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Summary 
  
 
The activities performed during the present PhD thesis were focused on the 

production, synthesis process optimisation and characterisation of calcium silicate 
mesoporous bioactive glasses (MBGs) that could be used for designing advanced 
biomedical devices to promote tissue regeneration when the normal healing process 
is hindered (i.e. in the case of a delayed bone healing and non-healing skin wounds). 

In particular, the efforts were devoted to enrich the binary composition of these 
MBGs with different therapeutic ions in order to impart and enhance specific 
biological functions. The possibility to include these therapeutic species in the 
MBGs and to tailor their release allows to consider these materials as valid and 
potent alternatives to the traditional treatment in bone and wound healing 
applications.  

In this context, a library of ion-containing nanomatrices was developed by 
substituting small amount (1%, 2% or 5% mol) of CaO with the specific ion 
precursor. 

In detail, the following two types of nanomatrices were developed:  

- Nano-sized particles (100-200 nm) with pore size of about 4 nm;  
- Micro-sized particles (0.5-5 µm) with pore size of about 8 nm. 

Both types of nanomatrices were characterized by ordered mesoporous 
structure with high specific surface area and pore volume, especially for the nano-
sized particles, demonstrating that the successful ion incorporation occurred 
without hampering the formation of the mesostructure. Moreover, the bioactivity 
test performed on the nanomatrices demonstrated their good reactivity when soaked 
in Simulated Body Fluid (SBF), confirming that the incorporation of different 
metallic ions did not affect their ion exchange ability. The ion release test proved 
that all the nanomatrices were able to release the therapeutic ion with specific 
kinetics depending on the amount of the incorporated ion, the structural features of 
the nanomatrices and the release medium. 

The second aim was to find the best synthesis procedures in terms of material 
properties, scalability, safety and cost-efficiency. 

In order to achieve this goal, different synthesis procedures were tested. In 
particular, following the objective of avoiding the use of toxic solvents and 
enhancing the synthesis yield, a water-based sol-gel procedure using ammonia as 
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catalyst without sonication was selected as the best route to produce the nano-sized 
particles. 

By following the same aim, the second type of nanomatrices (micro-sized 
particles) was produced by an aerosol-assisted spray-drying approach under mild 
acidic conditions due to its scalability and repeatability in an industrial 
environment. 

To reach the final target of developing multifunctional platform able to promote 
tissue regeneration in the presence of bacterial infection, the MBGs in the SiO2-
CaO system were enriched by the following selected therapeutic ions: 

- Copper for its antibacterial, pro-osteogenic and pro-angiogenic effect  
- Cerium for the pro-osteogenic and antibacterial potential  
- Silver for its well-known antibacterial effect  

In this frame, the third aim was to investigate the therapeutic potential of these 
nanomatrices, in particular their antibacterial effect which was tested through the 
viable count test using both Gram positive (S. Aureus) and Gram negative (P. 
aeruginosa).  

In details, the different sensitivity to Cu-containing samples shown by the 
bacteria strains was attributed to the differences in the bacteria structure and 
surfaces. For what concerns the Ce-containing nanomatrices, although the 
antibacterial test demonstrated a reduction of both Gram positive and Gram 
negative bacteria strains, it was not possible to find a clear correlation between the 
results, the experimental conditions and the bacteria structure. Finally, the 
antibacterial results of the Ag-containing particles were ascribed to the presence of 
accessible metal Ag compounds which, through the direct contact and the formation 
of interactions between silver and the sulfhydryl groups of the bacterial wall, led to 
the reduction of bacterial viable species by blocking their respiration. 

 
The biological assessment performed on the optimized ion-containing 

nanomatrices leads to consider the Cu-containing MBGs as the most promising 
systems due to the possibility to find a proper therapeutic window within which 
they resulted both biocompatible and antibacterial. Among the Cu-containing 
MBGs, the MBG_SG_Cu0.5% and MBG_SD_Cu0.5%, providing the best results 
in terms of biocompatibility, deserve to be taken into account for further 
investigations, especially in terms of multifunctional systems able to release both 
therapeutic ion and specific drugs.  
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tailorable way make these materials interesting candidates for biomedical 
applications. By comparing them with drugs and growth factors, the therapeutic 
ions have the following advantages: 

1) They are less prone to the alteration during the manufacturing; 
2) They could modify cellular functions by interacting with other ions through 

the activation of ion channels or by binding with macromolecules; 
3) They are cheaper than the growth factors and recombinant proteins. 

