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Abstract 

Electrospinning is a well-established technique widely used for the fabrication of 

micro- and nanofibrous mats for numerous applications, including for the 

biomedical field, e.g. drug delivery and tissue engineering scaffolds. Bioactive 

glasses (BGs) are non crystalline materials that are able to bond with living tissue 

and stimulate new tissue growth. Because of their high biomineralization ability, 

biodegradability, osteogenic and angiogenic potential, BGs are promising 

candidates for tissue-engineering applications. The aim of this master thesis 

project is the fabrication and characterization of composite electrospun fibers 

containing bioactive glass particles. Bioactive glass containing boron and copper 

have been prepared via sol-gel process and characterized using SEM, EDS, BET, 

XRD and bioactivity analysis; this part of the master thesis was performed at 

Politecnico di Torino (Turin, Italy). After that, at University Friedrich-Alexander 

of Erlangen (Germany), composite fibers were prepared using the electrospinning 

technique. For the preparation of these fibers, the following materials have been 

used: poly(ε-caprolactone), benign solvents and sol-gel bioactive glasses. The 

processing parameters have been optimized, in order to enhance the potential of 

these composite materials for tissue application. Fibers have been characterized by 

means of SEM, EDS, FTIR, water contact angle measurements, mechanical 

tensile test, bioactivity analysis, degradation test and biological assay. 
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1 Introduction 

In order to solve the lack of autografts and immune and disease problems related 

to allografts, new strategies in the tissue engineering field have been developed. 

Among them, advanced composite scaffolds, whose components are polymers and 

bioactive glasses (BGs), are gaining a lot of attention. BGs have been investigated 

and applied for decades in bone regeneration, but recent studies have also shown 

the capacity of BGs to stimulate vascularization and to heal soft tissue wounds 

[1]. Therefore, the first subchapter of the introduction describes the main 

requisites of a tissue engineering (TE) scaffold and features and advantages of 

using a composite material for these applications, paying particular attention on 

the composites composed by polymers and bioactive glasses. A brief description 

of the polymer, poly-(caprolactone), which was used during this master thesis 

work, is also given in the same chapter. 

The second introductive subchapter chapter is focused on bioactive glasses, which 

are a special subset of biocompatible glasses that can bond to hard and soft tissues 

and stimulate new tissue growth while dissolving over time [2]. During this 

experimental work, BG nanoparticles were produced using a sol-gel method. 

Therefore, the second subchapter of the introduction includes an explanation of 

historical background, different compositions, influence of ion incorporation 

(focusing on the effects of phosphorus, copper and boron) and different 

fabrication techniques (giving major attention to the sol-gel technique).  

In the third introductive subchapter, the electrospinning technique is described, 

focusing on working principles, advantages and open issues, such as the optimal 

incorporation and dispersion of bioactive glass particles in the polymeric matrix. 

The fourth chapter is based on the description of the analysis techniques, which 

have been used to characterize the bioactive glasses and the electrospun composite 

fibers. 

The analysis results are reported and discussed in the fifth chapter. 

Finally, in the sixth and last chapter the experimental work is shortly summarized 

and new future developments and applications are introduced. 
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1.1 Tissue engineering and composite scaffolds 

Disease, injury and trauma can lead to damage and degeneration of tissues in the 

human body, which necessitate treatments to facilitate their repair, replacement or 

regeneration. Treatment typically focuses on transplanting tissue from one site to 

another in the same patient (an autograft) or from one individual to another (a 

transplant or allograft). Unfortunately, both these treatments have some 

drawbacks. Harvesting autografts is expensive, painful, constrained by anatomical 

limitations and associated with donorsite morbidity due to infection and 

hematoma. Similarly, allografts and transplants also have serious constraints due 

to problems with accessing enough tissue for all of the patients who require them 

and the fact that there are risks of rejection by the patient’s immune system and 

the possibility of introducing infection or disease from the donor to the patient. 

Alternatively, in order to overcome barriers of current clinical treatments, the field 

of tissue engineering is emerging [3]. The definition of Tissue engineering (TE) 

was provided for the first time by Dr. Langer and Dr. Vacanti in 1993: “Tissue 

engineering is an interdisciplinary field which applies the principles of 

engineering and the life sciences toward the development of biological substitutes 

that restore, maintain or improve tissue function [4]. The major goal of TE is the 

regeneration of diseased or damaged tissues, instead of their replacement, 

restoring impaired function, using combinations of functional cells and scaffolds 

able to reproduce the in vivo microenvironment [5][6][7].  

1.1.1 A brief introduction to scaffolds 

Scaffolds are tridimensional structures that act as templates for tissue 

regeneration, guiding the growth of new tissue. Therefore, the scaffold role is to 

allow cells to attach, proliferate, differentiate and organize into normal, healthy 

tissue as the scaffold degrades [7].  

Scaffolds for tissue engineering should possess the following requirements: 

 structural and mechanical properties that match with of the host tissue; 

 physically stability in the implanted site; 

 biocompatibility; 

 appropriate morphology to support cell integration, adhesion and growth; 
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 high porosity and interconnection to transmit regulatory chemical signals, 

nutrients, oxygen and metabolic wastes; 

 in vivo degradation and resorption kinetics that physically support the 

regenerating tissues and allow cells to proliferate and secrete their own 

extracellular matrix, while the scaffold gradually vanishes, without 

producing toxic degradation products [5][6].  

In the past few years, various biomaterials have been used to prepare scaffolds in 

tissue engineering, including natural materials, such as collagen, gelatin and 

elastin and synthetic materials, such as poly(ε-caprolactone)(PCL), poly(glycolic 

acid)(PGA), poly(lactic acid)(PLA), poly(hydroxy alkenoates) (PHAs) and their 

copolymers. However, many biomaterials are difficult to meet the mechanical 

properties of engineering scaffolds due to their own limitations [5]. Recent 

research results have shown that mechanical properties, such as elasticity, 

stiffness and strength, are essential factors that directly influence the ability of cell 

adhesion, proliferation and differentiation [5]. 

1.1.2 Main features of a composite material 

A composite material consists of two or more type of materials (metallic, ceramic, 

or polymeric), that represent chemically distinct phases, separated by interface(s).  

The classification of engineering composite materials is based on the matrix 

materials (metals, ceramics, and polymers) or on the reinforcement 

dimensions/shapes (particulates, whiskers/short fibres, and continuous fibres) or 

on the bioactivity of composites (in case of biomedical composites where at least 

one of the constituent materials should be bioactive, which may render the 

composite bioactive) [8].  

Using the matrix material as the basis for classification, there are three types of 

biomedical composites [8]: 

 polymer matrix composites, 

 metal matrix composites,  

 ceramic matrix composites. 

Using the bioactivity of composites as the basis for classification, there are also 

three types composites [8]: 



4 
 

 bioinert composites 

 bioactive composites,  

 bioresorbable composites. 

A composite is designed to have a combination of the best characteristics of each 

of the component materials, maintaining their advantages and minimising their 

shortcomings, in order to suit better the mechanical and physiological demands of 

the host tissue [8].  

Composites of polymers and bioactive glasses are being developed with the aim to 

improve the combined mechanical properties and tissue interaction 

[9][10][11][12], imparting strength and bioactivity by an inorganic bioactive filler 

while keeping the positive properties of the polymer, such as flexibility and 

capacity to deform under loads [13][14].  

Polymers and ceramics (and glasses) that have the ability to degrade in vivo are 

ideal candidates for composite scaffolds which gradually degrade while new 

tissue is formed [15]. While massive release of acidic degradation products from 

polymers can cause a large decrease in the local pH and, consequently, 

inflammatory reactions that, in case of skin wounds lead to blisters, scar 

hyperplasia and severe wound contraction [1], the basic degradation of bioactive 

glasses could buffer the acidic products of polymers (thanks to rapid exchange of 

protons in water for alkali in the glass), thus contributing to avoid a local increase 

in acidity and subsequent formation of an unfavourable environment for cells due 

to low pH values [15][16].  

Many factors (listed below) can affect properties of biomedical composites [16]: 

 reinforcement shape, size, and size distribution; 

 reinforcement properties and volume percentage; 

 bioactivity and biostability of the reinforcement (or the matrix); 

 matrix properties (molecular weight, grain size, etc.); 

 distribution of the reinforcement in the matrix; 

 strength of interfacial bond between component materials; 

 reinforcement-matrix interfacial state. 

Bioactive glasses can be added to different polymer matrices in the form of 

micron sized or nanoscale particles or fibres [13]. However, they have been 
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resulted to be particularly successful as an agent for loading and improved 

bioactivity in the form of nanoparticle dispersion (BGNP) [27]. The larger 

specific surface area of the nanoparticles should lead to increased interface 

effects, providing a greater transfer of load from the matrix to the reinforcing 

phase, and should contribute to improved bioactivity, when compared to standard 

(μm-sized) particles [13].  

Polymer fibres may be used as the matrix material, which can provide a stronger 

and stiffer matrix than the isotropic polymer [3]. In particular, electrospun fiber 

mats are uniquely suitable for use as scaffolds because of their 3D structure with 

high porosity [7].  

1.1.3 Polymers used in the fabrication of composite materials 

Polymers used for the composites for tissue application are generally 

biodegradable, that means they have the potential to produce an implant that with 

time is substituted by living tissue [16]. Biodegradable polymers can be divided in 

two groups: natural and synthetic polymers. The use of natural biomaterials like 

proteins can be considered advantageous for TE applications due to their 

biochemical and structural similarity to the components of the native ECM. 

However, the residues from the degradation of synthetic polymers can decrease 

the local pH and can potentially cause cells and tissues necrosis, inflammatory 

and immune response in the body. 

Synthetic polymers can be produced under controlled conditions and therefore 

exhibit in general predictable and reproducible mechanical and physical properties 

such as tensile strength, elastic modulus and degradation rate. A further advantage 

is the control of material impurities. Possible risks such as toxicity, 

immunogenicity and favoring of infections are lower for pure synthetic polymers 

with constituent monomeric units having a well-known and simple structure [11]. 

Among the important synthetic biopolymers, polyesters, such as poly(lactic acid) 

(PLA), poly(glycolic acid) (PGA), polycaprolactone (PCL) and 

polyhydroxybutyrate (PHB), poly(lactic-coglycolide) (PLGA) copolymers, play 

the most important role [11][16][17].  
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1.1.3.1 Polycaprolactone 

Polycaprolactone (PCL) is a linear and aliphatic polyester, composed by nonpolar 

methylene groups and one semi-polar ester group. It was first synthesized in the 

1930s and now is widely used for drug delivery and fabrication of 3D scaffolds 

for tissue engineering applications. Its advantages include biocompatibility, 

biodegradability, melting point ranging from 55°C to 60°C, very high drug 

permeability, strong solubility, relatively slow degradation rate, formation of less 

acid products when compared to other polyesters, and blend compatibility with 

other biomaterials [55]. Moreover, PCL is elastic in nature and can be used in 

various forms such as films, fibers, and microparticles [7]. Thanks to its 

semicrystalline and hydrophobic nature, PCL can take several years to degrade in 

vivo (from 2 to 4 years, depending on the starting molecular weight). It has been 

found that the degradation of PCL system with a high molecular weight (𝑀௡ of 

50,000) requirs 3 years for complete removal from the host body. Therefore, due 

to its slow degradation rate, PCL is a good candidate for bone scaffolding 

applications. The degradation of PCL and its copolymers proceeds in two stages: 

random hydrolytic ester cleavage that occurs by uptake of water followed by the 

hydrolysis of ester bonds (de-esterification) and weight loss through the diffusion 

of oligometric species from the bulk. Once degraded, the monomeric components 

of each polymer are removed by natural pathways. The body already contains 

highly regulated mechanisms for completely removing monomeric components of 

lactic and glycolic acids. Different factors affect the degradation kinetics, such as: 

chemical composition and configurational structure, processing history, molar 

mass (𝑀௪), polydispersity (𝑀௪/𝑀௡), environmental conditions, stress and strain, 

crystallinity, device size, morphology (e.g. porosity) and chain orientation, 

distribution of chemically reactive compounds within the matrix, additives, 

presence of original monomers and overall hydrophilicity.  

Although exhibiting these advantageous properties, PCL is not bioactive [18][18]. 

Many researchers have reported that incorporation of calcium carbonate (CaCO3), 

calcium phosphate such as hydroxyapatite (HA) or  bioactive glass (BG) particles 

helped to promote mineralization of the constructs and improve osteoblast 
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proliferation and differentiation [19], having a relevant effect on osteogenesis and 

angiogenesis processes [18][20]. 

Recently, composite scaffolds, obtained by electrospun polymeric fibers 

incorporating bioactive ceramics have been investigated [21]. These composites 

phases are favored for hard tissue applications, due to their mechanical and 

biological properties, which can be tuned appropriately for cellular functions and 

bone formation [22][23]. Besides, the use of inorganic nanoparticles (NP) has 

been shown to reduce the hydrophobic behavior of PCL and, consequently, to 

accelerate its degradation process which, as mentioned above, occurs via 

hydrolytic process [24]. 

1.2 Bioactive glasses 

1.2.1 Glasses 

Glass belongs to ceramic materials group and is typically produced freezing a 

liquid, which solidifies quickly, forming an amorphous structure. The 

solidification is so fast that the crystalline lattice has no enough time to form; 

thus, glass is an isotropic solid material that is characterized only by a short-range 

order. In the disorganized lattice of glass, composed by former ions, there are 

some interstices, in which contaminants can enter. Therefore, the structure of 

glass is composed of network formers, network modifiers and intermediate 

oxides. The network formers can form glasses alone without additional 

components; the network modifiers affect the glass structure by bonding to non-

bridging oxygen atoms as Si-O-M+ where M+ is a modifier cation; the 

intermediate oxides can act either as network modifiers or enter the structure of 

glasses like network formers. Only materials with a slow crystallization velocity, 

such as SiO2, GeO2, B2O3, P2O5, can form glass [25].  

1.2.2 Bioactivity 

Bioactivity or bioreactivity refers to the capability of a material to affect its 

biological surroundings, inducing a physiological response that is supportive of 

the function and performance of the biomaterial. In bioactive glasses and 

bioactive ceramics, this term refers to the ability of implanted materials to interact 
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with surrounding living tissue, forming strong bonds to bone (and in some cases 

soft) tissue [13]. 

The first definition of bioactivity was formulated in 1974 and enunciated that a 

biomaterial was an inert substance, regarding both interaction with human 

organism and pharmacological response, designed in order to be implanted and 

incorporated in a living system. 

When implanted, bioactive materials are partially reabsorb, guaranteeing the 

formation of strong chemical bonds with the surrounding damaged tissues, 

helping the growth of new tissue. 

The bioactivity is evaluated using a parameter (IB) that links the bioactivity of the 

material to the time which is needed by the 50% of material to bond with the 

bone.   

1.2.3 Bioactive glasses 

Bioactive glasses caused a revolution in healthcare and paved the way for modern 

biomaterial-driven regenerative medicine.  

Bioactive glasses (BGs) are synthetic biomaterials, which are able to induce a 

specific biological activity, that leads to formation of an apatite layer on their 

surface, when they are exposed to physiological fluid or simulated body fluid, 

avoiding the formation of an undesirable fibrous encapsulation [11][25][26][27]. 

This layer bonds strongly to both hard and soft tissues and releases ion products 

after its dissolution [27].  

1.2.3.1 Historical background 

Bioactive glasses were firstly developed in the late 1960s [25]. The discovery of 

bioactive glasses (BGs) is attributed to Larry Hench, a research professor in the 

Department of Materials Science and Engineering at the University of Florida and 

then director of the Bioglass Research Centre at the same University [28]. Talking 

with a U.S. Army colonel just returned from the Vietnam War about the rejection 

of polymeric and metal implants, due to fibrous capsule formation, Hench was 

fascinated by the question and started developing his so-called “hypothesis of 

bioactive glass”. This hypothesis was based on two pillars: (i) metals and 

synthetic polymers elicited a “foreign body reaction” because their components 
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were completely different from those that make up living tissues, and (ii) a 

material that was able to form a bone-like hydroxyapatite layer on its surface 

should not be rejected by the body, as hydroxyapatite is the main mineral phase of 

natural bone tissue. From 1969 to 1971, Hench and his coworkers designed and 

studied different glass formulations based on the SiO2–Na2O–CaO–P2O5 oxide 

system, and they finally selected the composition 45SiO2–24.5Na2O–24.5CaO–

6P2O5 (wt%), named as 45S5 Bioglass, that was found to be able to chemical 

bond with rat bone. The high amounts of Na2O and CaO, as well as the relatively 

high CaO/P2O5 ratio of this glass make the glass surface vey reactive in 

physiological environment [7].  

It is worth noticing that the name Bioglass® was then trademarked by the 

University of Florida as the name for the original 45S5 composition and, 

therefore, it should be used only referring to that composition and not generally to 

indicate BGs.  

Since the announcement of Hench's patented Bioglass, extensive studies by in 

vitro techniques have succeeded on various bioactive silicate glasses and glass–

ceramics [29]. Over the last forty years, many new compositions and other types 

of BGs have been proposed for optimizing the body’s response for specific 

clinical applications.  

Because bioactivity and specific surface area intrinsically linked, the last decade 

has seen a focus on the development of highly porous and/or nano-sized materials 

[30]. Mesoporous bioactive glasses (MBGs) were developed first the first time in 

2004 and have rapidly gained great interest thanks to their numerous beneficial 

properties [31]; owing to their high surface area and ordered structure, they are 

optimal candidates for controlled drug-delivery systems. 

1.2.3.2 Main features and applications of bioactive glasses 

Bioactive glasses are biocompatible, as a direct result of their chemical 

compositions, which contain ions commonly found in the physiological 

environment (such as Ca2+, K+, Mg2+, Na+, etc.) and eventually other ions 

showing very limited toxicity to body tissues (such as Al3+ and Ti2+). 

BGs have the capability to degrade with controllable degradation rate, once in 

contact with biological fluids, and to bond to both soft and hard tissues, without 
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fibrous encapsulation [7][30][32][33]. In fact, they dissolve to different extents 

under biological conditions, being osteoconductive, osteoinductive (or 

osteoproductive) and even angiogenic in some compositions [25][34]. They are 

able to induce the precipitation of a biologically active, calcium–deficient, 

hydroxy carbonate apatite (HCA) surface layer at the interface between the bone 

and the implanted material, when in contact with relevant physiological fluid or 

during in vivo applications, thanks to the release of ions such as Na+, Si4
+ and Ca2+ 

and the [26][35][36]. This HCA phase is chemically and structurally equivalent to 

the mineral phase in bone, providing the interfacial bonding and chemical 

bindings with bone that ensure the osteo-integration of the implant [37].  

Moreover, it has been demonstrated that dissolution products from bioactive 

glasses upregulate the expression of genes that control osteogenesis and 

production of growth factor, and promote bone tissue regeneration, explaining the 

higher rate of bone formation in comparison to other inorganic ceramics such as 

hydroxyapatite [13][37]. Bioactive glasses have been found to support enzyme 

activity, vascularization, osteoblast adhesion/growth/differentiation and induce the 

differentiation of mesenchymal cells into osteoblasts [11][15].  

Moreover, thanks to their degradation ability, there is no need for a second 

surgery to remove these glasses from body. 

The high biomineralization ability of bioactive glasses is related to their 

composition but is also influenced by their physical properties, such as particle 

size, porosity, density, surface area, morphology and crystallinity [9][16]. Because 

bioactivity is directly related to the glass dissolution rate, it is obvious that it will 

also be dependent on its morphology. The higher the specific surface area, i.e., the 

contact surface between the material and the physiological fluid, the greater is the 

glass bioactivity. An increase in specific surface area and pore volume greatly 

accelerates the deposition of hydroxyapatite (HA) and therefore enhances the 

bioactivity [37][38][39].  

Strategies to obtain a significant specific surface area imply an increase in the 

porosity and/or a decrease in the size of the materials synthesized. Therefore, the 

bioactive behavior increases with the decrease in the particle diameter.  
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Moreover, a smaller diameter increases protein adhesion, enhances osteoblast 

proliferation or differentiation, and engenders the anti-microbial and anti-

inflammatory properties.  

Thanks to these unique features, bioactive glasses are very promising materials for 

soft and hard tissue engineering (TE) [8][31][34]. Their tissue restoration 

potential has been demonstrated through both in vivo studies and clinical practice 

[34], in particular their ability to induce the formation of a hydroxyapatite layer on 

their surface after immersion in body fluid is essential for bone regeneration in 

vivo and makes them very useful in bone tissue applications (such as bone 

fractures, bone diseases and dental applications) [2][11][15][25][35][36][40], 

whereas their biological activity to promote angiogenesis and healing processes in 

soft tissue regeneration and wound healing allows their use for soft tissue repair 

applications [25]. Early applications of bioactive glasses were in the form of solid 

pieces for small bone replacement, i.e. in middle ear surgery. Later, other clinical 

applications of bioactive glasses were proposed, for example in periodontology, 

endodontology, or as coating on metallic orthopedic implants [7][13]. More 

recently, applications of bioactive glasses in tissue engineering and regenerative 

medicine are emerging [13].  

