to these results, since, as repeated, even Ti control hasn’t shown different 

behaviors. So, in the light of these consideration the main cause may coincide with a 

problem inherent to a not suitable cell culture protocol, since that despite the medium 

used and the long time taken, has not arrived at comparable results. 

 

 

 

 

 

 

(d) 

Figure 3.21: Laser micrograph of little areas characterized by the presence of mineralized extracellular matrix of 

silicon nitride polished samples: etched with HF (a), thermally oxidized (b), N2 annealed (c) and Ti control (d) 
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Chapter 4 
 

 

Conclusion 
 

 

This study was performed to test the ability of osseointegration possessed by the silicon 

nitride samples modified at the surface by verifying the formation of mineralized 

extracellular matrix, studying the mechanisms and comparing the results with other 

biomaterials commercially available like Al2O3 and Ti alloy. 

Analyzing data, it’s been possible to arrive at certain conclusions: 

- Si3N4 as-sintered samples treated with SAOS-2 present the formation of 

mineralized extracelular matrix thanks Raman spectroscopy and Laser Raman 

Microscope that indicate the presence of HA and collagen compounds; 

- N2 annealed sample has the highest quantity of HA verified by Laser Microscope 

analysis; this results probably is due to the different surface charge than the other 

samples which confer to the sample a “zwitterionic” behaviour thanks to the 

presence of negative charge (SiO-) and positive charge (NH3+); 

- The situation on N2 surface can be due, probably to the presence of β- Si(Y)AlON 

sites which can have increased positive charge distribution; 

- Glazed silicon nitride samples (polished and as-sintered) have a high volume of 

mineralized extracellular matrix on the surface on the samples, more than that 

present on the surface of Ti controls. thanks to their chemical treatment, which 

brings a layer of β-Si(Y)AlON polarizing the surface with both positive charge 

and negative charge; 

- As-sintered samples don’t present roughness difference, so it’s possible to 

suppose that the different growth of the mineralized cellular matrix, among the 

samples, is note influenced by the surface morphology; while, roughness of glazed 

samples is higher than control and probably could have influenced the cells and 

the process of osteointegration; 
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- Si3N4 polished samples used in PDLSCs treatment haven’t shown good results: 

low quantity of HA and extracellular matrix and it hasn’t been possible to verify 

the effective value by Laser Microscope; 

- Also Titanium control doesn’t show high level of adhesion, cellular proliferation 

and mineralized extracellular matrix formation; hypothesis may be due to 

experimental protocol of cell colture and not to the surface characteristics of the 

materials (surface charge, surface roughness). 
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