These characteristics make these species valid and potent alternatives to the 
traditional treatments in bone and wound healing applications. In fact, the 
traditional treatments, which consist in bone grafting procedures and wound 
dressings, are not always suitable/sufficient to allow the full recovery, as 
extensively described in chapter 1.  To deal with these types of disease, pro-
osteogenic and/or pro-angiogenic effects are only two of the requested properties. 
In addition, to treat these pathologies and avoid the non-healing and inflammation 
problems, it is important to guarantee an antibacterial effect [7].  

In this scenario, the MOZART project (Mesoporous matrices for localized pH-
triggered release of therapeutic ions and drugs) was defined and planned. The final 
objective of this project, funded by the European Community (programme Horizon 
2020) and coordinated by Politecnico di Torino (Prof. C. Vitale-Brovarone), is to 
develop a library of mesoporous inorganic nanomatrices (MBGs and ordered 
mesoporous carbons, OMCs) containing therapeutic ions and loaded with specific 
drugs to be used as multifunctional platform in the treatment of delayed bone 
healing and non-healing skin wounds. In MOZART, the release of ions and drugs 
is triggered by a self-immolative polymer and the incorporation in a thermosensitive 
gel allows to introduce and maintain the particles in the site of interest. 

In this context, the present PhD thesis was focused on the study of the influence 
of different synthesis routes and the incorporation of ion on the morphology and 
structure of the developed MBGs. Moreover, the in vitro biological assessment 
allowed the evaluation of the full potential of these MBGs as biomaterials.  

In particular, the first aim of this PhD thesis was to produce calcium silicate 
mesoporous bioactive glass (MBG) particles containing different amount of 
therapeutic ions that could be used for designing advanced biomedical devices in 
tissue regeneration (i.e. the delayed bone healing and non-healing skin wounds). 
The developed MBG particles will be referred to nanomatrices within the whole 
thesis due to the presence of nanopores of regular size and shape. 

The second aim was to find the best synthesis procedures in terms of material 
properties, scalability, safety and cost-efficient synthesis routes. 

The third aim was to investigate the therapeutic potential of these nano- and 
micro-sized matrices, in particular their antibacterial effect. 

In the following figure, the thesis goals are displayed. 



 
 

 

Figure: Thesis goals 

In order to achieve these goals, the activities performed during my PhD were 
devoted to the optimisation of the synthesis procedures, as well as on the study 
regarding the most suitable amount of the ions needed for each targeted application 
and, finally, on the preliminary studies of the antibacterial properties of the ion-
containing MBGs.  

MBGs in the binary system (SiO2-CaO) were produced by using different 
synthesis routes, in order to obtain a library of materials with high specific surface 
area (in the range of hundreds m2/g) and accessible pore volume, characterised by 
different pore size and morphology. 

In details, the synthesis procedures were improved based on the results of the 
morphological and compositional characterisation and the release properties. 
Furthermore, with the aim to obtain scalable nanomatrices, the final selection of the 
synthesis routes was completed, by discarding those involving the use of toxic 
chemical reagents and several synthesis steps. During this selection process, the 
recommendations provided by Nanolith, an industrial partner of the MOZART 
consortium, were followed, in view of the effective scaling-up of the procedures in 
an industrial relevant environment (TRL 5). Among the explored routes, a 
procedure based on the aerosol assisted spray-drying approach was adopted with 
the final aim to obtain a water-based process under mild acidic conditions [8]. 
Furthermore, this approach is particularly attractive due to its scalability and 
repeatability in an industrial environment. The particles obtained through this 
procedure have micrometric dimension (0.5-5 µm) and pores ranging between 7-8 
nm. 

In order to obtain smaller particles, in the range of 100-200 nm with pores 
ranging between 2 and 4 nm, a second synthesis approach was developed by testing 
different procedures, as reported in chapter 2. In details, aiming to achieve both the 
reduction of the toxic solvents and an enhanced synthesis yield, the initial 
ultrasound-assisted method using methanol as solvent [9] was replaced by water-
based ultrasound-assisted methods. Subsequently, based on the cost-analysis 
conducted by Nanolith, the ultra-sonication step was also removed. Based on the 
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characterisation results, the water-based sol-gel procedure using ammonia as 
catalyst was chosen to produce the second type of MBGs [10].  