Bioactive glass powders can be used as scaffolds materials, either as filler or 

coatings of polymer structures, or as porous materials themselves [11], sometimes 

also serving as vehicle for the local delivery of selected ions being able to control 

specific cell functions [7]. Among various morphologies of BGs, bioactive glass 

nanoparticles (BGNs) are attractive biomaterials for a large number of biomedical 

applications, due to their small size, large specific surface area, and their large 

surface to volume ratio that confer them special properties [25]. Owing to these 

attractive morphological characteristics, BGNs exhibit obvious advantages over 

their micron-sized counterparts in some applications such as TE composite 

scaffolds. Indeed, their morphological characteristics should facilitate their 

homogenous incorporation into polymer matrices for fabrication of composite 

scaffolds or bioactive coating on implants. The great potential of nanometric 

bioactive glass systems lies not only in the field of bone tissue engineering but 
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also in dentistry, for example in dentin regeneration and in the reconstruction of 

critical bone defects as well as in osteochondral and cartilage regeneration. 

Finally, it is worth noting that their size also permits them to be internalized by 

different type of cells (macrophages, bone cells, cancer cells, etc.). If well 

controlled and oriented, this could be very interesting for drug delivery and cancer 

treatment, for example [41].  

1.2.3.3 Formation of the HCA layer 

Once a bioactive glass is implanted in vivo or immersed in an aqueous phosphate 

solutions similar to body fluid, generally named as simulated body fluid in vitro 

(e.g. in SBF), it dissolves gradually and the ions released promote the growth of a 

carbonated hydroxyapatite layer at its surface. This dissolution mechanism is 

enhanced by the low connectivity of the SiO2 network, thanks to the presence of 

network modifiers, like sodium and calcium, leading to the formation of non-

bridging silicon-oxygens bonds [30]. Thus, the bioreactivity of bioactive glasses 

leads to a cascade of reactions, which leads to formation of a hydroxyapatite-like 

layer. When this event is simulated in vitro a sequence of five consecutive steps 

take place:  

i. exchange of ions (Na+, Ca2+ and PO4
3- if initially present) with Hା from 

the biological fluid, creating Si-OH bonds;  

ii. breaking of surface Si–O–Si bonds, promoted by the increase in local pH, 

and release of soluble silica, 

iii. condensation of some of the surface silanol groups that are formed in steps 

(i) and (ii) condense to form a hydrated silica-rich layer on the surface, 

depleted in modifier cations (Na+ and Ca2+ cations); 

iv. diffusion of Ca2+ and PO4
3- through the surface silica gel layer in order to 

form a superficial amorphous calcium phosphate layer, which is rich of 

calcium and phosphorus; 

v. crystallization of the amorphous layer and formation of the hydroxyapatite 

layer. Sometimes this amorphous film incorporates additional carbonate 

ions from solution and crystallizes to hydroxycarbonate apatite. 
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1.2.3.4 BG compositions and the effect of different ions 

The most investigated network formers in BGs are silica (SiO2), phosphorus 

pentoxide (P2O5), and boron trioxide (B2O3). However, the most widely used in 

biomedical applications are silica bioactive glasses, incorporating sodium, 

calcium and phosphorus in different relative proportions, but also other additional 

elements (such as fluorine, magnesium, strontium, iron, silver, boron, potassium 

or zinc) can be incorporated in the silicate network in order to confer additional 

beneficial properties [13]. The effect of different ions incorporation into the 

composition of BGs has been evaluated. A complete explanation of effect of ion 

incorporation falls outside the final purpose of this master thesis work, therefore 

only the effects of the ions that are relevant for this experimental work will be 

briefly reviewed. 

It is well known that single inorganic ions such as the ones contained in the 

glasses prepared during this master thesis work (silicon, phosphorous, calcium, 

boron and copper) play a physiological role in angiogenesis and growth and 

mineralization of bone tissue. These inorganic factors are particular interesting 

because of their low cost, high stability and potentially better clinical safety when 

compared to organic growth factors. For this reason, bioactive glasses containing 

traces of these elements have been developed and studied in the past years. 

Since calcium (Ca) and phosphorous (P) are the main components of biological 

apatite, they obviously play an essential role in bone formation and resorption. 

However, this is not the only effect of these ions.  

In addition to silicate glasses, phosphate glasses, exhibiting less pronounced 

bioactivity but high solubility in contact with biological fluids, have been 

developed. 

Calcium is also an important factor in the wound healing of skin and is supposed 

to be required for the migration of epidermal cells [1][42]. Moreover, Ca2+ ions 

can realize a synergistic antimicrobial effect with Cu2+, whose effects will be 

explain later [43]. 

Boron is one of the trace elements in the human body which plays an important 

role in many life processes including embryogenesis, bone growth and 

maintenance, immune function and psychomotor skills [44][45]. It is well known 
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that boron stimulates wound healing and improves bone health [1][46]. Different 

compositions of bioactive glasses (BGs) containing boron, including boron-doped, 

borosilicate and borate glasses, are being investigated for bone and soft tissue 

engineering under the premise that these BGs are suitable carriers of boron. Being 

boron trivalent and silicon quadrivalent, it has been speculated that the 

incorporation of boron into MBG scaffolds by replacing parts of silicon can 

significantly influence the physiochemistry and biological property of MBG 

scaffolds. Therefore, Wu et al. [44] have developed boron-doped mesoporous 

bioactive scaffolds (B-MBG) by sol-gel method, substituting some of the silicon 

in the glass composition by boron, in order to investigate the effect of boron on 

their physiochemistry and osteoblast response. By controlling the contents of 

boron in the B-MBG scaffolds, it is possible to control release kinetics of boron 

ions. Moreover, low concentrations of released boron ions are safe to human and 

can significantly improve the proliferation and the gene expression of osteoblasts 

(Col I and Rux2). Rezai Moonesi Rada et al. [47] have synthetized amorphous 

and nano-sized BGs containing boron ions in various percentage (7%, 14% and 

21%) in order to evaluate their effects on human dental pulp stem cells (hDPSCs) 

and have demonstrated that boron incorporation increase intracellular calcium 

amounts (in particular, the highest intracellular calcium amount was observed in 

glass nanoparticles with 21% of B2O3) and stimulate expression of DSPP, 

osteopontin and collagen type I. Moreover, other experimental studies have 

demonstrated that substitution of SiO2 with B2O3 can lead to a more rapid 

conversion of the glass to HAp in SBF, hence to a higher bioactivity [42][45]. The 

effect of gradual addition of B2O3 replacing SiO2 in commercial S53P4 glass 

composition on the apatite forming ability, cell proliferation and antibacterial 

properties was explored and discussed by Sakthi Prasad et al. [41]. Their results 

show that B2O3 substituted glasses exhibit improved antibacterial properties and 

better cell compatibility and proliferation, compared to base glass (BG0B). These 

glasses showed, in fact, possibility of bactericidal properties against Escherichia 

Coli bacteria compared to commercially available S53P4 glass which showed 

only bacterial inhibition.  
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Recently developed borate glasses have shown many advantages such as faster 

dissolution of ions, higher bioactivity, soft tissue repair, wound healing 

applications and blood vessel formation by release of vascular growth factors 

[48][49]. As example, it is possible to mention the boron based 45S5B bioglass 

successfully produced and characterized by Roberto Gustavo Furlan et al. [49] 

using a sol−gel process. According to their results, this glass is highly bioactive 

and safe for biological applications, showing the formation of large amounts of 

hydroxyapatite at the surface of the 45S5B bioglass after immersion in SBF and a 

cytotoxic effect similar to 45S5 under the tested conditions against eukaryotic 

OSTEO1 cells in vitro. Moreover, antibacterial effects of some borate glasses 

were studied and inhibition against various Gram-positive and Gram-negative 

bacterial species was demonstrated where borate ions were playing major part in 

exhibiting antibacterial effects. 

Copper (Cu) ions are considered as metallic angiogenic factors, due to their 

intensive involvement in blood vessel growth and endothelial cells proliferation 

[43][50][51][52]. The release of Cu2+ ions has been shown to enhance 

angiogenesis in both soft and hard tissue repair, by stabilizing the expression of 

hypoxia-inducible factor (HIF-1α) and secretion of vascular endothelial growth 

factor (VEGF); in other words copper effect is to artificially mimic hypoxia, 

which plays a critical role in the recruitment and differentiation of cells and in 

blood vessel formation [1][53][54]. The release of Cu also enhances the stem cells 

differentiation towards the osteogenic lineage, stimulating osteogenesis in osseous 

defects in vivo [43][50][55]. Borate bioactive glass (13-93 B3) microfibers doped 

with varying amounts of Cu (0e3.0 wt.% CuO) were created and evaluated in 

vitro and in vivo by Zhao et al [1]. The ionic dissolution products of these Cu-

doped glasses stimulated HUVEC migration, tubule formation and VEGF 

secretion, improved collagen deposition, maturity and orientation, and the 

expression levels of angiogenic-related genes of fibroblasts. It is also worth 

noticing that the expression degree of these genes increased with increasing Cu 

concentration in the microfibers. Therefore, these Cu-doped borate bioactive glass 

microfibers seem to be very promising candidates for use as wound dressings. 
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However, borate-based bioactive glasses are not currently approved by the US 

Food and Drug Administration for in vivo use. On the other hand, many silicate 

bioactive glasses such as 45S5 and 13–93 have been used in clinical applications 

for several years, but the effect of Cu doping on their ability to stimulate 

angiogenesis and osteogenesis has received little attention.   

Scaffolds with a grid-like microstructure composed of silicate 13–93 BG doped 

with varying amounts of copper (0–2.0 wt.% CuO) have been fabricated and 

evaluated in vitro and in vivo by Lin et al [56]. Their results show that the highest 

concentration (2.0 wt.%) significantly enhanced blood vessel area in the new 

forming fibrous tissue that infiltrated the scaffolds. 

Seza Özge Gönen et al. [57] have reported for the first time the successful 

incorporation of strontium or copper substituted bioactive glass particles into the 

gelatin/PCL nanocomposite scaffolds by means of electrospinning technique. 

These nanocomposite fiber mats combine the high bioactivity of bioactive glasses, 

the beneficial effects of therapeutic metallic ions on bone growth and an 

interconnected porous structure of electrospun nanofibers that may allow cell 

adhesion, cell invasion and vascularization. Researchers also have pointed out that 

the addition of more than 2 wt% SrO and CuO into bioactive glass composition 

may be better to improve the osteogenic, angiogenic, and antibacterial potential of 

the nanocomposite fiber mats as scaffolds for bone tissue engineering. Indeed, as 

mentioned above, incorporating copper ions (Cu2+) into the glass system, it has 

been possible to develop bioactive glasses which exhibit an antibacterial and 

antimicrobial effect [43][58]. In general, the mechanisms for this strong 

bactericidal effect are not clear but it is accepted that Cu2+ ions are small enough 

to disrupt bacterial cell membranes producing further the disruptions of enzyme 

functions [58]. 

The above reported studies are only a small part of all experiments carried out in 

order to evaluate the therapeutic effect of these ions, but a complete review of 

these experimental results falls outside of this master thesis; indeed, the aim of 

this section was only to underline the evident and well-known effects of the above 

discussed ions and justify their selection for the glass compositions used in this 

experimental work. 
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1.2.4 Preparation methods 

Controlled synthesis of BGs is critical to their effective use in biomedical 

applications since their characteristics (such as morphology and composition) 

depend on the synthesis process [25]. There are two general methods to synthesize 

the BGs: melt-quenching process and sol-gel technique [59][25][27][31][55].  

1.2.4.1 Melting technique 

The original bioactive glass developed by Hench was prepared through a 

conventional high-temperature melting process followed by a quenching step [30]. 

According to this technique, powders of inorganic precursors, such as metal 

oxides or carbides, are mixed together at more than 1300°C. Reaction conditions 

are relatively easy to achieve, but there are some drawbacks, which focus 

primarily on the inhomogeneity of the starting materials. In mixtures of two or 

more powders, complete conversion is limited by mass transport: initial reaction 

takes place at the edges of adjacent particles and, if reactant diffusion is blocked, 

areas of unreacted starting material are still present at the end of the process. 

Some of these issues can be overcome by ball-milling, reducing the particle size 

and increasing the sample surface area. However, extended heating or multiple 

treatments separated by successive sample milling steps may be required. 

Furthermore, it is often difficult to control particle morphology using solid state 

methods [60]. 

1.2.4.2 Sol-Gel technique 

Sol-gel approaches are drawing widespread attention, considering the convenience 

and versatility of tuning the properties of BGs [15].  

The fabrication of BGs using sol–gel technique was reported for the first time in 

1991, but sol–gel science dates back over 150 years. Although in 1640 van 

Helmont discovered ‘‘water glass” by dissolving silicate materials in alkali and 

then precipitating silica gel under acidic conditions, true sol–gel experiments 

began only in 1846, when Ebelmen observed the formation of a transparent glass 

after the exposure to the atmosphere of a silane obtained from SiCl4 and ethanol 
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and only in 1864 the term ‘‘sol–gel” was coined by Graham during his work on 

silica sols [27] [60][61][62].  

The sol-gel method is a wet-chemistry process that leads to the production of an 

inorganic phase (composed by inorganic polymers or ceramics) from a solution 

through the transformation of liquid precursors initially to a sol and finally to gel, 

due to the polymerization reaction of a solution containing suitable precursors that 

are chosen in order to adapt the composition of the system to the final purpose 

[25][30][60][62].  

A sol can be more generally defined as a colloidal suspension. The International 

Union of Pure and Applied Chemistry (IUPAC) define a colloidal system as a 

dispersion of one phase in another where, ‘‘the molecules or polymolecular 

particles dispersed in a medium have at least in one direction a dimension roughly 

between 1 nm and 1 mm’’ [60][63]. 

The gel state is, generally, defined as an inorganic non-fluid and highly 

interconnected tridimensional network characterized by the presence of sub-

micrometric pores and polymeric continuous chains of micrometric length that 

extend through a secondary phase, which is usually a liquid phase [60][61][62].  

According to the chosen precursors, sol-gel products can be obtained by 

[62][63][64]: 

i. gelation of a solution of colloidal powders; 

ii. hydrolysis and poly-condensation of alkoxide or nitrate precursors 

followed by hypercritical drying of the gel; 

iii. hydrolysis and polycondensation of alkoxide precursors followed by aging 

and drying under ambient atmosphere (this approach is the main one used 

for the production of biomedical bioactive sol-gel glasses). 

In the sol-gel synthesis of biomedical glasses, precursors are mixed and react 

under liquid conditions in a controlled manner, following these main steps (as 

shown in Figure 1.1) [25][62]: 

(i) mix of the precursors (that leads to the formation of covalent linkages 

between the elements) and preparation of a sol, at room temperature; 

(ii) gelation of the sol, with progressive increase in sol viscosity;  

(iii) removal of the liquid phase 
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a. aging,  

b. drying to form a dense ‘xerogel’ via collapse of the porous network 

or supercritical drying (thermal annealing) to form an aerogel; 

(iv) dehydratation or stabilization; 

(v) densification. 

Depending on the specific application, these stages can be extended, altered, or 

with the exception of solvation and gelation, removed entirely [61].  

 

 

 
Figure 1.1: Sol-gel process 

 

1.2.4.2.1 Reactions of sol-gel process 

Sol-gel processes are driven by hydrolysis and polycondensation reactions, that 

generally occur simultaneously and compete against each other until complete 

homogenization of the solution under mild reaction conditions, since condensation 

begins before hydrolysis is completed [62][64].  

The addition of water to the precursors leads to a hydrolysis reaction, during 

which the OR group is substituted by the OH as a consequence of a nucleophilic 

attack.  This substitution is necessary to create reactive groups and then activate 

the process of sol formation at room temperature and ambient pressure [62]. In 

fact, after being hydrolysed, precursors can react with other precursors, both 

hydrolysed (condensation with formation of water) or not hydrolysed 

(condensation with formation of alcohols). In order to achieve dehydration, two 

HO– groups must take part in the formation of an Si–O–Si bond, whereas 
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dealcoholation results from the direct transfer of proton to the leaving group on a 

neighboring substrate. Thus, polycondensation takes place, leading to the 

formation of a solid 3D network, which corresponds at macroscopic level with the 

gelification [62][64]. During ageing, the polymerization of non-reacted Si-OR and 

Si-OH groups occurs and, as a consequence, there is a decrease in the porosity of 

the material and an increase in strength of gel thanks to the increased connection 

and densification of the matrix [62][64]; moreover, the densification of the 

network results in expulsion of solvent [62]. The residual liquid phase is removed 

from pores during the drying step. 

To give a more detailed explanation of sol-gel reactions, the example of silica gel 

is illustrated. In case of silica gels, the following three reactions take place 

[62][64]: 

1) n Si(OR)4 + 4n H2O  n Si(OH)4 + 4n ROH 

2) n Si(OR)4 + n Si(OH)4  2n SiO2 + 4n ROH 

3) n Si(OH)4  n SiO2 + 2n H2O. 

The sol-gel reactions can be summarized as follows: n Si(OR)4 + 4n H2O  n 

SiO2 + 2n H2O. 

1.2.4.2.2 Parameters of sol-gel process 

Hydrolysis and polycondensation processes can be carefully tuned, for example 

through acid or base catalysis, to form very different structures [60], such as 3D 

gelled structures in case of acid conditions or  individual particles in case of basic 

conditions if using silicon alkoxides as precursors [25].  The structure and size of 

the resulting gel is significantly different depending on the catalyst and this is due 

to the relative rates of the hydrolysis and condensation reactions [60][65]. 

Factors that determine the kinetic constant of the reactions are reported below 

(from the most relevant to the less influential) [62][64]:  

 type and concentration of precursors; 

 in case of alkoxides precursors, ratio ‘r’ of water to alkoxide, which is the 

H2O:Si ratio in case of TEOS; 

 type and concentration of solvent; 
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 type and concentration of the electrolyte (R-group) and, consequently, pH 

value; 

 presence, type, concentration and force of catalyst; 

 ionic force of electrolytes in solution; 

 temperature; 

 pressure. 

In the final part of this paragraph, the effect of the main factors is explained, 

focusing on silicate glasses and alkoxides precursors. In fact, most of the BGs 

produced through sol-gel method are silicate glasses and the most used forming 

agents in sol-gel processes are tetra-functional alkoxid monomers where R of the 

formula Si(OR)n, is an alkyl group. Usually alkoxide-based sol–gel chemistry 

involves early transition group metals (e.g. Ti, Zr) or early p-block elements (e.g. 

Al, Si). Thus, the formation of the sol occurs through hydrolysis and partial 

condensation of metal alkoxide precursors that leads to the formation of metal–

oxo–metal or metal–hydroxy–metal bonds [60]. Therefore the glass building 

blocks are the silicate tetrahedron and metallic ions [25]. The synthesis of specific 

silicate bioactive glasses by the sol–gel technique at low temperatures using metal 

alkoxides as precursors was shown in 1991 by Li et al. [13]. 

Many experimental studies show that high value of ‘r’ promote hydrolysis (which, 

in this case, occurs before last stages of condensation are reached), but if this 

value is high and constant during the reactions, the concentration of silicates 

decreases and, consequently, also the rate of hydrolysis and condensation 

decrease, leading to an increase of gelification time.  

The sol–gel chemistry of silica is typically driven by either acid or base catalysts 

as the neutral reaction is very slow [64]. Both hydrolysis and condensation can be 

catalysed to lower their activation energy. Acid or basic condition are established 

according to the isoelectric point of silicon (pH = 2.5): if pH < 2.5 (situation that 

occurs when, for instance, one of the following catalysts is used: HF, HCl, HNO3, 

H2SO4), the catalysis is acid; if pH > 2.5 (when NH4OH or HOAc is used), the 

catalysis is basic [62].  

Reaction rates and colloidal stability in systems are directly related to the 

concentration and strength of the acid or the basis used, depending on solution pH 
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(therefore, from this point of view, both temperature and solvents used for the 

synthesis play a secondary role in the determination of the reaction kinetics): a 

decrease in pH induces protonation of leaving groups and promotes hydrolysis 

(therefore reducing the stability of the ligand in question), whereas an increase in 

pH induces deprotonation of -OH groups and promotes condensation [61][62]. 

Therefore, in acid conditions the rate of hydrolysis is more rapid than that of 

condensation, whereas condensation is faster if compared to hydrolysis in neutral 

or basic conditions (ranging from pH 7 to pH 9) [61]. However, OH- is a highly 

efficient nucleophilic species and electron transfer from –OH groups can be 

facilitated by H+ in the immediate environment [61].  

In conclusion, acid conditions allow formation of weakly branched sol and, after 

gelification process, weakly crosslinked linear polymers [63]; so, in this 

conditions it is possible to obtain mesoporous exagonal well-ordered structures 

[61]. On the other hand, basic conditions and high ‘r’ value lead to the formation 

of a very highly packed particulate sol and later to a gel-like structure, often 

without the formation of any mesopores [61]. In particular, hydrolysis of silicon 

alkoxide at appropriate pH with basic catalysts such as NH3 enables to synthesize 

monodisperse highly purified silica particles [66]. This difference in cluster 

formation is due to the solubility of resultant metal oxides in reaction medium. 

