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INTRODUCTION 
 

Millions of patients worldwide suffer significant bone loss each year due to various 

diseases, trauma or congenital illnesses, most often leading to premature disabilities and 

reduced quality of life for the sick [1–3]. Approximately 500,000 bone graft surgical 

interventions are performed annually in the United States and over 2.3 million worldwide, 

mainly for repairing defects in orthopedics, cranio-maxillo-facial surgery and neurosurgery 

[3,4]. These figures will increase exponentially in the next 10 to 15 years due to the doubling 

of the US population aged over 65 [5] and the increase in life expectancy of the world's 

population. 

Bone tissue engineering focuses on regeneration processes of natural tissue. The bone, 

a well-vascular complex, indicates that the engineering of this tissue is an interdisciplinary 

domain based on the combination of three main components: cells, signaling molecules, and a 

macroporous artificial structure (macroscopic support or scaffold) acting as a temporary 

support for cell proliferation. Scaffolds mimic the extracellular matrix and must provide 

adequate mechanical properties and porosity to allow tissue growth [6]. Ideally, the created 

material should not only possess osteoconductivity but also osteoinductivity and must be 

biodegradable. 

This thesis is structured in 9 chapters, along with the related subchapters. The first two 

chapters represent the current state of knowledge in the field of the topic, fragments that seek 

to highlight the particular importance of creating and applying viable bioactive structures, with 

the ultimate aim of faster and more efficient cure of lesioned tissue. The results section contains 

4 distinct studies, which clearly defines the purpose of this paper, while the conclusions and 

perspectives chapter detail the shortcomings encountered and the need for an evolution in the 

forthcoming projects. 
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1. FUNDAMENTAL ELEMENTS OF OSTEOLOGY 
 

Structural, compact bone is a dense and complex material that is delineated by basic 

units called osteons. Each osteon comprises the concentric bone lamellae surrounding a central 

canal called the Haversian canal [7,8]. The bone lashes are made up of a matrix (organic and 

mineral) and specialized cells called osteocytes. This matrix is composed of collagen fibers, 

calcium phosphate crystals and a fundamental substance mainly containing 

mucopolysaccharides [9,10]. The bone in different parts of the skeleton differs in terms of the 

proportion and layout of collagen, calcium phosphate, and basic cement, thus distinguishing 

two types of bone such as the spongy (trabecular) bone and the compact bone [11]. The bone 

is considered a very specialized connective tissue formed on the basis of less specialized tissues 

through a process called ossification, osteogenesis or more simplified bone formation [10]. 

During the bone formation some modified connective tissue cells called osteoblasts produce 

an amorphous starting material, later on becoming dense and fibrous, and is being called 

osteoid. Calcium phosphate crystals are then deposited in the osteoid, transforming it into a 

matrix [9,11]. Osteoblasts tend to be trapped in their own secretion and as the matrix 

strengthens around them, they become osteocytes. 
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2. BIOMATERIALS IN BONE TISSUE ENGINEERING 
 

Millions of orthopedic prostheses made from biomaterials have been implanted with a 

lifetime guarantee of about 15 years in 75 to 85% of cases. Improved metal alloys (titanium, 

stainless steel 316L, 420, 440), high-level polymers and ceramics (ZrO2, Al2O3) are the reason 

these successful medical tools have improved the quality of life of millions of patients 

worldwide [12–17]. However, an accelerated increase in life expectancy among the global 

population requires a period of operation of such medical devices more than 30 years [14,18]. 

Thus, in order to meet this need, a change of direction was proposed, which supposes the 

regeneration of lesioned tissues in exchange for replacing them with inert substitutes. Such a 

change, from a material-biomechanical approach to a biological tissue regeneration, requires a 

much deeper understanding of molecular biology [19]. In the current clinical use, three 

categories of materials are described as follows: resorbable, bioactive and inert. 

The biological response to a sol-gel synthesized bioactive glass of formula CaO-P2O5-

SiO2 provides evidence that bone regeneration is possible. Biological molecules can exchange 

with the hydrated layers of porous material, maintaining their conformation and biological 

activity [17,20–22].  

The approach to nanotechnology in medical engineering was proposed for a wide range 

of biomedical applications, using the term nanomedicine. Nanoscience and nanotechnology are 

two attractive concepts in relation to regenerative medicine and tissue engineering since, in the 

first instance, the cell-biomaterial interaction is carried out at the nano level (eg <100 nm) [23]. 