To reach the target of developing a multifunctional platform able to promote 
tissue regeneration in the presence of bacterial infection, the selected therapeutic 
ions were: 

- Copper for its antibacterial, pro-osteogenic and pro-angiogenic effect [11] 
- Cerium for the pro-osteogenic and antibacterial potential [12] 
- Silver for its well-known antibacterial effect [13] 

In this study, the antibacterial effect of these ions has been considered crucial 
to face the complications induced by the presence of bacteria in an open fracture or 
in a chronic wound and the current limitations and problems regarding the 
administration of antibiotics (resistant bacteria, cost) [14]. 

Focusing on chronic wounds, when the skin is not intact, bacteria could exceed 
the limits considered normal and the commensal microfloras of the human body 
could colonise in a pathogenic way. Although this still represents an open issue, it 
seems that a level of bacteria growth > 105 organisms per gram of human tissue 
(also called colony forming unit, CFU) leads to wound infection [15,16]. When the 
equilibrium between internal bacteria and host response is unbalanced, the normal 
healing process of open fracture and wound could proceed in a compromised way, 
leading to a delay in the recovery, morbidity, mortality and overall to an increase 
in the treatment cost [16,17]. Biomedical materials with antibacterial properties 
should be able to reduce/prevent the bacteria colonisation. For this reason, usually 
antibacterial tests are performed on materials to understand their antibacterial 
potential.  

In this context, during my research activity, several antibacterial tests were 
conducted aiming to understand the potential of the MBG nanomatrices. Among 
them, some antibacterial tests were carried out in a more physiologically relevant 
environment (3D skin model) to obtain a more detailed overview of both 
antibacterial potential and toxic effect of the developed nanomatrices. A 
preliminary antibacterial evaluation was carried out in collaboration with the 
Department of Materials Science and Engineering of University of Sheffield, during 
my six months period in Sheffield in the group of Prof. Sheila MacNeil (consortium 
partner in the MOZART project). Different types of antibacterial tests and 
experimental setups were explored in order to evaluate and optimize the proper 
conditions for testing the nanomatrices, as described in chapter 2. The antimicrobial 
potentials of the MBG particles and of the released ions were studied by viable 
count method using strains of S. aureus and P. aeruginosa (that are considered the 
most common bacteria strains in open wound [18]).  

To study the biological response of the developed MBGs, in vitro biological 
tests were carried out in collaboration with Nobil Bio Ricerche Srl and the 
Department of Materials Science and Engineering of the University of Sheffield, 
both consortium partners in the MOZART project. The test procedures are reported 
in chapter 2; whereas, the results are reported and discussed in the chapter 5. 
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CHAPTER 1  

State of the Art 

1.1 Introduction 

 
In this research work, a library of mesoporous bioactive glasses has been 

produced with different techniques in order to obtain scalable materials for 
biomedical applications. Some therapeutic ions were selected with the aim to 
produce multifunctional nanomatrices to be used in advanced devices for promoting 
bone healing and wound healing applications in compromised clinical situations.  

In this chapter, a literature review on bioactive glasses is given. After a brief 
and general description of the concept of biomaterials, a focus on the specific class 
of bioactive glasses is presented in section 1.3. The discovery of the bioactive 
glasses, the requirements which they have to meet, the common production 
techniques and their applications are described. In particular, in sub-sections 1.3.1 
and 1.3.2, bone healing and wound healing applications and the current approaches 
to face these clinical problems are discussed.   

In paragraph 1.4.1, the description of the sub-category related to mesoporous 
bioactive glasses containing therapeutic elements is presented. These materials are 
gaining increasing interest within the scientific community thanks to the wide range 
of possible application and the potential use as alternative treatments in place of 
conventional ones.  

Their versatility is due to the different therapeutic ions which could be used and 
to explain this concept, an exhaustive overview of the biological effect of the most 
common therapeutic ions is given. In particular, the mechanism of action is 
discussed, and an overview of the most representative results obtained for ion-
containing biomaterials is reported.  
  