The solubility of the silicon oxide is more in alkaline medium which favors the 

inter-linking of silica clusters than acidic medium [63].  

1.2.4.2.3 Advantages of sol-gel process 

Mixing precursors at molecular level, sol–gel method offers many advantages, 

such as [30][60][61]: 

 ease of fabrication, including the possibility to produce complex inorganic 

materials such as ternary and quaternary oxides; 

 low-temperature processing; 

 possibility of produce highly homogeneous and chemically pure materials; 

 precise microstructural and chemical control that leads to produce BGs 

with tunable properties.  
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Moreover, in the sol–gel process, a gel can be formed in different ways and, 

sometimes, the same precursors can result in very different structures with only 

small changes in conditions; for example, by simply changing the pH of the 

solvent, BGs with different morphologies can be achieved [25]. Therefore, it is 

easy to shape BGs to different morphologies, such as massive materials (such as 

3D porous scaffolds), powders, micro- and nanoparticles, films, fibers or coatings 

[25][60][61].  

Thanks to low processing temperatures, it is also possible to add biomolecules and 

polymers during the synthesis process, without causing their denaturation or 

decomposition [25]. 

The sol–gel derived glasses provide:  

 higher pore volume and specific surface area (two orders of magnitude 

higher than the melt-derived ones), that lead to better bonding to living 

tissue, when use in TE implants, and allow to use them as carrier of 

absorbed drugs;  

 good degree of biocompatibility, resulting in a good cellular response; 

 higher bioactivity and higher degradation rate, with higher SiO2 limits, 

beyond which the powders lose their bioactive properties (up to 90% of 

SiO2 instead of 60% required in Bioglass): they resorb more quickly than 

melt derived glasses of similar composition, but also reducing the number 

of components gel glasses maintain their bioactivity [34], for example the 

simplified binary SiO2–CaO system obtained by the sol–gel method can be 

as bioactive as the quaternary system of 45S5 Bioglass; 

 an external surface that is rich of Si-OH groups, because the low 

elaboration temperature does not promote oxolation reactions, resulting in 

a lower connectivity of sol-gel glasses compared to melt-quenched ones. 

The presence of these superficial active sites allow easy functionalization 

by suitable biomolecules [25]. It appears that sol–gel methods hold the 

potential to apply an ever-increasing range of glass-based bioactive 

coating to materials, which have previously remained incompatible with 

alternative coating techniques [61][67].  
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1.2.4.2.4 Fabrication of bioactive glass nanoparticles 

Monodispersed spherical silicate nanoparticles (SiO2 NPs), with diameter size 

ranging from 500 nm to 2 μm, can be produced through a base-catalyzed sol-gel 

routine, carried out at room temperature and higher pH (~10), using tetraethyl 

orthosilicate (TEOS) as silicate precursor, water and/or ethanol as solvents and 

ammonia [25][68]. This method was developed by Stöber et al. in 1968 and, in 

fact, it is called the Stöber method.  

The classical, Stöber process can be modified in order to introduce other metal 

ions, such as Ca2+ and PO4
3- ions, into the silica network [30]. Metal ion 

precursors can be added during the hydrolysis and condensation of TEOS or after 

the formation of SiO2 NPs [25]. The addition of these metal ion precursors 

impacts on the surface charge of the neat SiO2 NPs and can cause nanoparticle 

aggregation or disturb the further growth of nanoparticles [25]. Therefore, the 

interactions between metal ion precursors and the colloidal SiO2 NPs must be 

carefully controlled, controlling the addition of the metal ion precursors, in order 

to achieve monodispersed spherical BGN, avoiding irregular shapes, 

inhomogeneity in size and aggregation, typical problems that can occur after these 

syntheses [25][34][60].  

 

1.3 Electrospinning 

Electrostatic spinning or electrospinning (ES) technique is a one of the major 

method for the fabrication of micro- and nanofibrous mats [69]. Because of the 

inherently high aspect ratio and specific surface area, electrospun mats are 

potentially useful for numerous applications [59][70][71]. A large fraction of 

these applications is related to the biomedical field, e.g. tissue engineering (TE) 

scaffolds for drug delivery, vascular/cartilage/nerve/skin/bone bioengineering, and 

wound healing [6][70][72]. 

Electrospinning appeared for the first time in the literature more than a century 

ago. In 1902, Cooley [73] and Morton [74], separately, patented methods and 

apparatuses for electrically dispersing fluids, a concept later known as 
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electrospinning. However, it was not until the 1990s that electrospun polymer 

nanofibers became a topic of great research interest [69][75][76]. 

1.3.1 Advantages 

 The advantages of using electrospinning to fabricate fiber mats are here briefly 

summarized [17][20][70][71][75][77][78][79][80]:  

1. It allows to produce extremely thin nonwoven continuous fibers with 

fibrillar structure and diameters in the range of sub micrometers down to 

nanometers (typically hundreds of nanometers in diameter). This ability is 

very important in TE applications, because such small-size fibers could 

physically mimic the native structure and function of the extracellular 

matrix (ECM) of a great variety of native tissues and organs, which are 

deposited and characterized by well-organized hierarchical fibrous 

structures realigning from nanometer to millimeter scale.  

2. It allows controlling morphology, porosity and composition of the fibers, 

using relatively unsophisticated equipment. Therefore, electrospun 

scaffolds can be easily tailored in accordance with the purpose of their use. 

3. It is very versatile, allowing to fabricate scaffolds from a variety of 

viscoelastic polymers, blends of different polymers, and inorganic 

materials. 

4. Electrospun scaffolds provide highly porous microstructure with 

interconnected pores, adjustable pore size distribution and extremely large 

surface-area-to-volume ratio. The highly interconnected porous structure 

of nanofibrous scaffolds (and the consequent high surface-area-to-volume 

ratio) provides an appropriate substrate for cell attachment and nutrient 

transport and, therefore, is conductive to tissue growth. 

5. It permits the easy incorporation of functional components (drugs, living 

cells, genes, enzymes, etc.), making electrospun scaffolds suitable 

candidates for tissue engineering.  

6. It is simple, cost-effective and potential for production scale-up. 
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1.3.2 Mechanismus and apparatus 

The basic electrospinning setup mainly comprised of four main parts: a glass 

syringe containing a polymer solution, a metallic needle, an adjustable high 

voltage power and a grounded or negatively charged collector (as shown in Figure 

1.2) [77][80][81].  

The principle at the basis of the electrospinning process is ‘‘electrostatic 

attraction” of charges, due to the application of a high voltage between two 

electrodes of opposite polarity, one of them located at the tip of a needle 

containing a polymer solution (or suspension or melt) and the second one on the 

collector, serving as a counterelectrode [20][76][81]. The solution has its own 

surface tension inside the syringe which can be charged outside by applying a 

high voltage power supply at the tip of the needle [76]. 

In the electrospinning technique, in order to form the jet, the conventional 

mechanical forces are replaced with electric forces; thus, this process is also 

known as electrohydrodynamic jetting [46]. 

Generally, two possible instrument configurations, such as vertical and horizontal, 

are in practice. In vertical type, the electric force is not the only one which acts on 

the polymeric jet, but fiber formation is also influenced by gravitational pull, 

whereas in the horizontal type the gravitational forces does not interfere in the 

process because the acceleration of the fiber formation is up to 600 m/s2, which is 

close to two orders of magnitude greater than the acceleration of gravitational 

forces. Because of this, it is possible to form fibers from top-down, bottom up or 

other types of arrangements [69]. 

 
Figure 1.2: Electrospinning technique 

 

Syringe 
Needle 

  Metering pump 

  High voltage supply 
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There are two different types of electrospinning: 

 solution electrospinning, in which a viscoelastic polymer is dissolved in an 

appropriate solvent;  

 melt electrospinning, in which the polymer is melted using high 

temperature (the direct write or direct writing electrospinning is a type of 

melt electrospinning). 

In both cases, a continuous filament is drawn between the collector and the needle 

tip through a spinneret (the needle) due to the existence of a high potential 

difference and later deposited on a conductive substrate (the collector). According 

to Reneker and Chun, this filamentous jet can be divided in four regions: the base, 

the jet, the splay and the collection, as follows [17][19][20][73][80][82]:  

1. After the activation of the pump, the polymer solution or melt drops from 

the end of the capillary tube. At the beginning of the process, the drop is 

held at a needle tip by surface tension, but the application of an electric 

field causes the induction of charge within the polymer. Consequently, the 

coupling of the surface charge and the external electric field create a 

charge repulsion within the solution, resulting in a tangential stress, that 

cause a deformation of the droplet shape, which is altered from a circular 

to a conical one, called a Taylor cone (base region). 

2. Increasing the electric field, when the applied electric force is able to 

overcome the surface tension forces of the polymer solution or melt, a jet 

originates from the Taylor cone and is ejected from the tip of the capillary 

tube. A stable charge jet can be formed only when the polymer solution 

has sufficient cohesive force. 

3. This polymeric jet moves in the direction of the external electric field and 

elongates according to external and internal electrical forces: it travels in a 

direct route for few seconds, known as stable zone; after passing the stable 

zone, the electric forces accelerate and stretch the polymer jet and, 

consequently, the jet becomes thinner and unstable and undergoes a series 

of electrically driven bending and whipping instabilities, which are caused 

by mutually repulsive forces resulting from the electric charges of the jets 
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and the surface tension. The diameter of the jet decreases as its length 

increases, because of the elongation and solvent evaporation.  

4. Finally, the jet gets deposited on the collector in the form of fibers. In the 

solution electrospinning, during the time of flight the solvent evaporates 

from the charged solution, so that solid fibers can be collected on the 

grounded target. 

1.3.3 Parameters 

Even if the set-up of the process is quite simple, the electrospinning process and 

the features of the obtained electrospun mats, such as fiber dimension and surface 

porosity, are affected by several parameters, making the process not easy as it 

could appear. Moreover these parameters need to be optimized in order to obtain 

the desired composite with a controlled fiber morphology and this optimization 

process is cumbersome and time consuming when compared to solvent casting or 

other fabrication techniques [17][83]. In the end, reproducibility is a well-known 

issue in research involving electrospun materials and one of the main obstacles 

preventing this processing technique to prevail into the industry. Therefore, in 

order to produce uniform and reproducible fibers, investigations on parameters 

involved in electrospinning process have been performed [84].  

 

The processing parameters could be grouped in three categories [17][20][77]: 

a) Solution parameters:  

Before illustrating the different solution parameters and their effects, it is 

important to underline that the effects of the solution properties cannot easily 

isolate since the variation of just one solution parameter can generally affect 

the others (for example, changing the conductivity can also change the 

viscosity) [77]. 

a. Solution viscosity  

The viscosity is one of the biggest determiners of fiber size and 

morphology. Solutions with optimum viscosity guarantee only 

formation of fibers with diameters in the micro to nano scale 
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dimensional range. On the other hand, solutions with both very low and 

very high viscosity lead to formation of beaded fibers [9].  

As shown by numerous experimental results, an increase of the solution 

viscosity by increasing polymer concentration and/or adding glass 

nanoparticles, results in less defects, more uniformity and bigger 

diameter. This result is achieved because the jet stretching is opposed 

by viscous forces and surface tension, so that it is obvious that a higher 

viscosity causes a lower stretching rate and thicker fibers. Moreover, 

that increase in fiber diameter is correlated directly to a decrease in the 

surface area of electrospun mats. However, for solutions that were too 

viscous, the droplet dried out at the tip of the needle, preventing 

electrospinning process and consequently fiber formation. 

b. Polymer concentration:  

At low polymer concentrations, defects in the form of beads and 

droplets have been observed. Additionally, the presence of junctions 

and bundles have been seen, indicating that the fibers were still wet 

when reaching the collector. 

c. Polymer molecular weight:  

The influence of the molecular weight of the polymer is obviously 

related to the viscosity, surface tension and conductivity of the solution. 

Indeed, the higher the molecular weight, the higher the viscosity due to 

the higher number of the chain entanglements. Consequently, solution 

of polymers with high molecular weight result in thicker fibers. Hence, 

fibers with different diameter can be produced both by different or same 

polymers with different molecular weight. 

Moreover, polymers with higher molecular weight are easier to 

electrospin since the numerous chain entanglements stabilize the 

polymeric jet.  

d. Solvent:  

The role of the solvent is extremely important because of its interaction 

with the polymer. Indeed, the solvent used has a significant influence on 
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the spinnability of the polymer solution, affecting polymer dissolution, 

solution surface tension and solvent evaporation rate:  

i. not all available solvents are able to completely dissolve the 

polymer, some of them only partially do it or cause the 

swelling of the polymer itself; 

ii. different solvents exert different surface tensions; 

iii. volatile solvents with high vapor pressures may begin to 

evaporate earlier, causing a decrease in jet diameter and 

velocity or an increase in superficial porosity and 

subsequently an increase in surface area [77]. 

Thus, the selection of a suitable solvent system is fundamental in order 

to improve the electrospinning ability of the solution [8][70][78]. 

e. Surface tension:  

It depends on the solvent used. If surface tension is too high, the 

polymeric jet is unstable and generally fibers with defects (such as 

droplets and beads) are formed. Thus, reducing the surface tension of 

the solution without changing its concentration, it is possible to obtain 

smooth fibers [76].  

f. Solution conductivity:  

Conductivity of the solution plays a key role in fiber formation process. 

It depends on polymer, solvent and presence of salts. By adding salts 

such as NaCl, KCl and KBr, the solution conductivity can be increased; 

hence, the addition of bioactive glass nanoparticles leads to an increase 

in the conductivity. Generally, an increase in conductivity corresponds 

to an increase in charge density and, consequently, results in the 

formation of thinner fibers due to the decrease in total mass transported 

between the two electrodes (mass deposition rate) [9][85]. If solution 

conductivity is too low or too high, discontinuous fibers with defects 

are obtained. In case of high conductivity value, fibers show also 

irregular diameters, due to the high instability of polymeric jet.  
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g. Charge density:  

Taylor cone formation is due to the accumulation of charge in the fluid 

and the resultant competition between surface tension and surface 

charge repulsion. Therefore, an increase in charge density in an 

electrospinning solution should influence the behavior of the fluid 

droplet: an increased charge density should result in a smaller radius of 

curvature of the tip of the Taylor cone, which in turn results in a 

concentration of electric stresses at the tip, a steeper cone, a narrower 

initial jet and a decrease in the mass deposition rate [85].  

b) Processing parameters:  

a. Voltage:  

The electrical potential is also critical to the electrospinning process, 

because it must provide a suitable level of charge to the polymer 

solution. The applied voltage directly influences the available electric 

field which in turns influences the electrostatic forces that prevail on the 

surface tension of the polymer, causing the jet expulsion. A minimum 

voltage is required so that the polymer solution can be ejected from the 

tip of the Taylor cone. When the applied voltage is increased, the 

diameter of the fibers becomes smaller due to an increase in the jet 

length correlated with the stretching of the polymer solution caused by 

higher repulsive forces within the polymer jet. Anyway, a high 

electrical potential is not desired as it may lead to bead formation or 

defects in the nanofibers [8]. However, other researchers have reported 

an increase in fiber diameter at high voltage, because a greater quantity 

of polymeric solution is ejected. Therefore, there is a discrepancy trend 

in the experiments reported in literature, showing the ambiguity of the 

influence of the applied voltage on the fiber morphology. 

b. Flow rate:  

The value of the flow rate influences fiber formation, affecting fiber 

diameter distribution, size and initiating shape of the droplet, trajectory 

of the jet, maintenance of Taylor cone, areal density and nanofiber 

morphology, or even not allowing it [21]. Uniform beadless electrospun 
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nanofibers could be prepared via a critical flow rate that varies with the 

polymer system. In general, it was found that lower flow rates yielded 

fibers with smaller diameter, allowing complete solvent evaporation 

before the jet reaches the collector, whereas higher flow rates result in 

thicker fibers, because a higher amount of polymer solution is ejected in 

the same time interval. Moreover, increasing the flow rate could also 

lead to the formation of beads, ribbon-like defects, unspun droplet and 

pores: the larger volume of solution drawn from the needle tip needs a 

longer time to dry and the residual solvent might induce the fibers to 

merge together and make webs instead of fibers or could evaporate 

developing porosity. However, the formation of beads and ribbon-like 

structures with an increased flow rate was also attributed to the low 

stretching of the solution in the flight between the needle and metallic 

collector. In conclusion, lower flow rates are more desirable as the 

solvent will have sufficient time for evaporation. 

c. Working distance (distance from the tip of the needle to collector): 

This parameter influences mainly the solvent evaporation. In case of 

short distance, there is higher control on jet instability but the solvent 

has less time to evaporate and thick defective fibers might be formed. It 

is worth noticing that a minimum distance is necessary to guarantee 

fiber formation: if the working distance is lower than this minimum 

value, the solvent has no enough time to evaporate.  

On the other hand, increasing the working distance, the diameter of the 

nanofiber decreased. Moreover, bigger distance leads also to 

discontinuity in the obtained fibers. Summarizing, a long working 

distance results in formation of discontinuous thin fibers. 

In conclusion, by fixing other thing constant, variation in the distance 

between tip and collector can have a pronounced effect on the fibers 

morphology, because it depends on the deposition time, evaporation 

rate and whipping or instability interval, and in most cases a critical 

distance needs to be maintained to prepare smooth and uniform 

electrospun nanofibers.  



33 
 

c) Set-up parameters: 

a. Collector: 

The choice of a suitable collector depends mainly on the nature of 

application associated with the fabricated nanofibers. Different types of 

collector, such as drum collector, plate collector, parallel plate, disc 

collector etc, are available. The geometry and movements of the 

collector influence the arrangement and orientation of the fibers, which 

can be casually or orderly oriented [1][9]. For example, drum collectors 

are mostly used to get well aligned and nanosized fibers in laboratory 

level experiments. Moreover, in case of a moving collector, the 

collector velocity affects fiber morphology.  

b. Needle:  

Diameter and shape of the gauge changes the fibers diameter and 

morphology respectively. Increase in gauge size effects the fibers of 

micro scale diameter meanwhile change in the shape of gauge (sphere 

and elliptic) will affect the fibers morphology [9]. 

d) Environmental parameters:  

Climate conditions have a strong influence on bead formation, fiber 

dimensions and surface textures. 

a. Temperature:  

It has been demonstrated that the surrounding temperature can leads to 

two different effect: the first one is related to the evaporation rate of the 

solvent, because at higher temperature the solvent evaporates faster; the 

second one is based on solution viscosity, which is lower at higher 

temperature due to the higher kinetic energy and resulting superior 

freedom of the polymer chains. Referring to the first mentioned effect, 

it has been observed that, increasing the temperature to the boiling point 

of the solvent used, pores were introduced on the nanofibers by the 

evaporation of the solvent molecules present on the fiber surface. If 

temperature was further increased, the solvent evaporation accelerated 

and a greater number of bigger pores was produced. 
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b. Humidity:  

Several studies have been focused on the influence of relative humidity 

(RH) in the electrospinning process and nowadays it is confirmed that 

RH can affect the fiber morphology. The main effect is related to the 

dispersion of the charges in the water vapor molecules present in the 

surroundings atmosphere. While temperature changes have only a 

moderate effect on the resulting fibers, relative humidity cause changes 

in the nanofibers diameter by controlling the solidification process of 

the charged jet [18]. Setting the temperature at 23 °C, Liliana Liverani 

et al. [13] have tested different values of relative humidity, namely 

25%, 30%, 40%, 50% and 60%, and have finally found out the 

optimized humidity value (40%) for processing neat PCL fibers. It was 

determined that in a quite wide range of RH values, between 30% and 

50%, it was possible to obtain stability in terms of fiber distribution and 

process yield, whereas the lowest and highest RH values, namely 25% 

and 60%, introduced fiber branching and non-homogeneous fiber 

diameter distribution. 

1.3.4 Use of benign solvents 

Most of the solvents suitable for electrospinning are toxic and harmful and may 

cause adverse effects to cells if not removed completely and difficulty in 

controlling pore size and pore shape. Unfortunately, they are still used because of 

their better performance in the dissolution of polymer. Despite to this trend, to 

avoid the previous mentioned disadvantages of these solvents, the concept of 

“Green Electrospinning” has been developed: recently several research works 

have focused on the use of less toxic and harmful solvents for electrospinning, i.e. 

acetic acid, formic acid and acetone [20][86]. The use of benign solvents aims to 

avoid the presence of toxic solvent residuals inside the mats which could limit 

their applications in the biomedical field. Limiting the use of harsh solvents is also 

highly beneficial in terms of processing proteins, such as collagen and other 

sensitive biomolecules, preventing their denaturation. Moreover, using benign 

solvents also brings advantages in terms of lab worker safety and environmental 
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impact [2]. However, most of these harmful solvents are not directly suitable for 

electrospinning, requiring a longer and more accurate optimization of the process. 