At the nanoscale, the properties that determine cell-biomaterial type interactions, such as the 

specific surface, porosity, hydrophilicity and wettability, properties that influence cell adhesion 

and provide fusion with the host tissue are fundamentally different from those on a micrometric 

scale [24,25]. 

For bone tissue, fusion with bioactive glass occurs due to the biological equivalence 

between the bone mineral component and the HAC layer formed on the surface of the material 

[26]. With regard to soft tissue, collagen fibers are chemoresorbed by the SiO2-rich porous 

layer, by electrostatic forces, ionic interactions or hydrogen bonds. In this case HA is 

precipitated and crystallized on the collagen fibers and on the surface of the glass [27].  

The term scaffold defines a structurally synthesized structure (macroscopic support) in 

order to support and promote physiological tissue regeneration. In general, scaffolds are 

designed for use in bone tissue engineering. Such structures are typically made of degradable, 

porous materials that can provide the necessary mechanical support during the repair and 

regeneration of the affected bone [28,29]. 

In the case of bioactive scaffolds, it is necessary to control the solubility of the material. 

A low solubility material is required if the scaffold is designed to last for a long time. A 

controlled dissolution rate is indispensable when synthesizing a scaffold for bone augmentation 

with a material such as 45S5 Bioglass® [18,30]. Therefore, a fundamental understanding of 

the factors that influence solubility and bioreactivity is a key element for the development of 

new materials that can improve tissue regeneration in situ [31–33]. 

The limitations of conventional methods have led to the use of rapid prototyping 

technology (RP), to improve the original model and to manufacture 3D scaffolding with 
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interconnected porous networks. In recent years, computerized hierarchy techniques (CTD and 

SFF) have allowed the design of anatomical structures with a porous architecture that can 

maintain the balance between functions and mechanical strength. Such methods have 

facilitated the manufacture of controlled scaffolds, polymers, hydrogels, ceramics and even 

biocompatible metals [34]. 

Therefore, the major challenge in developing a scaffold lies primarily in the choice of 

a suitable combination of biomaterials with a required bag of properties. This field is still open 

to new ideas and attempts to create the most appropriate structure that contains the whole 

palette of features indispensable to effective tissue replacement in vivo. 

Materials Selection 

 

 Silver 

This element, in moderate concentrations, is well known for its antimicrobial qualities 

against a broad spectrum of Gram positive and Gram negative bacteria, fungus, protozoa and 

certain types of viruses [35,36]. Silver is also effective against resistant strains and bacteria 

involved in in-hospital, postoperative infections [37,38]. This metal, with its well-known 

antiseptic properties, has been used over time to manufacture large varieties of materials such 

as bioactive glasses, titanium alloys and polymers [36,39,40].  

 

 Gold 

Gold, the metal considered the most precious of many ancient civilizations, has also 

taken place in medical procedures, from ancient times to the present, conquering many fields 

ranging from the pharmaceutical industry to the oncology industry [41,42].   

Although gold is a noble metal and a material often used because of its resistance to 

oxidation, its physical, optical, magnetic and electrical properties, it can form a multitude of 

other compounds. The oxidation states of gold in its various compounds vary from -1 to +5, 

but Au (I) and Au (III) are dominant. 

Gold nanoparticles have proven to be attractive materials for applications in biology 

and medicine, mainly due to their physical and chemical properties. As an adjunct in tissue 

engineering, gold and AuNP play an important role in potentiating or even adding new features 

to tissue regeneration materials [43]. Thus, these nanostructures are currently considered the 

most stable metal NP [44,45].  

 

 Copper 

Similar to silver, copper is also used for thousands of years in areas such as food and 

medicine. Numerous studies suggest that by introducing Cu2+ ions into a bioactive matrix it is 

possible to improve angiogenesis by stabilizing the expression of the induction factor of 

hypoxia (HIF-1α) [46]. This factor plays an extremely important role both in cell recruitment 

and differentiation, as well as in the formation of blood vessels [47,48]. Copper is an essential 

co-factor, an activator of a significant number of proteins, but its homeostasis must be closely 

controlled [49]. Excessive or malfunctioning of this element may result in a particular cellular 

toxicity due to accidental redox reactions, catalysed by free copper [50].  
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Copper ions have been reported to be the most active species in terms of antibacterial 

action [51,52]. Repeated contact with bacteria or cells is due to the migration of Cu2+ to the 

environment [53]. 