 
 
1. Biocompatibility: the non-toxicity of the glasses is the main point as the 

material has to be cytocompatible and promote the cell proliferation and cell 
adhesion; 

2. No inflammatory response; 
3. Bioactivity.  

Many scientists tried to give a uniform description of the concept of 
biocompatibility but there still exists a deal of uncertainty to explain the manner 
in which a foreign material and the tissue could mutually co-exist. William in 
2008 [10] started his Leading Opinion with the consideration that 
biocompatibility  is the most important factor which distinguishes a biomaterial 
from any other material. In Table 1.1, the major features of the materials which 
may affect the host response are listed. 

It is worth noting that the host response is influenced by surface and bulk 
characteristics which interact with the materials in a different way and extent. 

 
Table 1.1: Some of material characteristics which may influence the host response [10] 

 
Other than the material variables, the reactions that may occur have to be taken 

into account to understand if the implant is successful or not. Some of the main 
phenomena are summarised in Table 1.2. 





 
 

 

Figure 1.1: Sequence of events which occurred during the inflammation and wound healing processes 
[13] 

As mentioned before, the first stage after implantation is represented by the 
interaction between blood and material through the host proteins adsorbed to the 
biomaterial interface. The types, levels and conformation of these proteins 
determine the success or the failure of such implant, and, vice versa, the types, 
concentrations and conformations of the new layer (surface-adsorbed proteins) are 
related to the biomaterial properties. The formed provisional matrix, which is the 
initial thrombus/blood clot at the interface, represents a supply of structural, 
chemical and cellular components for the following processes: the type of bioactive 
agents (cells, cytokines, growth factors..), the amount and their release kinetics 
from the provisional matrix influence the process of wound healing and 
inflammatory response. 

Then acute and chronic inflammations occur: the acute inflammation usually 
lasts less than one week, and it is governed by neutrophil and mast cells; the chronic 
inflammation, instead, is less uniform histologically and is characterised by the 
presence of mononuclear cells (lymphocytes and plasma cells). The persistence of 
the inflammatory response beyond three weeks indicates the presence of an 
infection. 

If the inflammatory responses are controlled, the granulation tissues and the 
formation of a fibrous capsule are identified by the presence of macrophages, 
fibroblasts and formation of capillaries which lead the formation of the new healing 



29 
 

tissue. Between the granulation tissue (and the following fibrous capsule) and the 
biomaterial, a one to two cell-layer of monocytes, macrophages and foreign body 
giant cells (derived by the foreign body reaction) is formed [13]. The domination 
of the body giant cell response, without control, could diminish the positive effect 
on the target cells and could lead to the degradation of the implant [13,14].  

Hence, it is clear that the events and the agents involved in the failure of an 
implant are almost the same of the healing process and the difference lies in the 
controllability and the duration of such events [14]. 

As discussed previously, the capability of the biomaterial to interact with the 
bone through the formation of a carbonate substituted hydroxyapatite-like layer 
represented a big discovery and a step forward in the medical application. The 
mechanism of bioactivity has been largely described and studied by several authors  
and it is composed by a sequence of reactions which take place on the surface in 
contact with body fluids [6,15]. As shown in Figure 1.2, the first 5 reactions, which 
occur at the interface with the fluid containing H+ and H3O+ ions, are followed by 
7 cellular-dependent reactions responsible to the proliferation and differentiation of 
osteoblast and the generation of new bone. 

The rapid exchange of Na+ from the glass surface (Si-O-Na+) with H+ and H3O+ 
ions in solution is followed by the breaking of Si-O-Si bonds of the glass which 
causes a release of Si(OH)4 in solution and the formation of silanols (Si-OH) at the 
interface. 

During the third step, the polycondensation of an amorphous SiO2-rich layer 
depleted in Na+ and Ca2+ occurs on the surface. Then, Ca2+ and PO4

3- groups migrate 
from the glass and from the solution through the SiO2-rich layer, leading to the 
deposition of an amorphous calcium phosphate layer on the top of the SiO2-rich 
layer. 

The calcium-phosphate layer continues to grow through the incorporation of 
calcium and phosphate groups from the solution and starts to crystallize, forming a 
hydroxyl carbonate apatite (HCA). 
































































































































































































































































































































