1.3.5 Addition of glass nanoparticles 

One of the main challenges in preparing composite fibers containing nanoparticles 

is to achieve good dispersion of the individual nano-sized (primary) particles, 

which owing to their high surface area have a strong tendency to combine 

together forming strongly bonded aggregates, which may further unite to produce 

even larger structures, commonly named ‘‘agglomerates’’ [15][90]. Decreasing 

their size, the dispersion of nanoparticles becomes increasingly difficult and can 

thus pose a challenge [28].  

Although the accepted definition of nanomaterials is that the material must have at 

least one dimension in the size range 1–100 nm, most of the reported BGN exhibit 

a size larger than 100 nm and they are actually in the submicron scale. Individual 

BGN smaller than 100 nm tend to agglomerate to larger clusters that are usually 

larger than 100 nm [24].  

To form high quality and high performance composites, the particle agglomerates 

must be broken down during composite processing into primary particles (i.e., the 

smallest particulate pieces of the minor component existing in as-fabricated or as-

received ceramic or glass powders), which must be sufficiently dispersed in the 

polymer matrix. Ideally, particles present in the composite should be in a 

dispersed state [8]. Characteristics of ceramic particles (i.e., particle morphology, 

size, etc.), interparticle attraction, particle surface treatment, and particle volume 

fraction in the composite can significantly affect particle dispersion and 

distribution in the composite [8]. Processing parameters, such as mixing mode and 

mixing time (stirring time), also affect the quality of composites produced [8][90]. 
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2 Aim of work 

The development of biomimetic materials mimicking the composition, structure, 

morphology, and bioactivity of natural tissues represents the main goal of tissue 

engineering. In this regard, the development of advanced composite nanofibrous 

scaffolds containing bioactive glasses able to enhance tissue regeneration is 

attracting significant research interest. In an effort to fabricate an innovative 

composite material, this master thesis project was focused on the fabrication and 

characterization of composite electrospun fibers containing bioactive glass 

particles incorporating boron and copper ions. For the preparation of these fibers, 

the following materials were used: poly(e-caprolactone), benign solvents and sol-

gel bioactive glasses. 
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3 Materials and methods 

3.1 Materials 

During this master thesis work the following materials were used: 

 for the synthesis of the bioactive glasses 

o distilled water 

o ethanol (EtOH) 

o nitric acid (HNO3) at 70% 

o tetraorthosilicate (TEOS) C8H20O4Si at 99% (Sigma Aldrich) 

o triethyl phosphate (TEP) C6H15O4P at 99% (Alfa Aesar) 

o calcium nitrate tetrahydrate Ca(NO3)2 ∙ 4 H2O 

o copper nitrate trihydrate Cu(NO3)2 ∙ 3 H2O (Fluka) 

o boric acid H3BO3 at 99% (Sigma Aldrich) 

o ammonia solution NH4OH at 28-30% (Emsure) 

 for the fabrication of the electrospun fibers 

o poly(ε-caprolactone) (PCL) with an average molar mass of 80 000 

(Sigma Aldrich)  

o acetic acid at 98% (AA, VWR, Germany) 

o formic acid at 98% (AA, VWR, Germany) 

o bioactive glasses previously produced at the Department of 

Applied Science and Technology (DISAT) of Politecnico di Torino 

o pluronic F-127 (Sigma Aldrich, code P2443) 

o ethanol at 96% (EtOH, VWR, Germany) 

 for the characterization of samples 

o SBF solution 

o PBS solution 

o gold and chromium for sputtering the samples before analysis with 

Field Emission Scanning Electronic Microscope (FE-SEM) 

o murine-derived stromal cells ST-2 (obtained from Leibniz-Institut 

DSMZ-Deutsche Sammlung von Mikroorganismen und 

Zellkulturen GmbH, Braunschweig, Germany) 

o trypsin (Sigma Aldrich, Munich, Germany) 
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o roswell Park Memorial Institute medium (RPMI 1640) (GibcoTM, 

Thermo Fisher Scientific, Schwerte, Germany) 

o WST-8 assay (Cell counting Kit-8, Sigma Aldrich, Munich, 

Germany) 

o fixation solution containing 1,4-piperazinediethanesulfonic acid 

buffer, ethylene glycol tetraacetic acid, polyethylene glycol, 

paraformaldehyde, DPBS and sodium hydroxide (Sigma Aldrich, 

Munich, Germany); 

o permeabilization buffer containing triton X, sucrose and PBS 

(Sigma Aldrich)  

o rhodamine phalloidin (ThermoFisher Scientific, Schwerte, 

Germany)  

o DAPI (ThermoFisher Scientific, Schwerte, Germany).  

All materials were used as received without further purification. 

3.2 Synthesis of the glasses 

The first step of this work was the selection of suitable composition and synthesis 

route for the preparation of the bioactive glasses. Therefore, before starting any 

kind of experiments, a research in the literature about already experienced 

compositions and possible synthesis for bioactive glass nanoparticles was carried 

out, in order to synthesize bioactive glass particles with average size in the 

nanometric range and an innovative composition. 

Silicate bioactive glasses, in particular in the ternary system SiO2-CaO-P2O5, are 

widely investigated [25]. Therefore, in agreement with literature studies, the glass 

77S was selected as starting composition and used as control. In an effort to 

confer angiogenic and antibacterial properties to the glasses, boron and copper 

were used as doping ions. 

The selected compositions of the glasses are reported, as follows: 

1. SiO2-CaO-P2O5 (named S) 

77 wt% SiO2 

14 wt% CaO 

9 wt% P2O5 
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2. SiO2-B2O3-CaO-P2O5 (named SB) 

62 wt% SiO2 

15 wt% B2O3 

14 wt% CaO 

9 wt% P2O5 

3. SiO2-B2O3-CaO-P2O5-CuO (named SBCu) 

62 wt% SiO2 

15 wt% B2O3 

9 wt% CaO 

9 wt% P2O5 

5 wt% CuO. 

TEOS, TEP, calcium nitrate tetrahydrate, copper nitrate trihydrate and boric acid 

were used as precursors for silice, phosphors, calcium, copper and boron, 

respectively.  

As TEOS is immiscible within water, a solvent (usually alcohol) is often added to 

the solution in order to avoid phase separation during hydrolysis and facilitate 

homogenization [62]; in this case ethyl alcohol was chosen. 

In agreement with literature, the glasses were prepared through an acid/base co-

catalyzed synthesis [3][87], following two different strategies [30], as shown in 

Figure 3.1. Both these synthesis methods differ from the original Stöber method, 

because there is an additional hydrolysis step of TEOS in acidic media (in 

particular in nitric acid) and the addition of concentrated ammonia solution 

(NH4OH). Nitric acid (HNO3) was used as hydrolysis catalyst, while the ammonia 

solution was added, in order to induce particle formation and decrease the gelation 

time (from several hours to several minutes), acting as a gelling agent and 

accelerating the condensation [65]. The first strategy involves the synthesis of 

silica nanoparticles in an acid media followed by pH increase thanks to addition 

of NH4OH and adsorption of calcium, phosphate, boron and copper ions in a basic 

condition. The second one introduces calcium, phosphate, boron and copper ions 

along with the silica precursor prior to increase the pH in order to form gel and so 

the particles.  
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Initially, in both cases, a solution of 30 ml of EtOH, 7.2 ml of H2O, 1.2 ml of 

HNO3 2M and 11.2 ml of TEOS was prepared and left under gentle and constant 

magnetic stirring for 1 h, in order to complete acid hydrolysis of TEOS. 

At this point, the two synthesis strategies diverge: according to the first method 

(called synthesis 1), NH4OH 2M was added to the initial solution (containing only 

the first precursors, in this case TEOS), which became a gel, whereas according to 

2° method (synthesis 2), NH4OH 2M was added after the addition of all other 

precursors, so that gelification occurred only at the end of the process.  

In both cases, NH4OH 2M was added dropwise during vigorous magnetic stirring 

until a final pH of 8,3 – 9 was reached. Indeed, literature results have shown that 

the size of the bioactive glass particles could be controlled by adjusting the pH 

value of the sol using ammonia solution. 

Each precursor was added at time interval of 30 min under gently magnetic 

stirring, following a fixed order. For S glasses, 11.20 ml TEOS, 0.84 ml TEP and 

2.31 g Ca(NO3)2∙4 H2O. For SB glasses, 11.20 ml TEOS, 1.04 ml TEP, 2.87 g 

Ca(NO3)2∙4 H2O and 1.30 g H3BO3. For SBCu glasses, 11.20 ml TEOS, 1.04 ml 

TEP, 1.85 g Ca(NO3)2∙4 H2O, 0.74 g Cu(NO3)2∙3 H2O and 1.30 g H3BO3.  

After addition of the last precursor (in case of synthesis 1) or of ammonia solution 

(in case of synthesis 2), the obtained gels were dried at 60 °C in a heater for 48 h 

and then calcinated at 700 °C in furnace for 2 h (annealing step). The thermal 

annealing is necessary to eliminate nitrate ions and to allow the diffusion of 

calcium/phosphorus/boron and copper ions inside the silica network. 

Summarizing, six types of glasses with three different compositions and two 

methods of synthesis were prepared: S1, S2, SB1, SB2, SBCu1 and SBCu2, 

where 1 means “prepared using synthesis 1” and 2 “using synthesis 2”, as outlined 

in the following diagrams and shown in Figure 3.1. 
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Synthesis 1: 

ethanol +  H2O + HNO3 2M 

add TEOS 

magnetic stirring for 1 h  

drop NH4OH 2M 

formation of gel 

add TEP  

magnetic stirring for 30 min 

add Ca(NO3)2 ∙4 H2O 

magnetic stirring for 30 min 

add Cu(NO3)2 ∙3 H2O and magnetic stirring for other 30 min ONLY if SBCu 

add H3BO3 and magnetic stirring for 30 min if SB and SBCu 

dry at 60°C in heater (48 h) 

annealing a 700°C in furnace (2 h) 

Synthesis 2: 

ethanol + H2O + HNO3 2M 

add TEOS 

magnetic stirring for 1 h  

add TEP  

magnetic stirring for 30 min 

add Ca(NO3)2 ∙4 H2O 

magnetic stirring for 30 min 

add Cu(NO3)2 ∙3 H2O and magnetic stirring for other 30 min ONLY if SBCu 

add H3BO3 and magnetic stirring for 30 min if SB and SBCu 

drop NH4OH 2M 

formation of gel 

dry at 60°C in heater (48 h)  

annealing at 700°C in furnace (2 h). 
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Figure 3.1: Schematic representation of sol-gel methods 

                                   



43 
 

 

Each synthesis was redone several times in order to produce around 11 g of each 

glass (as reported in Table 1). 

Table 1: Total amounts of synthetized glasses 

Glasses [g] 

S1 11.1 g 

S2 11.8 g 

SB1 11.4 g 

SB2 11.3 g 

SBCu1 11.1 g 

SBCu2 11.8 g 
 

3.3 Characterization of the glasses 

3.3.1 Morphological characterization 

The morphology of glasses was observed using the Field Emission Scanning 

Electron Microscopy (FESEM) technique. The microscope FE-SEM Gemini 

SUPRATM 40 (Zeiss, Germany) was used (see Figure 3.2). The samples were 

prepared attaching a double-side carbon tape on a specific holder (aluminium 

stub) and putting the glass powders on the upper side of this tape (as shown in 

Figure 3.2), then they were sputtered with chromium. 

    
Figure 3.2: FESEM Gemini (a) and samples (b) 

a 

b 
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3.3.2 Compositional characterization 

The glasses were characterized through the energy dispersive spectroscopy (EDS) 

using the same microscope and the same samples used for morphology 

assessment. An accelerating voltage of 20 kV was used.  

3.3.3 X-ray diffraction analysis 

X-ray diffraction (XRD) was used to verify the glasses structures. These tests 

were performed using the Bragg Brentano camera geometry and the Cu-Ka 

incident radiation (source voltage and current set at 40 kV and 30 mA, incident 

wavelength λ = 1.5405 Å, step size Δ(2θ) = 0.02°, fixed counting time of 1 s per 

step), 2θ = 10° to 70°.  

3.3.4 BET analysis 

Through the method developed by Brunauer, Emmett, Teller (BET method), it is 

possible to determine the specific surface area and the pore volume and pore 

surface distributions in the glasses [88]. The basic principle of this method is the 

physical adsorption of gases onto solid surfaces [89]. The N2 adsorption and 

desorption measurements were performed using the analyzer shown in Figure 3.3. 

Prior to the analysis, the glass samples were degassed under vacuum conditions. 

  
Figure 3.3: BET analyser 
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Figure 3.4: Example of samples for BET analysis:  

a) SB2 glass powders b) SBCu1 glass powders c) SBCu2 glass powders 

3.3.5 Acellular bioactivity test 

In order to examine in vitro their ability to mineralize, glasses were soaked in a 

solution which mimicks the human plasma. This solution, called simulated 

biologic fluid (SBF) is acellular aqueous solution, buffered at physiological pH, 

with an ionic composition and concentration similar to those of the inorganic part 

of human plasma. The SBF solution was prepared according to Kokubo protocol 

[90], by dissolving NaCl, KCl, K2HPO4∙3H2O, MgCl2∙6H2O, CaCl2, and Na2SO4 

into distilled water and buffering at pH 7.4 with tris (hydroxymethyl) 

amminomethane (HOCH2)3CNH2 (TRIS) and hydrochloric acid (HCl). 

The protocol used for the preparation of 1 liter of SBF solution is briefly reported 

below: 

 700 ml of distilled water was poured in a plastic bottle and preheated in an 

incubator in order to optimize the time necessary to reach the temperature 

of 36.5±1.5°C;  

 a pH-meter (Crison) was used to check temperature to be be sure that it is 

included in the range between 36-37 °C before adding reagents (shown in 

Figure 3.5): 

1. 8.035 g of NaCl at ≥99% 

2. 0.355 g of NaHCO3 at ≥99.5%; 

3. 0.225 g of KCl at ≥99%; 

4. 0.231 of K2HPO4∙H2O at 99.0% 

5. 0.311 g of MgCl2∙6H2O at 99.99% 

6. 39 ml of 1M HCl 

7. 0.292 g of CaCl2∙2H2O at 96.0% 

b a c 
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8. 0.072 g of Na2SO4 at ≥99%;  

 if the solution has smaller volume than 900 ml, water has to be added in 

order to reach that volume; 

 if pH value is around 2.0±1.0, carefully keeping temperature at 

36.5±1.5°C, some TRIS was slowly added until the pH of the solution 

reached 7.45±0.01;  

 when this pH value was reached, 1M HCl wad added dropwise in order to 

reduce the pH to 7.42±0.01 (it is important to notice that the minimum 

possible pH value is 7.40±0.01); 

 when a pH value between 7.40±0.01 and 7.42±0.01 was reached, TRIS 

was added again until the pH was 7.45±0.01; 

 at this point, 1M HCl was dropped again in the solution in order to lower 

the pH value and so on, continuing to add TRIS and 1M HCl until all 

TRIS (6.118 g at ≥99.8% purchased from Sigma Aldrich) was completely 

dissolved; 

 if necessary, the pH could be adjusted at 7.40±0.01 at 36.5±0.1°C by 

adding 1M HCl; 

 100 ml of de-ionized water was added in order to reach a volume of 1 l. 

 the prepared SBF solution was stored in the fridge. 

 
Figure 3.5: Chemical reagents for preparation of SBF solution 

The ratio between glass powders and SBF solution for samples soaking was 1:1, 

so 100 mg of glass were soaked in 100 ml of SBF. 

The soaking periods were 1, 3, 7, and 14 days, without renovation of SBF solution 

along the assays. To reproduce the conditions of the living organisms, making 

them as close as possible to that surrounding the glass when implanted in animals 

or humans, the samples were kept in an orbital shaker with temperature fixed at 
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37 °C and shaking movement rate at 1000 rpm (as shown in Figure 3.6). After 

being soaked, the glass powders were removed from SBF solution and rinsed with 

deionized water as described below. As much as possible SBF solution was took 

away, deoinized H2O was added and powders+H2O were poured in an eppendorf 

and centrifugated at 5000 rpm for 10 minutes. Finally, after centrifugation, water 

was removed and glass powders were dried in an incubator at 37 °C. 

The in vitro bioactivity was evaluated through pH measurements, SEM-EDS and 

XRD analysis. The pH variations were monitored throughout the bioactivity 

assay, measuring the pH after 1, 3, 5, 7, 10, 12 and 14 days, using the same pH-

meter used for preparation the solution. After immersion, the morphological 

changes on the surface were observed by SEM and XRD, whereas the chemical 

changes by EDS.  

 
Figure 3.6: Glass samples for bioactivity test 

3.4 Preparation of the solution for electrospinning 

Considering the final aim of this project, the new concept of “Benign 

electrospinning” was adopted and benign solvents were used for preparing the 

electrospinning solution.  

Moreover, due to the novelty of the combination of these glasses with PCL 

matrix, it was necessary to optimize the protocol for the glass addition. Different 

solvents and methods for addition of the glasses were tried. The first solvent 

choice was a mixture of formic acid (FA) and acetic acid (AA). Indeed, the use of 

the mixture of AA and FA for the successful electrospinning of poly(ε-

caprolactone) (PCL) has already been reported by Liliana Liverani et al. [20]. 

According to these previous literature results, with the system PCL/AA/FA using 

20 kV, 11 cm as working distance and a flow rate of 0.67 ml/h, it is possible to 
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obtain nanofibres with the typical continuous fibrous structure. So, because of the 

average size (50 nm) of the glass nanoparticles prepared at Politecnico di Torino, 

the system PCL/AA/FA was initially used. In details, PCL was dissolved at 15 

w/v% in a mixture of AA and FA and stirred on a magnetic stirring plate at 100 

rpm, until a transparent solution was obtained. In a second approach, already used 

in previous experimental works [91][18], PCL was added at 20 w/v% just in 

acetic acid, mixing overnight at 30°C until the solution became clear. Before use, 

this second solution was ultrasonicated for 1 h to ensure homogeneity. When the 

polymer solution was ready, glass powders were added, as shown in Figure 3.7. 

              

Figure 3.7: Electrospinning solution preparation 
1) PCL solution 2) addition of glass nanoparticles 

Different glass concentrations were used to investigate the electrospinnability of 

the glass/polymer dispersion and the bioactivity of the composite fibers. 

Considering the aggregation of the glass nanoparticles, in agreement with 

previous works [31], an initial glass concentration of 5%, related to polymer 

amount, was chosen and progressively increased up to 30%. 

3.5 Electrospinning process 

The electrospinning setup (Starter Kit 40 KV Web, Linari srl, Italy) used in this 

master thesis work is shown in Figure 3.8. The positive electrode of the high-

voltage power supply was clamped directly to a needle, whereas the negative 

electrode was connected to a flat collector plate, which was wrapped with 

aluminum foil acting as the conducting material which collects the fibers. 

1 2 
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Figure 3.8: Electrospinning set-up 

 

A BD plastic syringe of 3 ml with a cross-section of 0.589 sq ∙ cm was used. As 

nozzle tip for the syringe were used two different types of needles, in particular 

two single-used cannulas with a diameter of 18 G x 7/8” and 21, respectively.   

The syringe was filled with the solution and placed on the syringe pump.  

The electrospinning solution was delivered via the syringe pump for controlling 

the mass flow rate during the electrospinning process. In particular, the pump used 

is the BSP-99M Razel and required the selection of the number selector switch, in 

order to set the desired flow rate according to the equation 2.1 (available in the 

operating manual of the instrument): 

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 = 0.23446 ∙ 𝑛° 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑜𝑟 𝑟𝑎𝑡𝑒 ∙ 𝑠𝑦𝑟𝑖𝑛𝑔𝑒 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 (2.1) 

where 

 the flow rate is expressed in cc/hr 

 the number of selector rate is expressed in cm/hr 

 the syringe cross section is expressed in sq.cm. 
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Adapting the electrospinning process conditions to the different kind of solvents 

and glasses and, consequently, to the different solutions, various combinations of 

process parameters (applied voltage, flow rate and working distance) were tried, 

in order to optimize the fabrication of the composite fibers. Flowrate for each 

solution was selected according to the behavior of the first solution drop coming 

out from the needle. The distance and applied voltage chosen were selected 

according to the previous work of the group of the department of Biomaterials of 

the University FAU on the electrospinning of PCL with benign solvents [20][91], 

but, if necessary, they were changed or optimized, after looking the glass 

distribution and fibers morphology with the use of the scanning electron 

microscope.  

All electrospinning experiments were carried out at room temperature in air. 

Environmental parameters, such as temperature (T) and relative humidity (RH) 

were checked, but it was not possible to control them. 

3.6 Characterization of the fibers 

3.6.1 Morphological characterization 

The morphology and diameter of the electrospun fibers were observed and 

determined with the use of a scanning electron microscope (FE-SEM Auriga, 

Carl-Zeiss, Germany, at University Friedrich-Alexander of Erlangen-Nürnberg; 

FE-SEM Jeol JCH-6000 plus at Politecnico di Torino). To carry out SEM 

analysis, a small section of the fibers was carefully sectioned and mounted onto a 

SEM holder (on which a carbon tape was previously fixed), as shown in Figure 

3.9.  