 Sodium Alginate     

Alginate is a biopolymer found in marine algae, especially in brown algae 

(Phaeophyceae) [54]. It is extracted from the seaweed cell wall by treatment with alkaline 

aqueous solutions, frequently with NaOH. The extract is filtered and then, in the presence of 

certain divalent cations (Ca2+, Sr2+, Ba2+), the alginate precipitates. After purification, water-

soluble sodium alginate is obtained [55–57]. 

Alginate has been active for decades in the food industry and in recent years as a basic 

material in tissue engineering [54]. Lately, this natural polymer is considered by the researchers 

to be one of the most desirable materials for the formation of composite scaffolds, due to the 

fulfillment of all of the above-mentioned characteristics, plus it is also non-immunogenic, a 

particularly important property when taken in calculate its activity in vivo [54,55]. However, 

the alginate also has several disadvantages such as deficient enzyme degradation in the 

mammalian organism and natural cellular nonadhesion [58,59]. Over the last decade, these 

drawbacks have been studied to overcome, helping to leverage far more intense alginate 

hydrogels [60]. 

 Pullulan 

Pullulan is a naturally occurring, linear and unbranched polymer (exopolysaccharide) 

produced mainly by Aureobasidium Pullulans [61]. The structure of this compound mainly 

consists of α-1,6 maltotriose (G3) (Fig. 2.4.4.1). These G3 repeat units contain two glycosidic 

α-1,4 bonds [62]. Pullulan contains nine hydroxyl groups on each repeating unit in its structure, 

any one of which can be easily replaced by another chemical group to enhance its surface 

properties [63,64]. The excellent mechanical properties of this exopolysaccharide along with 

biocompatibility, hemocompatibility, hydrophilicity, non-mutagenicity and non-toxicity make 

it a promising material in tissue engineering [65–68]. The only limitation of this polymer is its 

inability to provide a surface that cells adhere to and proliferate naturally and efficiently [69]. 

However, this shortcoming has been overcome by various HA surface deposition techniques, 

the incorporation into the structure of small functional groups (arginine-glycine-aspartate) or 

combination with recognized cell polymers (gelatin, collagen) [70–73]. 

 

 

The purpose of the thesis 

 The main purpose of this PhD thesis was the design of a material which, on the one 

hand, meets the basic criteria in the literature on structure, bioactivity and biocompatibility, 

and on the other hand, succeed in completing some of the shortcomings present at the time in 

the engineering of bone tissue. 
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3. SYNTHESIS METHODS 
 

3.1 Sol-Gel Synthesis 

The precursors used in the synthesis of the first two compositions were 

tetraethylortosilicate (TEOS), triethylphosphate (TEP), calcium nitrate tetrahydrate (Ca (NO3)2 

x 4H2O), copper nitrate trihydrate (Cu (NO3) x 3H2O) and silver nitrate (AgNO3). The 

hydrolysis was carried out in the presence of nitric acid (HNO3) and the molar ratio between 

(HNO3 + H2O) / (TEOS + TEP) was equal to 8. Stabilization of the samples was carried out by 

heat treatment at a temperature of 600 ° C. 

3.2 Synthesis of gold nanoparticles and their stabilization with 

Pluronic F-127 

AuNP were synthesized by the Turkevich-Frens method [74]. Briefly, the chloroauric 

acid was dissolved in ultra-pure water to a concentration of 10-3M solution, and then the 

solution was brought to boiling under continuous stirring. Then, 38.8 x 10-3 trisodium citrate 

was added rapidly to the solution in a volume ratio of 10:1. The boiling and shaking processes 

then continued for another 30 minutes, and then the colloid was cooled to room temperature. 

The obtained AuNPs were stabilized with Pluronic F127 by simply mixing the colloidal 

solution with the polymer solution to a final concentration of 0.5 x 10-3 M. 

3.3 Scaffold Synthesis 

The PVA polymer was dissolved in ultra-pure water. Subsequently, in the obtained 

solution, the silica matrix (SiO2-CaO-P2O5) was added. The obtained mixture was immersed 

for a few minutes by cubic pieces of polymeric sponge, 1 cm in diameter. These molds were 

then dried at 60°C for 4 hours and then the dipping procedure was repeated to produce a double 

coating. Finally, the samples obtained were dried at 60°C for 24 hours. The heat treatment 

scheme assumed a total period of 16 hours. 