 

 

Figure 3.9: Preparation of fiber samples for SEM (and EDS) analysis 

Before SEM analysis, the samples were sputtered with gold or with chromium at 

Politecnico di Torino (Figure 3.10). 

1 2 3 4 
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Fiber average diameters were calculated by using the software ImageJ analysis 

software (NIH, USA) on SEM micrographs. 

 
Figure 3.10: Example of fiber samples for SEM analysis 

 

3.6.2 Compositional characterization 

PCL and composite membranes were characterized by Energy dispersive 

spectroscopy (EDS), in order to evaluate glass incorporation and glass distribution 

inside the PCL matrix. 

3.6.3 FTIR analysis 

PCL and composite membranes were characterized by Fourier Transform Infrared 

(FTIR) spectroscopy, in order to obtain the spectra of the investigated samples. 

The FTIR spectrometer (Shimadzu IRAffinity-1S, Shimadzu Corp, Japan) was 

used in attenuated total reflectance (ATR), with a number of spectral scans 

selected of 40, a resolution of 40 cm-1 and a wavenumber range between 4000 and 

400 cm-1.  

3.6.4 Mechanical characterization 

Mechanical properties of electrospun fibrous mats were determined by a uniaxial 

tensile test, carried out with a uniaxial testing machine (INSTRON 5967) using a 

50 N load cell under a cross-head speed of 10 mm/min at ambient conditions. All 

samples were prepared in the form of rectangular shape with dimensions of 3x10 

mm from the electrospun fibrous membranes, cutting the mats e fixing them in a 

paper frame. The inner dimension of the frame is 10x10 mm while the external 

one is 20x20 mm (as shown in Figure 3.11). The thickness of the electrospun 

membranes was measured in 10 parts of each mat with a digital micrometer 

having a precision of 1 μm and then the measured values were averaged, but for 
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major accuracy this valued was compared with the thickness of each sample, 

which was measured in triplicate with the same digital micrometer.  

 

             
Figure 3.11: Preparation of sample for mechanical test 

The main steps of this test can be summarized, as follows: firstly, the frame was 

fixed at the machine by means of two clamps, then the frame was cut with a 

scissor and, finally, the load was applied allowing the stretching of the sample 

until its failure (see Figure 3.12). Five samples were tested for each type of 

electrospun fibrous membranes. 

 
Figure 3.12: Mechanical test – a) testing machine b) detail of broken sample 

 

3.6.5 Water Contact-Angle measurements 

Wettability and hydrophilicity/hydrophobicity of the electrospun fibers was 

measured with the use of a contact angle measurement device, dropping 3 μl of 

distilled water onto the fibrous membranes, as shown in Figure 3.13. In details, to 

carry out the contact angle measurements, a drop shape analyzer (Krüss DSA30, 

1 2 



53 
 

Hamburg, Germany) was used. Indeed, the contact angle is the angle where a 

liquid–vapor interface meets a solid surface and indicates the wetting ability of the 

materials. A small piece of the fiber mat was cut and gently placed on a support. 

The contact angles of the mats were calculated automatically. At least three 

measurements were performed for each type of electrospun fibrous membranes, 

by evaluating the contact angle value for each second in a time frame of 10 

seconds.  

 
Figure 3.13: Contact angle measurements set-up 

3.6.6 Acellular bioactivity test 

The acellular bioactivity of the samples containing bioactive glasses was 

evaluated by immersing them into SBF solution, which was prepared following 

the Kokubo’s protocol. Before immersion in SBF, the electrospun mats were fixed 

on cylindrical scaffold holders (called scaffoldex), which were printed using a 3D 

printer.  

The protocol used for the preparation of 1 liter of SBF solution is analogous to the 

one used at Politecnico di Torino. In this case, the quantities and purities of the 

reagents used were: 8.0756 g of NaCl at 99.0%, 0.3532 g of NaHCO3 at 100.0%, 

0.2250 g of KCl at 99.5%, 0.2310 g of K2HPO4∙H2O at 99.0%, 0.3033 g of 

MgCl2∙6H2O at 100.5%, 39 ml of 1M HCl, 0.3638 g of CaCl2∙2H2O at 101.0%, 

0.0716 g of Na2SO4 at 99.6% and 6.0568 g of TRIS at 100%. 
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Figure 3.14: Set-up for preparation of SBF solution 

The volume of SBF solution employed for testing was calculated according to the 

following equation 𝑉௦ = 𝑆௧௢௧/10 where 𝑉௦ denotes the volume of SBF in terms of 

ml and 𝑆௧௢௧ is the surface area in terms of square millimeter, calculated as 𝑆௧௢௧ =

2𝑆௜ (𝑆௜ is the inner area of the holder, which represent the minimal useful area; 

that value was multiplicated for 2 in order to consider both sides of the 

membrane).  

 

Figure 3.15: Preparation of sample for acellular bioactivity test 

The samples were kept in a polypropylene falkon tube at 37 °C in an incubator on 

an oscillating tray for up to 21 days, without renewing the SBF solution. A falcon 

tube containing SBF solution was used as a control, in order to control over time 

the stability of the testing solution. After immersion in SBF, the samples were 

analyzed using SEM-EDS and FTIR. Before carrying out these analyses, the 

samples were gently rinsed three times with deionized water and dried under 

fumehood. The pH in the SBF solution was also investigated for each time point. 
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3.6.7 Degradation test 

For evaluating the possible morphological modifications and degradation of the 

fabricated composites due to hydrolysis reaction, the electrospun mats were 

immersed in a phosphate buffered saline solution (PBS) up to 7 days. The PBS 

solution was prepared dissolving 1 specific commercial tablet in 100 ml of 

distilled water. For carrying out the experiment, a volume of PBS identical to the 

volume of SBF (used for the mineralization test) was used. The samples, fixed on 

cylindrical scaffold supports (analogously to the SBF test), were inserted in a 

polypropylene falkon tube, filled with PBS solution, and incubated in an orbital 

shaker at 37°C and at 90 rpm.  

The experiment was carried out in triplicate and two time points were selected: 

 1 day 

 7 days. 

At each time point, the pH was measured. A falcon tube containing only PBS 

solution was used as a reference for pH measurements. 

After immersion in PBS, the samples were gently rinsed three times with 

deionized water and dried under fumehood and then analyzed using SEM and 

FTIR. 

3.6.8 Biological assay 

For the biological assay an adapted protocol from a previous work [91] was used.  

Bone murine stromal cells ST-2 cell line (Leibniz-Institut DSMZ – German 

Collection of Microorganisns and Cell Cultures GmbH, Germany) was used to 

assess cell viability and morphology on the electrospun mats. All the samples 

were cut and fixed on appropriate sample holders (Scaffdex) and put in 24-

multiwell and disinfected by exposure to UV light for 1 hour. Neat PCL 

electrospun fibers were used as control. 

ST-2 cells were cultured in RPMI 1640 medium (Thermo Fisher Scientific), 

supplemented with 10% fetal bovine serum (Lonza) and 1% 

penicillin/streptomycin (Lonza) and incubated at 37°C with 5% CO2. The seeding 

on the electrospun mats was performed with drop seeding, in which a drop of 100 
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ul of cell suspension with inoculum ratio of 1.65·105 cells/mL was put in the 

center of the mats. 15 minutes after the deposition of the drop, 1 mL of RPMI 

medium was added to each well. To assess cell viability, WST-8 assay was 

performed 1 day and 7 days after the seeding ((2-(2-methoxy-4-nitrophenyl)-3-(4-

nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt), Sigma).  

Fluorescence microscopy was used to investigate the morphology of the cells 

adherent on the substrate. In particular, as dye rhodamine phalloidin and DAPI 

(ThermoFisher Scientific) were used for the staining of actin filament and cell 

nuclei, respectively. The protocol for the staining contains initial step of 

immersion of the samples in fixation solution (1,4-piperazinediethanesulfonic acid 

buffer, ethylene glycol tetraacetic acid, polyethylene glycol, paraformaldehyde, 

PBS and sodium hydroxide (Sigma)) and permeabilization buffer. Subsequently, 

rhodamine phalloidin and DAPI were added in the concentration of 8µL/mL and 

1µL/mL to each well, respectively. Fluorescent microscope (Axio Scope A1, 

Zeiss) was used for the analysis.  

3.6.9 Stability test 

Glasses (S2, SB2 and SBCu2) were immersed up to 1 hour in AA in same ratio 

used for electrospinning solution (as shown in Figure 3.16) and then, after 

removing the acid, dried under fumehood for 48 hours. The morphology of the 

glasses immersed in AA was observed using FE-SEM. The mineralization ability 

of these glasses was also tested, immersing them in SBF solution up to 14 days. 

The pH of each sample was measured after 1, 3, 7, 10, 12 and 14 days. At each 

time point same samples were removed from SBF solution, rinsed with distilled 

water (centrifuging them for 10 min at 5000 rpm), dried in a heater at 37 °C and 

analysed with FE-SEM, FTIR and XRD.  

 
Figure 3.16: Glasses soaked in acetic acid 
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4 Results and discussion 

4.1 Features of prepared glasses 

4.1.1 Morphological characterization 

SEM images of all synthetized glasses are reported below (Figure 4.1, Figure 4.2, 

Figure 4.3, Figure 4.4, Figure 4.5, Figure 4.6, Figure 4.7, Figure 4.8, Figure 4.9, 

Figure 4.10, Figure 4.11, Figure 4.12, Figure 4.13, Figure 4.14, Figure 4.15). 

  
Figure 4.1: SEM micrographs at 10K X of S1 (a) and S2 (b) 

  
Figure 4.2: SEM micrographs at 30K X of S1 (a) and S2 (b) 

  
Figure 4.3: SEM micrographs at 50K X of S1 (a) and S2 (b)  

a b 

a b 

a b 



58 
 

  
Figure 4.4: SEM micrographs at 10K X of SB1 (a) and SB2 (b) 

 
Figure 4.5: SEM micrographs at 30K X of SB1 (a) and SB2 (b) 

  
Figure 4.6: SEM micrographs at 10K X of SBCu1 (a) and SBCu2 (b) 

  
Figure 4.7: SEM micrographs at 30K X of SBCu1 (a) and SBCu2 (b) 

a b 

a b 

a b 

a b 
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Figure 4.8: SEM micrograph at 100K X of S1 

 
Figure 4.9: SEM micrograph at 50K X of S2  
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Figure 4.10: SEM micrographs at 100K X of SB1  

 
Figure 4.11: SEM micrographs at 150K X of SB1 
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Figure 4.12: SEM micrographs at 100K X of SB2  

 
Figure 4.13: SEM micrograph at 100K X of SBCu1 
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Figure 4.14: SEM micrograph at 100K X of SBCu2 

 
Figure 4.15: SEM micrograph at 100K X of SBCu2 
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As expected, nanosized round-shaped particles have been obtained for all 

syntheses and compositions. The morphology and particles size did not change 

significantly with the incorporation of boron and copper. In fact, according to 

Labbaf et al. spherical shape is in part due to the use of ammonium hydroxide as 

catalyst [92].  

However, even though literature results show that, when using a base catalyst to 

control the condensation reaction, particles do not assemble, the nanoparticles are 

very aggregated. Indeed, nanosized particles with curvilinear edges and voids 

among them were observed. As previously proved by many literature results, it is 

very difficult to obtain disaggregated particles in the nanometric dimensional 

range, because particles size decrease is inversely proportional to their surface 

energy increases and, consequently, due to this increase in their surface energy, 

they tend to agglomerate.  

The mean particle size of all glasses is smaller than 100 nm and the predominant 

diameter seems to be 50 nm, although it is difficult to measure the effective 

particle size due to particle agglomeration. In any case, this is a remarkable result 

if compared to literature. As comparative example, the following sol-gel synthesis 

experimental works are reported. In 2009, Lei et al. [93] have synthetized SiO-

P2O5-CaO spherical mesoporous particles with a narrow size distribution of about 

2–5 μm. In 2010, following a sol-gel route similar to the synthesis 2 carried out 

during this master thesis work, El-Kady et al. have obtained bioactive glass 

nanoparticles composed of 60% SiO2, 36% CaO, 4% P2O5 (wt%) having most of 

their grains smaller than 100 nm [94]. In 2010, Mozafari et al. [95] prepared glass 

particles with a composition of 64% SiO2, 5% P2O5, and 31% CaO (mol%) and 

grain size in the range of 100–200 nm. In the same year, through an acid-catalysed 

sol-gel synthesis, Zhao et al. [96] have obtained BG mesoporous microspheres 

with fixed calcium content (15 mol%) and different contents of SiO2 (70 mol%, 

75 mol% and 80 mol%) and P2O5 (5 mol%, 10 mol% and 15 mol%, that show 

diameters ranging from 4 m to 5 μm (the lowest size was obtained for glasses with 

the highest content of phosphorus, demonstrating the inhibiting effect of P on the 

particle size). It is interesting to observe that these researchers have mixed glass 

precursors in a mixture of water, ethanol and nitric acid (used as catalyst), 
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analogously it has been done in this work, but they also adopted two surfactants 

(P123 and CTAB) to facilitate the formation of particles with spherical shape.  

 

4.1.2 Compositional characterization 

The elemental composition of pure and doped BG was confirmed by EDS 

analysis. Estimation of element concentration are reported in Table 2, Table 3 and 

Table 4 and related compositional spectra are shown in Figure 4.16,  Figure 4.17 

and Figure 4.18. 

EDS patterns indicate that: 

 both S glasses are chemically composed of Si, Ca, P and O; 

 both SB glasses are chemically composed of Si, Ca, P, B and O; 

 both SBCu glasses are chemically composed by Si, Ca, P, B, Cu and O. 

Moreover, it is immediately possible to observe that no peaks correspond to any 

impurity element and higher is the element concentration, higher is the intensity 

of peaks assigned to the metals. 

However, these results show that P content is underestimated, indicating that 

some of the phosphorus was not absorbed during the sol–gel reactions and 

remained in solution. This lower actual P content is particularly evident in case of 

doped BG, as previously observed in other experimental studies [97]. Moreover, 

glasses obtained through synthesis 1 contain less phosphorus, probably because, 

after gelification, there is much more competition between ions in order to enter 

the silica network.  

A comparison between pure glasses (S glasses) and doped glasses (SB and SBCu 

glasses) also underlines a slight difference in the element distribution in the three 

different analysed domains of the samples: elements are more homogeneously 

distributed in case of glasses containing boron and copper. However, it is 

important to highlight that EDS analysis were not able to identify and quantify the 

boron amount. 
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Comparison of S glasses:  

Table 2: Comparison of atomic% between S1 and S2 

S glasses 

element at% theor. 
S1 S2 

at% EDS wt% EDS at% EDS wt% EDS 

Si 77.3 82.6 ± 1.2 78.0 ± 2.1 82.6 ± 1.6 78.0 ± 2.1 

P 7.6 4.9 ± 0.6 5.1 ± 0.1 4.9 ± 0.1 5.1 ± 0.1 

Ca 15.1 12.6 ± 0.9 16.9 ± 2.2 12.6 ± 1.7 16.9 ± 2.2 
 

  
Figure 4.16: EDS spectra of S1 (a) and S2 (b) 

 

 

 

Comparison of SB glasses: 

Table 3: Comparison of atomic% between SB1 and SB2 

SB glasses 

element at% theor. SB1 SB2 

  with B without B at% EDS wt% EDS at% EDS wt% EDS 

B 24.5 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Si 59.1 78.2 78.2 ± 78.3 72.9 ± 1.1 81.4 ± 2.5 75.9 ± 2.9 

P 7.2 9.6 9.6 ± 5.8 5.9 ± 0.4 2.2 ± 0.9 2.3 ± 1.0 

Ca 9.2 12.2 12.2 ± 16.0 21.2 ± 0.9 16.4 ± 1.8 21.8 ± 2.2 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.17: EDS spectra of SB1 (a) and SB2 (b) 

b a 

a b 
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Comparison of SBCu glasses 

 
Table 4: Comparison of atomic% between SBCu1 and SBCu2 

SBCu glasses 

element at% theor. SBCu1 SBCu2 

  with B without B at% EDS wt% EDS at% EDS wt% EDS 

B 23.7 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Si 57.0 74.7 77.5 ± 0.4 68.6 ± 0.7 79.7 ± 1.3 70.7 ± 1.9 

P 7.0 9.2 6.2 ± 0.3 6.0 ± 0.3 2.5 ± 0.4 2.4 ± 0.5 

Ca 8.9 11.6 9.9 ± 0.7 12.6 ± 1.0 11.9 ± 0.7 15.0 ± 1.0 

Cu 3.4 4.5 6.4 ± 0.7 12.9 ± 1.3 5.9 ± 0.2 11.9 ± 0.4 
 
 

 
Figure 4.18: EDS spectra of SBCu1 (a) and SBCu2 (b) 

4.1.3 4.1.3 4.1.3 
4.1.3 X-ray diffraction analysis 

The prepared glass powders were studied by x-ray diffraction (XRD) 

measurements in order to assess their structure. As expected, the XRD pattern 

(reported in Figure 4.19 and Figure 4.20) shows a typical broad halo between 15° 

and 30° which is corresponding to the amorphous phase of glass (underlined by 

the two lines in Figure 4.19) [98][65][99][53][55][100][101][102]. 

a b 
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Figure 4.19: XRD spectrum of S1 as example 

 

All XRD patterns are similar with no big difference in pure and doped glasses, in 

agreement with other experimental works [103] (as shown in Figure 4.20). 

  
Figure 4.20: XRD spectra comparison of glasses S1 (a), S2 (b), SB1 (c), SB2 (d), SBCu1 (e) and SBCu2 (f) 
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However, some peaks are present and indicate the existence of a crystalline phase. 

Indeed, although a very wide diffraction maxima can be observed between 15° 

and 35°, a sharp maxima around 32° and two smaller peaks at 40° and 50° are 

visible, as shown in the spectrum reported as example in Figure 4.21.  

These peaks can probably attributed to a calcium silicate Ca2SiO4 [104], or to 

hydroxyapatite [48], as calculated using a computer program (X’Pert Highscore) 

and in agreement with literature results, as shown in Figure 4.21,  Figure 4.22,  

and Figure 4.23. These peaks could be also attributed to boron oxide B2O3 [105], 

but this hypothesis was rejected, because they are present in all XRD spectra, 

including S glasses with nominal composition of 77 wt% SiO2, 14 wt% CaO and 

9 wt% P2O5. 

Moreover, they are more evident in case of glasses prepared by synthesis 2, in 

particular in XRD spectra of doped glasses (SB and SBCu glasses), confirming 

the difficulty to obtain completely amorphous glasses in case of addition of 

elements such as boron and copper [102]. 

 

 
Figure 4.21: trend of peaks in the XRD spectrum of SB1 

 

In Figure 4.22 peaks of calcium silicate that were identified in XRD spectrum of 

SB1 are reported, showing a good matching between typical peaks of Ca2SiO4 and 

peaks which were measured in SB1. 
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Figure 4.22: peaks of Ca2SiO4 in SB1  

where a) trend of peaks and b) pattern)  
 

 

Peaks and related pattern of B2O3 and their comparison with peaks present in 

XRD spectra of SB1 are reported in Figure 4.23. 
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Figure 4.23: peaks of B2O3 in SB1 

where a) trend of peaks and b) pattern 
 

Similar results were reported by Moorthi et al. [106], who synthesized BG 

nanoparticles mixing an acid solution of calcium nitrate and TEOS into a mixture 

of ethanol:water (1:2 ratio) and a basic solution of diammonium hydrogen 

orthophosphate and PEG; the pH of the first solution was maintained around 2 by 

the addition of 1 M citric acid, whereas the pH of the second one was maintained 

to 10 by adding ammoniated water. After calcination at 700 °C, they obtained 

semicrystalline particles containing β-tricalcium phosphate Ca3(PO4)2 (JCPDS 

No. 09-0169) and wollastonite CaSiO3 (JCPDS No. 19-0248) phases. Ahmadi et 
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al. [107] have synthesized BG nanoparticles via an acid-catalysed sol-gel method 

using the same precursors and the same acidifing agent (nitric acid) emploied 

during this master thesis work and discovered into the XRD patterns of their 

particles some peaks with very low intensity related to different crystalline phases, 

including CaSiO3 (JCPDS 42-0547) and pseudowollastonite Ca3(Si3O9) (JCPDS 

74-0874).  

Taking into consideration the above reported results, the presence of a crystalline 

phase in the amorphous network of the synthetized glass particles can be related 

to the calcination step at 600°C. In any case, extended studies on the different 

synthesis stages should be done in order to understand chemical reactions and 

nucleation mechanisms on the glassy nature of the synthetized glasses. 

4.1.4 BET analysis  

The total area of the glasses prepared using synthesis 1 is bigger, as shown in 

Table 5. Moreover, the glasses containing copper (SBCu1 and SBCu2) have a 

smaller area. It is worth noticing that BET surface gives a correct value for the 

entire surface accessible to nitrogen and the available area is strongly dependent 

on the extent of surface roughness and porosity and the dimensions of the 

adsorbed molecules [108]. Because glasses produced in both acidic and basic 

media are made of coalesced nanoparticles, they present a lot of inter-particular 

interstices. 

 
Table 5: Values of surface areas calculated by BET 

Surface area [m²/g] 

glasses synthesis 1 synthesis 2 

S 
(S1) (S2) 

243.7 m²/g 192.6 m²/g 

SB 
(SB1) (SB2) 

131.8 m²/g 68.7 m²/g 

SBCu 
(SBCu1) (SBCu2) 

66.5 m²/g 55.1 m²/g 
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4.1.5 Acellular bioactivity test 

Variations versus soaking time of element concentrations and solution pH, as well 

as changes in the glass surface are related to the rate of biomineralization of the 

bioactive glasses after immersion in simulated body fluid (SBF). 

In graph in Figure 4.24 are represented the trends of pH values during immersion 

time of the six glasses in SBF.  

It is evident that pH does not vary very much up to 14 days, remaining in the 

range 7.34–7.56. However, a slight increase in pH value by increasing immersion 

time can be observed, in agreement with literature results 

[95][96][109][110][104][107], although this increase seems to be slower if 

compared to similar glass composition, probably because of the different element 

percentage, in particular the low amount of phosphorus really incorporated in the 

glasses that have been synthetized during this master thesis work, and the 

different particle structure. For example, Mozafari et al. [95] have carried out an 

acelluar bioactivity test of mesoporous BG nanoparticles with the composition 

64% SiO2, 5% P2O5 and 31% CaO (based on mol%) and have reported that pH 

increased up to 8 during the first 7 days of immersion and then slowly up to 8.3 

until 14 days, confirming that mesoporous glasses have a higher in vitro 

reactivity.  

Moreover, pH trends show some fluctuations that can be attributed to ion 

exchange between the SBF solution and the glass powders or to the different 

temperature at which pH was measured, although it has been always paid 

attention to measure the pH mantaining the temperature of the solution in the 

same range (34°C-36°C). 

Variations in pH values have been also recorded by Simogaki et al. [111], who 

prepared monodisperse silica-based spheres containing phosphorus and calcium 

by the modified Stöber’s sol–gel method. They measured a slight pH increase 

during the two first days of immersion, followed by a slower increase (from 7.7 to 

7.8) after 15 days in SBF. After this initial increase, pH decreased between the 15 

and 21 days to 7.6. After that, the pH values increase again slowly to reach a 

value around 7.5 – 7.8 at 30 days of soaking. Indeed, firstly a rapid exchange 

between Ca2+ with H+ or H3O+ from SBF occurred, causing hydrolysis of the 
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silica groups. Consequently, soluble silica is lost in the form of Si(OH)4 to the 

solution and creates silanol (Si-OH) groups at the glass solution interface. This 

process leads to an initial increase in the pH of the solution, as a result of 

replacement of H+ ions in the solution by cations as a consequence of the release 

in Ca2+ ions from glass to SBF and the uptake of H+ present in the SBF by the 

glass surface. After that, the cation exchange increases the hydroxyl concentration 

of the solution, which leads to attack of the silica glass network and an increase in 

Si concentration on glass surface with soaking time. When the third stage of 

formation of the hydroxyapatite-like layer occurred, condensation and 

repolymerisation of a SiO2-rich layer on the surface exhaust alkalis and alkali-

earth cations, causing a gradually decrease in P and Ca concentrations and a new 

small and slow increase in pH. After that Ca2+ and PO4 
3− groups migrate to the 

surface through the SiO2-rich layer, forming a CaO–P2O5-rich film on top of the 

SiO2-rich layer, followed by growth of the amorphous CaO–P2O5-rich film by 

incorporation of soluble calcium and phosphates from solution, that results in a 

change in Ca and P ion levels. Finally, a HA layer is formed on the top of the 

glass surface thanks to the crystallization of the amorphous CaO–P2O5 film by 

incorporation of OH− and CO3
2− anions from the SBF solution 

[95][40][112][113][114]. 

It is worth mentioning that glasses containing boron seem to show a flatter trend, 

characterized by lower pH values, probably due to the buffering effect of boron, 

showing pH values and trends similar to a previous work of Mancuso et al. [48], 

who supposed that the almost stable measured pH values might be governed by 

the total sum of both basic and acidic ion concentration present in the glass 

composition. A quick alkali-mediated sol-gel method, which show some 

similarities with the one adopted during this master thesis work, was used by 

Moonaki et al. to synthesize BGs from TEOS, TEP and Ca(NO3)2 [47]. In details 

TEOS was mixed in 2M nitric acid and distilled water to undergo acid hydrolysis 

for 1 h and after the addition of the other precursors, 1 M NH3 solution was added 

until gelation occurred; after that gel was dried at 60 °C for 24 h and a heat 

treatment at 600 °C was applied for 2 h in a muffle furnace. In order to synthetize 

boron-doped BGs, different quantities of H3BO3 were added to the mixture 30 
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min after the addition of TEOS. Their results show that pH change was slower for 

highest B group (21%), especially for the first 3 days. Other studies show that 

borate glasses attained a constant value in a quite shorter time compared to the 

silicate glass (∼500 h for silicate glass and ∼50 h for borate glass) and the final 

pH value of the borate glass (9.6) was much lower than that of the silicate glass 

(11.5). The increase in pH is due to the fact that strongly basic NaOH overpowers 

the weak acidic nature of B(OH)3 and Si(OH)4. When all the Na2O dissolves 

rapidly, the pH reaches its final value and since B(OH)3 has stronger acidic nature 

than Si(OH)4, the borate glass exhibits lower pH value than the silicate glass.  

It is also possible to observe that SBCu glasses show the lowest pH values; this 

seems to confirm previous literature results with copper-doped bioactive glass 

[115]. In fact, Koohkan et al. have demonstrated that calcium phosphate 

precipitation can occur at lower pH (less than 8) in case of the 68SiO2–23CaO–

4P2O5–CuO (mol%) bioactive glass, which was synthetized during their 

experimental work.  

In conclusion, the pH decrease between the different type of glass follows the 

ranking S > SB > SBCu. However, it is important to underline that the variation 

range is very small. Moreover, slight difference in pH values could be attributed 

to difference in measurement temperature. It is interesting to mention that similar 

pH values around 7 are usually considered optimal in provision of future in vitro 

cell culture. 

 
Figure 4.24: pH trend during acellular bioactivity test of glasses 
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EDS measurements were performed to evaluate the relative concentrations of Ca 

and P present on the glass surfaces resulting from the immersion time in SBF 

[87][116]. EDS pattern of S glasses are shown in Figure 4.25 

 

 

 

 

 
Figure 4.25: EDS spectra of S glasses at different time points in SBF 

a) EDS spectra of a zone of S1 0d and b) of S2 0d where 0d = before SBF immersion 
c) EDS spectra of a zone of S1 1d and d) of S2 1d where 1d = 1 day in SBF 
e) EDS spectra of a zone of S1 3d and f) of S2 3d where 3d = 3 days in SBF 
g) EDS spectra of a zone of S1 7d and h) of S2 7d where 7d = 7 days in SBF 

i) EDS spectra of a zone of S1 14d and l) of S2 14d where 14d = 14 days in SBF 
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EDS pattern of SB glasses are shown in Figure 4.26. 

 

 

 

 

 
Figure 4.26: EDS spectra of SB glasses at different time points in SBF 

a) EDS spectra of a zone of SB1 0d and b) of SB2 0d 
c) EDS spectra of a zone of SB1 1d and d) of SB2 1d 
e) EDS spectra of a zone of SB1 3d and f) of SB2 3d 
g) EDS spectra of a zone of SB1 7d and h) of SB2 7d 

i) EDS spectra of a zone of SB1 14d and l) of SB2 14d 
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EDS pattern of SBCu glasses are shown in Figure 4.27. 

 

 

 

 

 
Figure 4.27: EDS spectra of SBCu glasses at different time points in SBF 

a) EDS spectra of a zone of SBCu1 0d and b) of SBCu2 0d 
c) EDS spectra of a zone of SBCu1 1d and d) of SBCu2 1d 
e) EDS spectra of a zone of SBCu1 3d and f) of SBCu2 3d 
g) EDS spectra of a zone of SBCu1 7d and h) of SBCu2 7d 

i) EDS spectra of a zone of SBCu1 14d and l) of SBCu2 14d 
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The EDS analysis of samples immersed in SBF demonstrated a significant 

difference in P and Ca element amount compared to the primary EDS pattern 

(Figure 4.25, Figure 4.26 and Figure 4.27), indicating the increase of P and Ca, 

due to the formation of a calcium phosphate phase.  

The presence of chlorine and sodium is due to the formation of sodium chloride 

on the nanoparticle surface during the SBF test, that was not possible to eliminate 

during washing of the powders in distilled water. In all samples, the peak of 

silicon is still very high after immersion in SBF, because the thickness of the 

analysis area of the samples is bigger than the thickness of the coating. Moreover, 

it is possible to notice that the peaks of Ca and P seem to be higher in case of SB 

and SBCu glasses. 

In Figure 4.28 the variation in Ca and P amounts for all six glasses during 

immersion time are compared. 

 
Figure 4.28: P and Ca amounts during immersion of glasses in SBF 

EDS results have been plotted in terms of Ca and P concentration versus 

immersion time in graphs in Figure 4.29 and Figure 4.30, and show a clear 

increase of phosphorus and calcium contents on the surface of the synthetized 

glasses during soaking time. Apatite crystals grow, in fact, by consuming calcium 

and phosphate ions from the SBF solution and those that migrate from the 
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medium  to  the surface of  the  glasses. This increase is evident even after  only   

1 day. 

 
Figure 4.29: trend of P amount during immersion of glasses in SBF 

 
Figure 4.30: trend of Ca amount during immersion of glasses in SBF 

Moreover, from these results it seems that SB glasses possess a higher bioactive 

response, in agreement with literature results that show how the presence of boron 

ions improve the bioactivity of the glasses [18]. 
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Values of Ca/P atomic ratios determined from the EDS spectra (reported in Table 

6) are similar to the ratio value for stoichiometric HA (1.68), confirming the 

previous observations about the bioactivity of the synthetized glasses [117].  

Table 6: Ca/P ratio of glasses during acellular bioactivity test  
Ca/P ratio (atomic%) 

Glass 1d 3d 7d 14d 

S1 1.8 ± 0.4 1.9 ± 0.1 2.0 ± 0.3 1.7 ± 0.1 

S2 1.7 ± 0.1 1.8 ± 0.1 1.7 ± 0.1 1.9 ± 0.1 

SB1 2.3 ± 0.2 1.8 ± 0.1 1.8 ± 0.1 1.7 ± 0.2 

SB2 2.0 ± 0.0 1.8 ± 0.1 1.8 ± 0.1 1.8 ± 0.1 

SBCu1 1.6 ± 0.1 1.8 ± 0.0 1.6 ± 0.1 1.7 ± 0.0 

SBCu2 1.5 ± 0.0 1.4 ± 0.0 1.6 ± 0.0 1.5 ± 0.0 
 

 

Moreover, there is a copper release, as shown in the following photos (Figure 

4.31, Figure 4.32 and Figure 4.33) and EDS results graph in Figure 4.34. 

 
Figure 4.31: SBCu glasses after 1 day in SBF 

 
Figure 4.32: SBCu glasses after 3 days (left) and 7 days (right) in SBF 

 
Figure 4.33: SBCu glasses after 14 days in SBF 
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The atomic amount of copper in SBCu glasses seems to decrease during 

immersion time, following a comparable trend for both glasses doped with Cu 

(see Figure 4.34). 

 
Figure 4.34: Change in Cu amount during immersion in SBF 

 

The X-ray diffraction analysis results of all glasses are compared and shown in , 

Figure 4.37, Figure 4.38, Figure 4.38, Figure 4.39 and Figure 4.40. The XRD peak 

assignment followed the pattern calculated using the computer program X’Pert 

Highscore and is in agreement with literature [118][119]. In order to facilitate the 

identification of the peaks, the following symbols are used: 
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NaCl 

 

For a complete and correct analysis of the obtained XRD spectra, it is necessary to 
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beside the presence of the initial crystalline phase of calcium silicate and the 

nucleation of apatite, new peaks attributable to sodium chloride NaCl are 

observable, in agreement with element peaks which were previously observed in 

EDS patterns. However, after immersion in SBF, new peaks at 26°, 40°, 46° and 

49° appear and can be assigned to HA.  

Figure 4.35 show XRD spectra of S1 glass at each analyzed time point. 

 
Figure 4.35: Comparison of XRD spectra of S1  

where a) S1 0d b) S11d c) S1 3d d) S1 7d and e) S1 14d 
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Figure 4.36 show XRD spectra of S1 glass at each analyzed time point. 

 
Figure 4.36: Comparison of XRD spectra of S2  

where a) S2 0d b) S2 1d c) S2 3d d) S2 7d and e) S2 14 
 

 
 
 

Figure 4.37 show XRD spectra of SB1 glass at each analyzed time point. 

 
Figure 4.37: Comparison of XRD spectra of SB1  

where a) SB1 0d b) SB1 1d c) SB1 3d d) SB1 7d and e) SB1 14d 
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Figure 4.38 show XRD spectra of SB2 glass at each analyzed time point. 

 
Figure 4.38: Comparison of XRD spectra of SB2  

where a) SB2 0d b) SB2 1d c) SB2 3d d) SB2 7d and e) SB2 14d 
 
 

Figure 4.39 show XRD spectra of SBCu1 glass at each analyzed time point. 

 
Figure 4.39: Comparison of XRD spectra of SBCu1 

where a) SBCu1 0d b) SB2 1d c) SBCu1 3d d) SBCu1 7d and e) SBCu1 14d 
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Figure 4.40 show XRD spectra of SBCu1 glass at each analyzed time point. 

 
Figure 4.40: Comparison of XRD spectra of SBCu2  

where a) SBCu2 0d b) SBCu2 1d c) SB2 3d d) SBCu2 7d and e) SBCu2 14d 

The hydroxyapatite peaks that correspond to peaks present in SB1 after 1 day of 

immersion in SBF are shown Figure 4.41. 

 
Figure 4.41: Peaks of hydroxyapatite in SB1 1d 
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Figure 4.42 show the peaks of hydroxyapatite that can be recognized in XRD 

spectra of SB2 after 1 day of immersion in SBF. 

 
Figure 4.42: Peaks of hydroxyapatite in SB2 1d 

Peak list of all SB glasses after 1 day of immersion are compared with peaks of 

hydroxyapatite (code 01 074 0566) in Figure 4.43.  

  
Figure 4.43: Hydroxyapatite peaks vs peaks in a) SB1 1d and b) SB2 1d 

 

Peak list of SBCu glasses after 1 day of immersion are compared with peaks of 

hydroxyapatite (code 01 074 0566) in Figure 4.44. 
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Figure 4.44: Hydroxyapatite peaks vs peaks in a) SBCu1 1d and b) SBCu2 1d 

 

As above mentioned, in Figure 4.45, the typical peaks of NaCl are observable. 

 

Figure 4.45: Peaks of Ca2SiO4 in SBCu2 1d 
where a) peak list of SBCu1 1d and b) peak list of sodium chloride 
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SB1 powders immersed until 14 days in SBF is reported in Figure 4.46. 

 
Figure 4.46 XRD spectrum of SB1 14d 

The FE-SEM images reveal that the surface of the glass nanoparticles undergoes 

important changes during the reaction with SBF, confirming the formation of a 

hydroxyapatite-like layer. For example, in Figure 4.47, Figure 4.48, Figure 4.49, 

Figure 4.50 and Figure 4.51, it is possible to observe the growth of HA-like 

nanoparticles on the glass surface after soaking the sample for 14 days. 

 
Figure 4.47: SEM micrograph of SB1 after 14 days in SBF (at 50K X) 
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Figure 4.48 SEM micrograph of SB1 after 14 days in SBF (at 50K X) 

 
Figure 4.49: SEM micrograph of SB2 after 14 days in SBF (at 20K X) 

 
Figure 4.50 SEM micrograph of SBCu1 after 14 days in SBF (at 30K X) 
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Figure 4.51 SEM micrograph of SBCu2 after 14 days in SBF (at 40K X) 

 

In conclusion, the synthetized glasses are resulted to be bioactive and actual 

results confirm previous experimental observations that have shown that the 

addition of boron did not inhibit the calcium solubility in boron-modified glasses 

of the CaO-P2O5-SiO2 system and that BGs containing boron have a higher 

bioactivity then pure silicate glasses. 

 

4.2 Optimization of electrospinning solution 
 

4.2.1 Fiber morphology observations 

As explained before in chapter “Materials and methods”, the first composite fibers 

have been electrospun from a solution of PCL in a mixture of acetic acid and 

formic acid, containing 5% of glass powders (in respect to polymer amount), that 

have been mixed with the polymer solution thanks to immersion of the final 

electrospinning solution (PCL+glass) in US bath for 10 min [120][23].  

Morphological analysis of these fibers show the presence of big aggregates of 

glass particles in all electrospun fibers mats (see Figure 4.52, Figure 4.53 and 

Figure 4.54). Moreover, by looking at these SEM images, it was not possible to 

notice a relevant difference between fibers obtained from solutions containing 

glasses prepared by synthesis 1 (S1, SB1 and SBCu1) or by synthesis 2 (S2, SB2 

and SBCu2), confirming qualitative observations made during preparation of the 

different electrospinning solutions. 
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Figure 4.52: SEM micrographs of fibers containing 5% of S1 and S2 
PCL/AA/FA/S1(5%) at 1K X (a.1), at 5K X (a.2) and at 45K X (a.3)  

vs PCL/AA/FA/S2(5%) at 1K X (b.1), at 5K X (b.2) and at 10K X (b.3) 
 

 
 
 
 
 
 

a.1 b.1 

a.2 b.2 

a.3 b.3 
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Figure 4.53: SEM micrographs of fibers containing 5% of SB1 and SB2 

PCL/AA/FA/SB1(5%) at 1.00 K X (a.1), at 5K X (a.2) and at 20K X (a.3)  
vs PCL/AA/FA/SB2(5%) at 1K X (b.1), at 5K X (b.2) and at 20K X (b.3) 

 

a.2 

a.1 

a.3 

b.2 

b.3 

b.1 
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Figure 4.54: SEM micrographs of fibers containing 5% of SBCu1 and SBCu2 

PCL/AA/FA/SBCu1(5%) at 1K X (a.1), at 5K X (a.2) and at 20K X (a.3)  
vs PCL/AA/FA/SBCu2(5%) at 1K X (b.1), at 5K X (b.2) and at 20K X (b.3) 

 

 
In any case, a first acelluar bioactivity test was carried out (until 7 days of 

immersion in SBF) in order to assess the bioactivity of these composite fibers. 

These results (Figure 4.55, Figure 4.56, Figure 4.57 and Figure 4.58) show that a 

concentration of 5% of glass powders was insufficient to obtain bioactive 

composite fibers with these glasses. As example, some SEM micrographs are 

reported below. All the reported images refer to the first day of immersion, 

because, due to the little thickness of the mats, after seven days in SBF most of 

the samples were broken. 

a.1 b.1 

a.2 b.2 

a.3 a.3 
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Figure 4.55: PCL/AA/FA/S1(5%) SBF 1d where a) 1K X b) 10K X c) 45k X 

 
Figure 4.56: PCL/AA/FA/S2(5%) SBF 1d where a) 1K X b) 10K X c) 45K X 

 
Figure 4.57: PCL/AA/FA/SBCu1(5%) SBF 1d where a) 1K X b) 10K X c) 45K X 

 
Figure 4.58: PCL/AA/FA/SBCu2(5%) SBF 1d where a) 1K X b) 10K X c) 45K X 

a b 

c 

a b 
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a b 
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At this point, it was observed, that, due to humidity, the aggregation of the glass 

nanoparticles was increased, so to remove the current aggregation, avoid further 

aggregation and improve the dispersion of the glass powders in the PCL solution, 

glasses were conserved in desiccator, pressed with mortar and dried in heater at 

60°C overnight before use. 

As explained by Augustine et al. [82], the formation of agglomerates is related to 

the high surface energy of the nanoparticles that results in a lacking dispersion in 

the PCL solution. Consequences of that agglomeration are a reduced 

electrospinning efficiency, a limited nanoparticle loading capacity and a poor 

dispersion within the fibers. Therefore, different addition methods have been tried 

to overcome this agglomeration and disperse the glass particles in the PCL matrix, 

aiming to obtain a homogenous dispersion (see Figure 4.59). All these trials have 

been carried out using S1 glass. In fact, glasses obtained through synthesis 1 (S1, 

SB1 and SBCu1) were initially preferred to glasses prepared through synthesis 2, 

because the first ones are more packed and it was supposed it could be easier to 

increase the glass concentration (20% and 30%) in the polymeric solution, in 

order to improve the bioactivity of the composites. 