3.4 Synthesis of the composite material 

To obtain the polymer solution with a final concentration of 4% (w/v), the two polymers 

were dissolved in ultra-pure water at a temperature of 80°C with continuous stirring. The 

bioactive material was added to the obtained mixture until a concentration of 0.5% glass was 

obtained [75,76]. The composite solution was dropped in a solution of 4% calcium chloride to 

produce capsules of ~ 2-3 mm in diameter. 
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4. INVESTIGATION METHODS 

 

4.1 Structural and morphological investigation methods 

4.1.1 X-Ray diffraction (XRD) 

4.1.2 Infrared absorption spectroscopy (FT-IR) 

4.1.3 Ultraviolet and visible spectrometry (UV-Vis) 

4.1.4 Scanning electron microscopy (SEM) 

4.1.5 X-ray Dispersive Spectrometry (EDX) 

4.1.6 Transmission electron microscopy (TEM) 

4.1.7 Paramagnetic / spin electron resonance (EPR) 

4.1.8 X-ray Photoelectronic Spectroscopy (XPS) 

4.1.9 Specific area and pore volume 

4.1.10 Plasma inductively coupled plasma spectrometry (ICP-Q-MS) 

4.1.11 Fluorescence spectroscopy 

4.2 In vitro tests 

4.2.1 Bioactivity 

4.2.2 Biocompatibility 

4.2.3 Ionic release 

4.2.4 Antibacterian activity 

4.2.5 Cell viability 

4.2.6 Sample sterilization 

4.3 In vivo tests 

4.3.1 Selection of biological material 

4.3.2 Surgical Procedures 

4.3.3 Dosage of serum osteocalcin 

4.3.4 Pain management 

4.3.5 Medical imaging 

4.3.6 Digital photography 

4.3.7 Necropsic method 

4.3.8 Histological Method 
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5. SYNTHESIS AND CHARACTERIZATION OF SILICATE 

GLASSES DOPED WITH DIFFERENT CONCENTRATIONS 

OF SILVER OXIDE FOR THEIR USE IN BONE TISSUE 

ENGINEERING 
 

5.1 Results and discussions 

5.1.1 Structural characterization 

Reflections obtained by XRD measurements on samples subjected to thermal 

stabilization treatment reveal a predominantly amorphous structure (Fig. 5.1.1.1 a). However, 

around 2θ ~ 32 ° one can be observed some signals associated with crystallisation centers, 

specific values, suggesting the formation of the tricalcium phosphate phase, encountered as 

Ca3(PO4)2·H2O [77]. In the overlapping FT-IR spectra of the five compositions, we can see 

absorption bands characteristic of stretching and bending vibrations of the groups Si-O-Si 

(1040 şi 860 cm-1), (510 cm-1) (Fig. 5.1.1.1 b). The water is present through the broad signal 

around 1640 cm-1. The 1440 cm-1 band indicates the presence of the carbonate group, and the 

560 and 580 cm-1 signals indicate the presence of phosphate groups [77]. 

The superposed UV-Vis spectra express between 300 and 330 nm a signal arising from 

the electronic transition in metallic Ag (Fig. 5.1.1.1 c) [78]. This signal increases in intensity 

with the increase of silver oxide added [79]. According to the literature, Ag doped samples can 

reveal surface plasmon resonance bands in the range of 400-500 nm as a consequence of the 

presence of AgNP [78,79]. Through the detailed analysis of our spectra, an absorption signal 

can be observed with a peak around 420 nm (Fig. 5.1.1.1 c). This signal is most intense at the 

sample with x = 0.5 mol% Ag2O and is associated with the existence of AgNP in the silica 

matrix [79]. The band shape is asymmetric due to another signal of surface plasmon resonances 

of AgNP agglomerations, which overlaps the signal given by the resonances of the isolated 

plasmids of isolated AgNP. With the increase in silver concentration, a slight movement of the 

band from 420 nm to 450 nm can be observed as a consequence either of multiplication of 

cluster aggomerations or increase in size [78,79]. 

 

Fig. 5.1.1.1 XRD measurements (a), FT-IR spectra (b) and UV-vis spectra (c) obtained on the system samples 

60SiO2·(32-x)CaO·8P2O5·xAg2O(mol%). 
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5.1.2 Bioactivity testing 

After immersing for 7 days in SBF, the sample diffractograms indicate the HA phase 

as evidenced by the signals recorded at 2θ ~ 26 ° and 32 ° (Fig. 5.1.2.1 a). Also, specific signals 

for silver chloride (AgCl) can be observed at 2θ ~ 46 °. In order to make it easy to associate 

the apatite phase and the silver chloride, the diffractograms of the two structures were added 

as the references [80]. According to the literature, silver chloride in small amounts has no 

negative effects on the biological environment, moreover it is preferred to the detriment of a 

high concentration of silver nanoparticles [81]. 