In details, the following methods of addition were tried: 

a) after glass addition, 10 min of magnetic stirring and 1 min in US bath; 

b) after glass addition, manual mixing for 2 min and 1 min in US bath; 

c) addition of glass powders in 1 ml of the mixture of acetic acid and formic 

acid, followed by manual mixing and later addition in the polymer solution 

(glass dispersion method); 

d) method similar to the previous one, but in this case glass powders were 

mixed with Pluronic (1%w/w) in the mixture of AA and FA [18]. 
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Figure 4.59: Comparison between different methods of glass addition 

SEM micrographs of PCL/AA/S1(5%) prepared adding glass through the previous explained method A (a.1 
and a.2), method B (b.1 and b.2), method C (c.1 and c.2) and method D (d.1 and d.2) 

 

10 μm 
20 μm a.1 a.2 

b.1 

c.1 c.2 

d.1 
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Hence, the glass dispersion method was selected. This selection was based on the 

evaluation of the main features of the various electrospinning solutions and the 

analysis of the SEM micrographs of the samples obtained with the different 

methods of glass addition, reported in Figure 4.59. Referring to the characteristics 

of the prepared electrospinning solutions, viscosity and homogeneity were 

evaluated.  

Moreover, taking into consideration the size of the agglomerates, that were still 

present in the samples, at this point it was decided to try the system PCL/AA. 

Indeed, the size of the conglomerates was bigger than the average size of the PCL 

nanofibers and, according to literature results [18][20], electrospinning a solution 

of PCL in acetic acid using 11 cm as working distance, an applied voltage of 15 

kV and a flowrate of ca. 0.4 cc/h allows to obtain fibers with average size in the 

micrometric range. SEM micrographs of fibers obtained from solutions of PCL in 

a mixture of acetic acid and formic acid (20 %w/v) and PCL in acetic acid (15 

%w/v) are shown in Figure 4.60 and Figure 4.61. In both cases, glass powders 

were added thanks to the method of the glass dispersion. 
 

 

 
Figure 4.60: Comparison between PCL/AA/FA and PCL/AA systems 

SEM micrographs of fibers obtained by PCL in AA/FA at 5.0K X (a.1) and at 20K X (a.2) vs  
fibers by PCL in AA at 5K X (b.1) and at 20K X (b.2) in case of addition of 20% SB1 

b.1 

a.1 a.2 

b.2 
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As a result of this comparison, the system with the formic acid was excluded and 

the system PCL/AA was preferred, because in this case the agglomerated 

nanoparticles seem to be better link to the PCL fibers, as underlined in Figure 

4.61.  
 

 
Figure 4.61: Examples of glass incorporation in fibers 

SEM micrographs of PCL/AA/FA/SB1(20%) at 10.00 K X (a.1) and details at 20.00 K X (a.2) vs 
PCL/AA/SB1(20%) at 20.00 K X (b), which corresponds to detail of image b.1 and b.2 of Fig. 60 

 

In the following images (Figure 4.62), it is possible to observe that the increase of 

glass concentration up to 30% results in many aggregates; anyway they are well 

linked to the PCL fibers. 

 
Figure 4.62: SEM micrographs of PCL/AA/FA/SBCu1(30%) at 500.00 K X (a) and at 10.00 K X (b) 
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However, the glass dispersion method brings about results which are not 

reproducible, because every time that a new electrospinning solution was 

prepared, it was not possible to pour all glass dispersion (20% of glass in 1 ml of 

acetic acid) in the polymer solution, so that different electrospinning solutions 

with different and unverifiable glass concentration and consequently different 

solution viscosity and conductivity were obtained. Moreover, as above mentioned, 

before use, glasses were pressed with the mortar, in order to crumble them as 

much as possible, and it was observed that, although all these treatments, it was 

still very difficult to crumble SBCu1 glass (that represents the hardest synthesized 

glass), so that in the SBCu1 dispersion are still present remarkable big 

conglomerates and the nanoparticles are still not completely homogenously 

dispersed in the PCL matrix. Due to all these observations, it was decided to try to 

use the glasses prepared through synthesis 2 (S2, SB2 and SBCu2), which were 

directly added to the PCL solution, making the glass addition being followed by 2 

min of manual stirring, 5 min of magnetic stirring and 1 min in US bath. 

Due to the voluminous size of these glasses, the concentration of glass was 

lowered to 10% and a needle with bigger diameter (21 G x 7/8”) was used. After 

assessing the electrospinnability of the PCL/AA system with a 10% of S2, SB2 

and SBCu2 glasses, the glass concentration was again increased to 20%. 

An attempt was also done with SBCu2 in order to raise the glass concentration up 

to 30% in respect to polymer amount, but with the increase of nanoparticle 

content, no significative improvement in quantity of incorporated glass was 

detected and only the number and size of the micrometric agglomerates increased 

(in agreement with results previously obtained by Moura et al. [82]). 

In Figure 4.63 a comparison between fibers containing the theoretical glass 

concentration of 10%, 20% and 30% is shown. 

In order to complete this overview of the optimization process of electrospinning 

solutions and fiber fabrication, few brief comments on the elctrospinning time 

should be done. Initially all solutions were electrospun for 10 minutes. In fact, it 

was observed that, in case of PCL/AA/FA system, after 15 minutes, when pulled 

off, the fiber mats tend to delaminate. For the fabrication of the final samples, the 

electrospinning time was raised again to 15 minutes because of the small 
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thickness of the mats. In any case, in order to pull them off without breaking 

them, as soon as the electrospun mats were fabricated, the samples were immersed 

for few seconds in a bath of EtOH and then when the solvent started to evaporate 

the fibers were carefully detached. 

 

 

 
Figure 4.63: Comparison of fibers containing different concentration of SBCu2 

SEM micrographs of PCL/AA/SBCu2(10%) at 1K X (a.1), 20K X (a.2) and at 45K X (a.3) 
 vs PCL/AA/SBCu2(20%) at 1K X (b.1) and 20K X (b.2) 
vs PCL/AA/SBCu2(30%) at 1K X (c.1) and 20K X (c.2) 
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To summarize, the sample that have been further completely characterized are: 

 PCL/AA/S2(20%), 11 cm, 15 kV and flowrate of 0.39 cc/h (pump selector 

rate on 2.9) 

 PCL/AA/SB2(20%)11 cm, 15 kV and flowrate of 0.39 cc/h (pump selector 

rate on 2.9) 

 PCL/AA/SBCu2(20%), 11 cm, 15 kV, flowrate of 0.68 cc/h (pump 

selector rate on 5). 

 

4.3 Features of the final mats 

4.3.1 Morphological characterization 

The final samples have been morphologically characterized by SEM analysis, as 

shown in Figure 4.64, Figure 4.65 and Figure 4.66, and their diameters have been 

calculated using software ImageJ. 

 

 
Figure 4.64: SEM micrographs of PCL/AA/S2(20%) at 500 X (a), at 1K X (b) and at 20K X (c) and (d) 

a b 

c d 
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Figure 4.65: SEM micrographs of PCL/AA/SB2(0%) at 1K X (a), at 4K X (b), at 20K X (c) and (d) 

 

 

 
Figure 4.66: SEM micrographs of PCL/AA/SBCu2(0%) at 1K X (a), at 5K X (b), at 10K X (c) and (d) and at 

45K X (e) 
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It is observable that a concentration of 20% of glass led to electrospun mats that 

are very rich of glass, as desired. Although some clusters of particles are still 

present, glass powders are well incorporated in the fibers and are distributed intra-

electrospun nanofibers and in the matrix of the nanofibrous webs [23][18]. 

Indeed, some superficial particles and a higher roughness in the fiber surface can 

be observed, which can be caused by the incorporation of smaller nanoparticles in 

the fibers, in agreement with previous results of Moura et al. [82][120][23]. 

All composite fibers show an average diameter around 1 µm and no remarkable 

differences in diameter values among the different type of composites was 

underlined, but a significant diameter increase was observed near to glass 

agglomerates. This result confirm that the glass particles are not uniformly 

distributed. 

 

4.3.2 Compositional characterization 

Composite fibers were characterized with EDS to verify the glass incorporation 

inside the polymeric matrix. The Si, Ca and P amounts were clearly detected in 

the polymeric PCL matrix, as reported by the EDS map and EDS spectra (see 

Figure 4.67, Figure 4.68 and Figure 4.69). Taking into account the similarities in 

glass granulometry and fiber morphology, EDS map analysis was performed only 

in case of PCL/AA/SB2(20%) mat. 

                
Figure 4.67: SEM micrograph and EDS spectrum of an area of PCL/AA/S2(20%) 
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Figure 4.68: EDS map of PCL/AA/SB2(20%) at 1kX (a), 5.00 K X (b) and 10.00 K X (c) and spectrum (d) 

 

              
Figure 4.69: SEM micrograph and EDS spectrum of an area of PCL/AA/SBCu2(20%) 

 

4.3.3 Physical-chemical characterization 

Both the spectra of the neat PCL fibers and composite fibers (shown in Figure 4.70) are 

dominated by the main PCL bands: asymmetric and symmetric CH2 stretching at 2943 

cm-1 and 2866 cm-1, carbonyl (C=O) stretching at 1722 cm-1, C-C stretching at 

1294 cm-1, asymmetric and symmetric C-O-C stretching at 1240 cm-1 and 1165 

cm-1, respectively [20][121]. Silicate absorption bands for bioactive glass 
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nanoparticles are identified by peaks at 1085 cm-1 and 800 cm-1, which are 

assigned to asymmetric stretching mode, symmetric stretching vibration and 

rocking vibration of Si-O-Si, respectively. Peaks located at 1045 and 1090 cm−1 

are assigned to P-O bond. However, as it is possible to observe from graphs 

reported in Figure 4.70, all these bands are masked by the bands assigned to PCL, 

in agreement with results reported in literature [82]. As previously discussed, the 

glass distribution was not uniform due to the presence of glass clusters. Therefore, 

the synthetized composite mats are overall lacking in glass incorporation and, 

probably, the investigated zone was lacking in glass powders. As a result of this 

poor glass incorporation, it was not possible to observe the presence of peaks 

related to chemical bonds of the glasses. 

 
Figure 4.70: FTIR spectra of neat and composite fibers 

 

4.3.4 Water-Contact-Angle measurements 

PCL has recognized as a biocompatible polymer suitable for a variety of tissue 

engineering applications. However, its hydrophobic nature is a hindering factor in 

some biological applications, preventing permeation of water molecules into the 
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structure of scaffold and, thus, diminishing attachment, spreading and infiltration 

of cells in PCL matrix.  

The hydrophobic feature of PCL is associated with existence of CH2 groups along 

the main polymer chain [122]. Incorporation  of bioactive glass particles in PCL 

matrix can be a reliable strategy to overcome the above mentioned application 

constraints [123][124][121][125]. 

The contact angle measurements results are shown in terms of mean value and 

standard deviation in Figure 4.71.  

Keyvan Shirani et al. [126] have reported that pure electrospun polycaprolactone 

mats develop with water drop a contact angle of 105°, showing a hydrophobic 

behavior. Analogous results have been published by Zhang et al. [70], who 

obtained a contact angle of 109° for PCL mats. Even higher values for pure PCL 

fibers was recorded by Ekaputraby et al. (128°) [127] and by Fujihar et al. (134°)  

[128], confirming the hydrophobicity of these polymer scaffolds. Liverani et al. 

[78] fabricated electrospun mats composed by mesoporous calcium containing 

BGs in a polymer matrix and compared their properties with neat PCL mates, 

showing that the contact angle value for neat PCL mats was 141±3°, while the 

value for the composite mats was 144±5°. 

 

 
Figure 4.71: Contact angle values of the different electrospun fibers 
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For each kind of electrospun fiber, the contact angle measurements were 

performed in three times. The experimental results are represented as mean values 

with ± standard deviations (SD). 

In agreement with above mentioned literature studies, current results show 

hydrophobic behavior for both neat PCL and the composite electrospun mats. 

Wettability properties depend, in fact, not only on chemical composition of the 

samples, but also on their roughness and porosity. 

The glass nanoparticles are mainly grouped together and are not very 

homogeneous dispersed in the PCL matrix. Moreover, only the lower central part 

of the mat is rich of glass nanoparticles. Probably these are the reasons why the 

composite fibers have still a hydrophobic behaviour.  

 

4.3.5 Acellular bioactivity test 

During the acellular bioactivity test, at fixed time point, pH measurements were 

carried out and the obtained results are shown in Figure 4.72. It is possible to 

observe that pH trend is almost linear and similar for all investigated samples. 

 
Figure 4.72: pH value trends during acellular bioactivity test of fibers 

EDS analysis were performed at each time point on different areas of each 

samples. From analysis of big areas, it was not possible to extract any useful and 
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reasonable trend of P and Ca amounts, because the glass nanoparticles are not 

enough homogenously dispersed. However, it was observed an increase in 

phosphorus and calcium, as expected in case of HA nucleation. This increase is 

more evident looking at EDS analysis of small areas where glass nanoparticles 

can clearly be seen. SEM micrographs show that until fourteenth days of 

immersion any precipitates with the typical morphology of HA crystals were 

grown on fiber surface. However, after 7-14 days of SBF treatment an enrichment 

of Ca and P was observed on glass particles. 

In Figure 4.73 some SEM micrographs of PCL/AA/S2(20%) at different time 

points of immersion in SBF are shown. Glass nanoparticles are visible but apatite 

crystals are observable. 

In Figure 4.74 and Figure 4.75 EDS pattern of areas of PCL/AA/S2(20%) 

different time points of immersion in SBF are reported. 

 

 

 
Figure 4.73: SEM micrograph of PCL/AA/S2(20%) at different time points of immersion in SBF  

where a) after 1 day of immersion in SBF at 20K X (a.1) and at 45K X (a.2);  
b) after 7 days in SBF at 20K X (b.1) and 45K X (b.2) 

 
 

 

a.1 a.2 

b.1 b.2 
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Figure 4.74: SEM micrograph and EDS pattern of glass clusters in PCL/AA/S2(20%) SBF 1d 
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Figure 4.75: SEM micrograph of PCL/AA/S2(20%) SBF 3d(a), SBF 7d (b) and 14d (c) 

a 

b 
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In Figure 4.76, Figure 4.77 and Figure 4.79 SEM micrographs and EDS pattern of 

PCL/AA/SB2(20%) at different time points of immersion in SBF are shown. 

 

 

 
Figure 4.76: SEM micrograph of PCL/AA/SB2(20%) SBF 1d 

at 20K X (a.1) and 45K X (a.2); after 7 days in SBF at 20K X (b.1) and 45K X (b.2) 
 

  
 
  

 
Figure 4.77: SEM micrograph of PCL/AA/S2(20%) SBF 1d 

a.1 a.2 

b.1 b.2 
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Figure 4.79: SEM micrograph of PCL/AA/SB2(20%) SBF 3d (a), SBF 7d (b) and SBF 14d (c) 

a 

b 
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In Figure 4.80 SEM micrographs of PCL/AA/SCBu2(20%) at different time 

points of immersion in SBF are shown. 

 

 

 

 
Figure 4.80: SEM micrograph of PCL/AA/SBCu2(20%) immersed in SBF 

after 1 day in SBF at 20K X (a.1) and 45.00 K X (a.2)  
after 3 days in SBF at 5K X (b.1) and 20K X (b.2) 
after 7 days in SBF at 5K X (c.1) and 20K X (c.2) 
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In Figure 4.81 EDS pattern and related SEM micrograph of different areas of 

PCL/AA/SBCu2(20%) SBF 1d are shown. 

 

 
Figure 4.81: SEM micrograph and EDS pattern of PCL/AA/SBCu2(20%) SBF 1d 

 

The aluminium (Al) peak is probably related to a contamination that took place 

during the preparation of this sample for the acellular bioactivity test. 

In Figure 4.82 EDS pattern and related SEM micrograph of a small area of 

PCL/AA/SBCu2(20%) SBF 3d is shown. From this micrograph it is possible to 

observe the presence of NaCl, in agreement with EDS pattern. 
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Figure 4.82: SEM micrograph and EDS pattern of PCL/AA/SBCu2(20%) SBF 3d 

 

In Figure 4.83 EDS pattern and related SEM micrograph of an area of 

PCL/AA/SBCu2(20%) SBF 7d are shown. 

 

 

 
Figure 4.83: SEM micrograph and EDS pattern of PCL/AA/SBCu2(20%) SBF 7d 
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In Figure 4.84 EDS pattern and related SEM micrograph of an area of 

PCL/AA/SBCu2(20%) SBF 14d are shown. 

 

 
 

 
Figure 4.84: SEM micrograph and EDS spectra of PCL/AA/SBCu2(20%) SBF 14d 

 

After 21 days of immersion in SBF solution, it is clear evident the nucleation of 

hydroxyapatite on the surface of the composite fibers containing S2 and SB2 (as 

shown in Figure 4.85 and Figure 4.86), whereas it was not possible to detach any 

HA-like crystals on surface of PCL/AA/SBCu2(20%). This delayed bioactivity 

could be attributed to different causes: the presence of copper ions in the glass 
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network [52] or/and the effect of the immersion in acetic acid (as discussed later) 

or/and the slight difference in porosity and thickness of the composite mats. 

 

 

 

 
Figure 4.85: SEM micrograph and EDS spectra of PCL/AA/S2(20%) SBF 21d  

where magnification of SEM micrographs 500 X (a), 2000 X (b.1) 5000 X (c) and the EDS spectra is related 
to zones of image at 2000 X (b.2) 
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Figure 4.86: SEM micrograph and EDS spectra of PCL/AA/SB2(20%) SBF 21d 

at 500 X (a), at 3000 X (b) and at 5000 X (c) 
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EDS pattern and related SEM micrograph of an area of PCL/AA/SBCu2(20%) 

SBF 7d are shown in Figure 4.87. 

 
Figure 4.87: SEM micrograph and EDS spectra of PCL/AA/SBCu2(20%) SBF 21d 

 
 

4.3.6 Degradation test 

In order to establish the behavior of the samples in PBS, pH measurements were 

carried out. Indeed, if the material degrades by hydrolysis, a decrease in the pH 

value should be recorded.  

The trend of pH for the present test is shown in Figure 4.88. 
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Figure 4.88: PBS pH trend of both neat and composite electrospun mats 

 

From the graph (Figure 4.88), in agreement with pH measurements during 

immersion in SBF, no huge variations of the samples in terms of pH during 

immersion time is recorded. Indeed, the trend of all the samples is quite similar to 

the trend of the control taken as reference. 

 

The FTIR analysis for all the samples evaluated at each time point (reported in 

Figure 4.89, Figure 4.90 and Figure 4.91) does not show any significant variation. 
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Figure 4.89: Comparison of FTIR results of PCL/AA/S2(20) 0d and 7d 

 

 
Figure 4.90: Comparison of FTIR results of PCL/AA/SB2(20) 0d and 7d 
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Figure 4.91: Comparison of FTIR results of PCL/AA/S2(20) 0d and 7d 

 

The morphological analysis was assessed in order to see if degradation occurs. 

Generally, polymer degradation kinetics is affected by chemical and structural 

characteristics of the polymer itself. In case of PCL, degradation occurs though a 

random hydrolytic chain scission of the ester linkage. However, as PCL is a 

hydrophobic and highly crystalline polyester, it does not allow fast water 

penetration into its network and, consequently, the rate of its hydrolytic 

degradation is relatively low and, as shown in Figure 4.92, the extent of 

degradation of the pure PCL fibers was very trivial, in agreement with literature 

experimental studies [126][129]. 
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Figure 4.92: SEM micrographs of neat PCL fibers at different time point of immersion in PBS 

where a) after 1 day at 1000 X, b) after 1 day at 5000 X, c) after 1 day at 20000 X,  
d) after 7 days at 1000 X, e) after 7 days at 5000 X, c) after 7 days at 20000 X  

 

As expected from acellular bioactivity test results, the morphological analysis (see 

Figure 4.93, Figure 4.94 and Figure 4.95) confirmed that bulk degradation of the 

composite fibers took place. Indeed, already before immersion in PBS electrospun 

fibers show some cracks due to the evaporation of the solvent from the polymer 

solution during the electrospinning process. By immersion in PBS, glass particles 

were released from the polymer matrix, leading to an increase in the size of the 

cracks. Moreover, it is possible to observe that fibers containing Cu-doped glasses 

seem to be less degraded. This could be attributed to the lower porosity of the 

fiber mat PCL/AA/SBCu2(20%) or the different glass distribution between the 

composite mats. 
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Figure 4.93: SEM micrographs of PCL/AA/S2(20%) at different time point of immersion in PBS 

where a) after 1 day at 1K X, b) after 1 day at 45K X,  
c) after 7 days at 1K X, d) after 7 days at 25K X, e) after 7 days at 45K X 
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Figure 4.94: SEM micrographs of PCL/AA/SB2(20%) at different time point of immersion in PBS 

where a) after 1 day at 1K X, b) after 1 day at 20K X c) after 1 day at 45K X,  
d) after 7 days at 1K X, e) after 7 days at 45K X 

 

  

 
Figure 4.95: SEM micrographs of PCL/AA/SBCu2(20%) at different time point of immersion in PBS 

where a) after 1 day at 1K X, b) after 1 day at 20K X, c) after 1 day at 45K X  
d) after 7 days at 1K X, e) after 7 days at 45K X 
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4.3.7 Mechanical test 

It is important to understand the mechanical properties of the composite fibers, 

since they are essential for the success of the potential application of these 

samples, in particular in terms of reducing the mismatch between the graft and the 

host tissue.  

Tensile properties were calculated from the stress-strain curves as the mean of 

five measurements and the average value was reported with standard deviation 

(±SD). In Table 7 the force at break, the tensile displacement strain at break, the 

ultimate tensile stress (UTS) and the Young’s modulus of the neat and composite 

electrospun fibers are reported. 

The stress 𝜎 could be calculated dividing the force 𝐹 that cause the deformation 

by the area 𝐴 to which the force was applied. During this master thesis work, the 

sample area was calculated as 𝑏 𝑥 𝑡 where 𝑏 is the width of the sample 

corresponding to the inner width of the frame which was used in order to perform 

the mechanical test and 𝑡 is the thickness of the sample. The measured thickness 

value of the all composite membranes was in the range 0.05 mm – 0.06 mm.  

Table 7: Mechanical properties of electrospun fibers 

Sample 
Force at 

break [N] 
Tensile strain at 

break [%] 
UTS [MPa] Young's modulus 

PCL/AA 0.3 ± 0.1 169.1 ± 98.5 3.1 ± 1.2 11.9 ± 1.9 

PCL/AA/S2 0.2 ± 0.0 155.5 ± 7.2 1.5 ± 0.3 4.7 ± 1.5 

PCL/AA/SB2 0.2 ± 0.1 60.0 ± 41.2 1.7 ± 0.4 11.1 ± 1.6 

PCL/AA/SBCu2 0.2 ± 0.0 70.5 ± 20.9 1.0 ± 0.1 4.1 ± 0.8 
 

As reported in the literature for both sample types, namely composite and neat 

polymeric fibers, two linear trends in the stress–strain curve could be observed: 

the first one is a linear elastic Hookean response due to the load application and 

the second one, a non-linear plastic behavior, could be related to the fiber 

alignment before the sample fracture [78][129], as shown in Figure 4.96.  
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Figure 4.96: Example of tensile stress – tensile stress curve 

 

Mechanical properties of the neat PCL fibers agreed with previous experimental 

studies [78][127] and were compared with the ones calculated for the composite 

fibers, in order to evaluate the effect of the glass addition. 

As expected from any composite in which a rigid phase has been added to a 

polymer matrix [23][72][82][120], the present results show that the addition of the 

BG nanoparticles restricted the elongation of the PCL matrix, limiting its plastic 

deformation. Therefore, the measured tensile strain reduction limited the plastic 

deformation of the fibers and so their elongation at break decreased. 

Regarding the tensile stress, it is possible to observe a decrease in the UTS values 

in case of composite fibers. The current results are probably influenced by the 

nonhomogeneous distribution of nanoparticles in the PCL matrix due to their 

agglomeration, which caused stress concentration regions, leading to a drop in the 

UTS value, in agreement with experimental results which are available in 

literature [82][130][131][132]. 

The addition of an inorganic filler should improve theoretically the mechanical 

properties and, usually, the addition of inorganic filler increases the Young’s 

modulus of polymers [16][72][133][132][134][133]. The Young’s modulus or 

elastic modulus 𝐸 of the fibers represents the stiffness of the samples and is 

generally described as the quantity that measures an object or substance's 

resistance to be deformed elastically (i.e., non-permanently) when it is submitted 
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to a mechanical stress. The current results did not show an increase in 𝐸 value. As 

above mentioned, the reason might be the poor interaction of BG particles with 

the polymer and the agglomeration of glass particles, as previously attained by 

Tansaz et al. [133] and/or the slight increase in the inhomogeneity in the 

distribution of the average fiber diameter and the presence of roughness on the 

surface of the electrospun mats, according to previous results of Liliana et al. 

[20]. The effect of the addition of BG particles on mechanical properties must be 

coupled with the reduction in the average fiber diameter, The mechanical 

behaviour of the composites tightly depends on the homogeneity of the dispersion 

of glass particles in the fibres and on the interaction at the interface between the 

polymer and the BG particles, which can lead to the [134]. In conclusion, the 

introduction of another phase can lead to the formation of a weak point in the 

material at the interface between the two phases and  the presence of clusters can 

cause local stress concentration, lowering the mechanical properties.  

The differences between the Young’s modulus of the composite scaffolds might 

originate from the different glass dispersion, fiber orientation and porosity [135].  

 

4.3.8 Stability test 

A list of abbreviations is here reported: 

 S2/AA: S2 glass after immersion in acetic acid for 1 h, 

 SB2/AA: SB2 glass after immersion in acetic acid for 1 h, 

 SBCu2/AA: SBCu2 glass after immersion in acetic acid for 1 h. 

In Figure 4.97, some photos of dried glass powders after immersion in acetic acid 

are shown.        

    
Figure 4.97: S2 (a), SB2 (b) and SBCu2 (c)  after 1 hour of immersion in AA 

a b c
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It was observed that there was a change in coloration of the acetic acid in which 

SBCu2 glass was immersed and, consequently, it is obviously to supposed that a 

release of copper ions took place. However, this fact did not seem to affect the 

bioactivity of the glass, as discussed later in this same paragraph. 

As shown in Figure 4.98, even though immersion in acetic acid, glasses S2, SB2 

and SBCu2 maintain their morphology and, as expected, these micrographs 

confirm the presence of big agglomerates, that have to be destroy using mortar 

prior addition of glass into PCL solution. 

 

  

  

  
Figure 4.98: SEM micrographs of glasses of synthesis 2 after immersion in AA 

where a.1) S2/AA at 1K X, a.2) S2/AA and at 5K X, b.2) SB2/AA at 1K X, b.2) SB2/AA at 5K X,                   
c.1) SBCu2/AA at 1K X and c.2) SBCu2/AA at 10K X 

a.2 a.1 

b.1 b.2 

c.1 c.2 
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An acellular bioactivity test was carried out, soaking the samples in SBF until 14 

days. The obtained results were compared with the ones related to original glasses 

(meaning ‘glasses before immersion in acetic acid’). 

Variations in pH values during the acellular bioactivity test (reported in graph in 

Figure 4.99) did not show relevant dissimilarity with pH trend of original glasses. 

 

 
Figure 4.99: pH trend during acellular bioactivity test of all glasses soaked in AA  

 

Analogously to original glasses, EDS spectra show an increase in the peaks of P 

and Ca (see Figure 4.100, Figure 4.101 and Figure 4.102). As written in the 

paragraph 4.1.5, peaks of Na and Cl are related to the formation of sodium 

chloride on the surface of the BG particles during immersion in SBF. 

7,2

7,3

7,4

7,5

7,6

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

pH

Time [days]

pH measurements of glasses immersed in SBF pre and after 
immersion in AA

S2 pre AA S2 after AA SB2 pre AA

SB2 after AA SBCu2 pre AA SBCu2 after AA



131 
 

 

 

 

 

 
Figure 4.100: EDS spectra of S2 glasses at different time points in SBF 

a) EDS spectra of a zone of S2 0d and b) of S2/AA 0d 
c) EDS spectra of a zone of S2 1d and d) of S2/AA 1d 
e) EDS spectra of a zone of S2 3d and f) of S2/AA 3d 
g) EDS spectra of a zone of S2 7d and h) of S2/AA 7d 

i) EDS spectra of a zone of S2 14d and l) of S2/AA 14d 
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Figure 4.101: EDS spectra of SB2 glasses at different time points in SBF 

a) EDS spectra of a zone of SB2 0d and b) of SB2/AA 0d 
c) EDS spectra of a zone of SB2 1d and d) of SB2/AA 1d 
e) EDS spectra of a zone of SB2 3d and f) of SB2/AA 3d 
g) EDS spectra of a zone of SB2 7d and h) of SB2/AA 7d 

i) EDS spectra of a zone of SB2 14d and l) of SB2/AA 14d 
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Figure 4.102: EDS spectra of SBCu2 glasses at different time points in SBF 

a) EDS spectra of a zone of SBCu2 0d and b) of SBCu2/AA 0d 
c) EDS spectra of a zone of SBCu2 1d and d) of SBCu2/AA 1d 
e) EDS spectra of a zone of SBCu2 3d and f) of SBCu2/AA 3d 
g) EDS spectra of a zone of SBCu2 7d and h) of SBCu2/AA 7d 

i) EDS spectra of a zone of SBCu2 14d and l) of SBCu2/AA 14d 
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P amount of glasses immersed in acetic acid during the acellular bioactivity test 

were plotted versus time. Comparing these trends with results obtained original 

glasses, it is evident an increase in P and Ca amount, with values and trend which 

are similar to the ones recorded for glasses before immersion in acetic acid.  

Figure 4.103 shows the trend of P amount for both S2 and S2/AA during 

immersion in SBF. 

 

 
Figure 4.103: P amount in S2 and S2/AA after immersion in SBF 

 

Figure 4.104 shows the trend of P amount for both SB2 and SB2/AA during 

immersion in SBF. 

 

 
Figure 4.104: P amount in SB2 and SB2/AA after immersion in SBF 
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Figure 4.105 shows the trend of P amount for both SBCu2 and SBCu2/AA during 

immersion in SBF. 

 

 
Figure 4.105: P amount in SB2 and SB2/AA after immersion in SBF 

 

Ca amount of glasses immersed in acetic acid during the acellular bioactivity test 

were plotted versus time. No significant difference between trends of the glasses 

before and after soaking in AA was observed. Only SBCu2 seems to show a very 

slight decrease that could have caused the delayed bioactivity of the composite 

fiber PCL/AA/SBCu2(20%). 

Figure 4.106 shows the trend of Ca amount for both S2 and S2/AA during 

immersion in SBF. 

 
Figure 4.106: Ca amount in S2 and S2/AA after immersion in SBF 
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Figure 4.107 shows the trend of Ca amount for both SB2 and SB2/AA during 

immersion in SBF. 

 
Figure 4.107: Ca amount in SB2 and SB2/AA after immersion in SBF  

Figure 4.108 shows shows the trend of Ca amount for both SBCu2 and 

SBCu2/AA during immersion in SBF. 

 
Figure 4.108: Ca amount in SBCu2 and SBCu2/AA after immersion in SBF  

 
Values of Ca and P ratio (reported in Table 8) are coherent with the above 

reported P and Ca trends and with Ca/P vales of the glasses before immersion in 

AA (shown in paragraph 3.3.4. As above mentioned, these values are similar to 

the stochiometric ratio of HA. Lastly, it should be pointed out that the ratio values 
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are lower in case of SBCu2, in agreement with the delay in bioactivity observed in 

the electrospun fibers containing SBCu2 glass, commonly named as 

PCL/AA/SBCu2(20%). 

Table 8: Ca/P ratio of glasses immersed in AA during acellular bioactivity test 

Ca/P ratio (atomic%) 

Glass 1d 3d 7d 14d 

S2/AA 1.9 ± 0.3 1.6 ± 0.1 1.6 ± 0.1 1.9 ± 0.2 

SB2/AA 1.9 ± 0.1 1.7 ± 0.0 1.8 ± 0.1 1.8 ± 0.1 

SBCu2/AA 1.6 ± 0.0 1.6 ± 0.2 1.6 ± 0.1 1.5 ± 0.1 
 

Analogously to analysis performed on original glasses, x-ray diffraction analysis 

was carried out on the glasses/AA before and after immersion in SBF and XRD 

spectra were analyzed using the same computer program (X’Pert Highscore) used 

for analysis of XRD spectra of original glasses. 

These spectra confirm the formation of an HA-like layer on the surface of the 

tested glasses, even after immersion in AA for 1 hour. Besides apatite nucleation, 

in few samples, the presence of sodium chloride was also detected, as previously 

obtained in case of original glasses. 

In order to facilitate the identification of the peaks, the following symbols are 

used: 

                Calcium silicate 

   HA 

NaCl 

              Copper acetate 
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In Figure 4.109 the XRD spectra of S2/AA is compared with XRD spectra of 

S2/AA after immersion in SBF solution until 14 days. 

 

Figure 4.109: XRD spectra of S2/AA before and after immersion in SBF  
where a) S2/AA 0d b) S2/AA 1d c) S2/AA 3d d) S2/AA 7d and e) S2/AA 14d 
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In Figure 4.110 the spectra of S2/AA after 14 days in immersion in SBF is 

reported. The presence of the majority of apatite peaks is clearly evident. 

 

 

Figure 4.110: XRD spectrum of S2/AA after 14 days in SBF and related peaks lists  
where a) sample b) NaCl c) Ca2SiO4 and d) HA 
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A comparison of XRD spectra of SB2/AA at each different time point is shown in 

Figure 4.111.  

 

Figure 4.111: XRD spectra of SB2/AA before and after immersion in SBF  
where a) SB2/AA 0d b) SB2/AA 1d c) SB2/AA 3d d) SB2/AA 7d and e) SB2/AA 14d 

 

 

Analogously to analysis carried out on S2/AA, in Figure 4.112 the spectra and 

peaks list comparison of SB2/AA after 14 days in immersion in SBF are reported.  
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Figure 4.112: XRD spectrum of SB2/AA 14d  and related peaks lists  
where a) sample b) Ca2SiO4 and c) HA 
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A comparison of XRD spectra of SBCu2/AA at each different time point and the 

XRD spectra at d14 is shown in Figure 4.113 and Figure 4.115.  

 
Figure 4.113: XRD spectra of SBCu2/AA before and after immersion in SBF  

where a) SBCu2/AA 0d b) SBCu2/AA 1d c) SBCu2/AA 3d d) SBCu2/AA 7d and e) SBCu2/AA 14d 
 

 

In Figure 4.113 the XRD spectrum of SBCu2/AA after 1 day of immersion in 

SBF is shown. In this spectrum the typical peaks of the copper acetate are 

observable. However, after 1 day of immersion in SBF these peaks were not seen 

anymore. It was supposed that during soaking in AA the precipitation of copper 

acetate and its deposition on the BG particle surface took place, followed by its 

dissolution in the aqueous environment of SBF during the acellular bioactivity 

test. 
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Figure 4.114: XRD spectrum of SBCu2/AA SBF 1d with peaks of copper acetate 
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In Figure 4.115 the XRD spectrum of SBCu2/AA after 14 days of immersion in 

SBF is shown. 

 

 

Figure 4.115 XRD spectrum of SBCu2/AA after 14 days in SBF and related peaks lists  
where a) sample b) calcium silicate c) NaCl and d) HA 
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FE-SEM images were recorded on samples immersed in SBF, in order to evaluate 

the after growth of an HA-like layer on the surface of the glass nanoparticles, even 

after immersion in acetic acid. As shown in Figure 4.117, the presence of HA-like 

crystals was detected. 

 
Figure 4.116: SEM micrograph of S2/AA SBF 1d (at 4K X) 

Although the composite mats PCL/AA/SBCu2(20%) showed a delay in 

bioactivity, it is evident from Figure 4.117 that the surface of SBCu2 glass is 

covered with apatite crystals after 14 days in SBF, confirming that bioactive 

behaviour of SBCu2 was not hindered. 

 
Figure 4.117: SEM micrograph of SBCu2/AA in SBF 14d at 30K X (a) and at 50.K X (b) 

 

All these results confirm that the bioactivity of the glasses was not inhibited by 

acetic acid during the preparation of the electrospinning solutions. 

 
 

a b 
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4.3.9 Biological assay 

The results from WST-8 assay are summarized in the Figure 4.118. In particular, 

it is possible to observe that for what concerns the evaluation of cells adhesion 

and viability after one day from the seeding, there are not differences between the 

control sample of neat PCL electrospun fibers and the composite fibers. The 

composite sample with SBCu2 glass particles showed the lowest value of 

absorbance at this timepoint. After 7 days from the seeding, even though the 

average value of absorbance for the control sample was higher respect to all the 

composites, it is possible to observe a relevant increase in the absorbance of all 

the composite samples, confirming that the presence of the glass particles did not 

inhibit cell proliferation. 

 

 
Figure 4.118: Biological assay results for both neat and composite electrospun mats 

 

In fluorescence images of all samples after seven days (reported in Figure 4.119), 

the presence of vital cells on both pure PCL and composite fibers is clearly 

evident, confirming the composites were non toxic and cells were allow to grow 

on them. These results are very promising considering the potential TE 

applications of the electrospun composite mats, synthetized during this master 

thesis work. 
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Figure 4.119: Fluorescence microscopy images 

where a) PCL/AA b) PCL/AA/S2(20%) c) PCL/AA/SB2(20%) d) PCL/AA/SBCu2(20%) 
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5 Conclusion and future works 

The aim of this master thesis project was the synthesis and characterization of 

composite fibrous scaffolds containing new synthetized glass powders. Indeed, 

the development of composite fibers is attractive for several applications related 

to the fabrication of scaffolds for tissue engineering. Composites of bioactive 

glasses and polymers are ones of the most promising materials in tissue 

engineering field. 

Composite electrospun fibers can be obtained by the incorporation of bioactive 

glass nanoparticles inside a polymeric mat thanks to the electrospinning 

technique. This approach has been already widely investigated in the literature, 

especially for the development of composite electrospun scaffolds for bone tissue 

engineering. Although the development of optimal scaffolds is still a challenge in 

tissue engineering, the electrospinning technique is simple and versatile and allow 

to fabricate scaffolds characterized by morphological features similar to the ECM.  

In the current literature, a majority of polymers that have been successfully 

electrospun into ultrafine fibers are synthetic. Among them, PCL was selected 

because of its biocompatibility, biodegradability, ability to be processed by 

electrospinning, in particular with benign solvents, and considering its FDA 

approval for clinical use. 

Limiting the use of harsh solvents is highly beneficial in terms of avoiding the 

presence of toxic solvent residuals inside the mats which could limit their 

applications in the biomedical field, lab worker safety and environmental impact. 

Moreover, using benign solvents, in future, it could be possible to incorporate 

proteins, such as collagen and other sensitive biomolecules, preventing 

denaturation.  

The synthesis of bioactive glasses doped with boron and copper was successfully 

achieved by both synthesis methods. It is worth noticing that the chemical 

composition of the actual synthetized glasses is innovative and these glasses have 

a lot of potential applications in the tissue engineering field thanks to the 
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incorporation of boron and copper ions, which have been proven to have 

osteogenic and angiogenic effect, and antibacterial properties, respectively. 

The effort to synthesize glass particles with average size in the nanometric range 

was done, because according to literature results, it is easier to insert nanoparticles 

in fibers with diameters varying from micro to nano scale, but because of their 

nano-sized dimension the obtained particles have been resulted very aggregated, 

hindering the achievement of a homogenous dispersion of the glass powders in the 

PCL matrix.  

Clearly, an important challenge in the fabrication of composites is the ability to 

obtain as completed as possible dispersion of the primary particles and to maintain 

this dispersion throughout the lifetime of the composite. During this experimental 

work, a lots of different addition methods were tried in order to prevent the 

formation of glass aggregates. It was possible to limit it but presence of glass 

clusters in the polymer mat was not completely avoided. Therefore, aggregation 

should be reduced before composite fabrication. In future, surface modification of 

the nanoparticles, such as adsorption of surfactants or polyelectrolytes as well as 

surface grafting techniques, could be tried. Alternatively, synthesis process could 

be modified. In the latter approach, to prevent glass particles agglomeration, the 

following strategies could be adopted: 

 calcium methoxyethoxide could be uses as calcium source instead of 

calcium nitrate, because calcium would be directly involved in the 

inorganic polymerization process and thus inserted inside the silica 

network; 

 the sol-gel process, and more particularly NH4OH addition, could be carry 

out under ultrasonic treatment (in addition the mechanical stirring); 

 glass particles could be freeze-dried before annealing treatment; 

 lactic acid could be added during sol–gel process (according to recent 

results, morphology, size and distribution of bioactive glass nanoparticles 

can be controlled by addition of LA during synthesis); 

 surfactants (like CTAB), additives and other organic species acting as 

shape-forming agents or as steric barriers could be added during glass 

synthesis, to improve the dispersity of particles. 
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 However, the results of this master thesis work highlight the potential 

applications of the obtained mats as scaffolds for tissue engineering applications, 

in particular in case of incorporation of SB2 glass. In fact, the glass powders were 

bioactive and their incorporation in the PCL fibers was able to induce the HA 

precipitation on the polymer fibers after 21 days. However, in order to optimize 

the bioactive behavior of the composite mats, the glass dispersion in the PCL 

network should be improved. 

A preliminary study on cell viability was carried out, but further detailed studies 

focused on cell viability with other cell lines could be done, in order to complete 

the characterization of the composite nanofibers for the intended applications. 

Recently, some natural biopolymer fibers (including silk, fibrinogen and collagen) 

have also been successfully electrospun. Compared to synthetic polymers, natural 

biopolymers have good biocompatibility; however, their processability is, in 

general, pretty poor. Therefore, the synthesis of composite fibrous mats by 

combination of blends of PCL and natural polymers, and the glasses synthetized 

during this master thesis work, could also be tried.  
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