In the FT-IR spectra of samples immersed in SBF for 7 days, the bands at the 604 and 

564 cm-1 values show a similar intensity at all concentrations (Fig. 5.1.2.1 b). This indicates 

good bioactivity for all samples [77]. However, the sample containing 0.5 mol% of Ag2O 

shows the highest potential for bioactivity, also considering that it has a weak silver chloride 

signal. 

 

Fig. 5.1.2.1 Diffractograms (a) and FT-IR spectra (b) of the samples in the system 60SiO2·(32-

x)CaO·8P2O5·xAg2O(mol%), after immersion in SBF for 7 days. 

 

5.1.3 Cell viability 

 Viability for all samples is around 100%, suggesting good compatibility with living 

tissues. The best evolution is the sample with 0.5 mol% Ag2O, which shows an increase in 

cellular proliferation along the three concentrations used (75, 150 şi 300 µg/ml) (Fig. 5.1.3.1). 
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Fig. 5.1.3.1 Diagram of cell viability of samples in the system 60SiO2·(32-x)CaO·8P2O5·xAg2O(mol%) 

5.1.4 Testing of cell proliferation after inclusion of the bioactive material in 

a polymeric structure 

 Glasses obtained from structural optimization were included in a polymeric mixture of 

alginate and pullulan (Alg-Pll), in order to obtain materials that are suitable for subsequent 

implantation in vivo. Therefore, the scaffold thus obtained was subjected to cell viability and 

proliferation assays on two specific cultures to the proposed objectives. 

 Viability in fibroblast culture testing (Fig. 5.1.4.1 a) has been shown to be diminished, 

with a continuing decreasing from 24 to 48 hours. These results have put into difficulty the 

prospect of their use in future in vivo tests, and such cell proliferation is not compatible with 

the proposed objectives. 

Also in the case of osteoblastic culture (Fig. 5.1.4.1 b), the results were comparable to 

those presented above, the composite samples having a high toxicity. 

 

Fig. 5.1.4.1 Diagram of cell proliferation of Alg-PII-AgBG samples on a fibroblast (a) and osteoblast (b) 

culture. 
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5.2 Conclusions 

In this study, based on the SiO2-CaO-P2O5 primary formula, a wide palette of variable 

silver oxide compositions was synthesized. FT-IR and UV-Vis diffractograms and spectra 

showed structural characteristics indicating the bioactivity of all investigated samples. 

However, concentrations of 0.5 and 1.5 mol% of Ag2O have been found to be most suitable 

due to lack of AgCl formation and bioactive character. 
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6. SYNTHESIS AND CHARACTERIZATION OF SILICATE 

GLASSES DOPED WITH DIFFERENT CONCENTRATIONS 

OF GOLD NANOPARTICLES FOR THEIR APPLICATION IN 

TISSUE ENGINEERING 
 

6.1 Results and discussions 

6.1.1 Structural characterization 

 Free AuNP reveals a narrow plasmon band, in the visible spectrum, around 518 nm, 

characteristic AuP, spherical (Figure 6.1.1.1 a). After pluronic stabilization, a 2nm 

displacement of the absorption maximum (Figure 6.1.1.1 a - red band) can be observed, which 

can be attributed to the change of refractive index in the immediate vicinity of AuNP as a 

consequence of polymer adsorption. 

 These AuNPs were introduced into a silica glass matrix. In order to obtain more detailed 

information regarding the alternation of the size and morphology of nanoparticles, UV-vis 

absorption spectra were recorded during preparation and thermal stabilization (Fig. 6.1.1.1 b). 

Considerable shift of the red band (from 520 to 536 nm) (Figure 6.1.1.1 a) indicates the 

presence of larger nanoparticles. This behavior can be attributed to NP aggregation / 

agglomeration after inclusion in the glass matrix. 

 

Fig. 6.1.1.1 Absorption spectra of synthesized AuNP (black line), AuNP stabilized with pluronic F127 (red line) 

in aqueous solution (a) and UV-vis spectra of glass samples in the system 60SiO2(32-

x)CaO·8P2O5·xAu2O(mol%) (b). 

 

 

 The diffractogram of the AuNP-free sample has, in particular, amorphous features, with 

some crystallinity outbreaks at 2θ ~ 32 °, which may be associated with the formation of the 

apatitic phase [82]. The presence of AuNP in the glass matrix was confirmed by the XRD 

patterns, where the diffraction lines can be associated with the planes (111), (200), (220) and 

(311) of a face from the cubic structure of Au (Fig. 6.1.1.2 a) [83]. 
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FT-IR spectra of glass samples exhibit characteristic absorption bands specific to a 

silicate matrix, and as expected, spectral characteristics are not influenced by AuNP due to 

their low content (Fig. 6.1.1.2 b). Specific vibrational modes specific to Si-O-Si groups could 

be identified as follows: stretching modes Si-O-Si on 1080 and 1200 cm-1 [84,85], non-bonded 

Si-O-NOB silicon-oxygen stretches around the values 890-975 cm-1 [86], bending vibrations 

Si-O-Si la 800 cm-1 [84] și Si-O-Si la ~460 cm-1 [86]. The stretching vibrations of the phosphate 

groups occur in doublets at 565 and 604 cm-1 [84,87]. 

 

Fig. 6.1.1.2 Diffractograms (a) and FT-IR spectra (b) of the 60SiO2 · (32-x) CaO · 8P2O5 · xAu2O (mol%) 

system samples. Gold diffractogram was included for comparative purposes. 

 

6.1.2 Bioactivity 

 After 7 days of contact with SBF, the presence of self-assembled HAs can be observed. 

Thus, the presence of the crystalline HA phase is clearly visible in the diffractograms, as 

evidenced by all the samples, by the reflections recorded at 2θ=25,4° (002) and 2θ=31,5° (211) 

(Fig. 6.1.2.1 a). Broad diffraction signals between the 2θ = 30 ° and the 2θ = 34 ° angles 

correspond to the overlapping of the reflection planes (112), (300) and (202) of the crystalline 

HA [88]. Overlapping components begin to differentiate from the sample with x = 0.2. In the 

case of FT-IR spectra recorded after sampling in the SBF, the presence of the doublet located 

around the 604 and 564 cm-1 values becomes much more pronounced (Fig 6.1.2.1 b). These 

two bands are attributed to the bending vibrations of P-O and are characteristic signals of the 

crystalline HA phase [80,84]. 

 The freshly formed HA is visible on the surface of all samples (Fig. 6.1.2.2). Although 

an apatite layer covers all samples, the SEM images show differences in the morphology of the 

formed layer, depending on the Au content, indicating the influence of AuNP on the bioactivity 

of the materials. As can be seen from Fig. 6.1.2.2, the presence of AuNP is beneficial in terms 

of the bioactivity of the samples. In the case of glass with x = 0.2 mol% Au2O, besides the 

spherical shape, three-dimensional flower-shaped nanostructures (Fig. 6.1.2.2). 
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Fig. 6.1.2.1 Diffractograms (a) and FT-IR spectra (b) of samples from the 60SiO2 · (32-x) CaO · 8P2O5 · xAu2O 

(mol%) system after immersion in SBF for 7 days. XRD diffractograms of gold and HA were included for 

comparative purposes. 

 

 

Fig. 6.1.2.2 SEM images from the 60SiO2 · (32-x) CaO · 8P2O5 · xAu2O (mol%) system before and after 

immersion in SBF for 7 days. 

6.1.3 Biocompatibility 

 FT-IR spectroscopy confirms the adsorption of BSA on the surface of the materials by 

the appearance of the absorption bands characteristic of the proteins: amide I (CO stretch 

modulus) at 1650 cm-1, amide II (bending mode NH) at 1550 cm-1 and amide III (CN stretching 

and NH bending) around 1400 cm-1 (Fig. 6.1.3.1) [89]. 

 Therefore, when the protein is attached to the surface, conformational changes occur, 

and usually the β-sheets release their structure, making them more flexible [90]. Exact această 

situație apare după adsorbția de BSA, structura sa secundară se modifică ușor prin scăderea 

valorii β-sheet-ului. Exactly this situation occurs after adsorption of BSA, its secondary 

structure changes slightly by subtracting the value of the β-sheet. At the same time, the α-helix 
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structure remains unchanged due to the fact that the three-dimensional structure of the protein 

is largely influenced and stabilized by the disulfide bridges of cysteine [91], that bind to AuNP. 

These results suggest that AuNP samples retain their biocompatibility.               

 

Fig. 6.1.3.1 FT-IR spectra of samples from the 60SiO2 system (32-x) CaO · 8P2O5 · xAu2O (mol%) after 

adsorption of BSA. 

6.1.4 Cell viability 

 Last but not least, the in vitro cell viability test was also considered. Proliferation of 

human keratinocyte cells in the presence of glass samples was nearly or even greater than 

100%, indicating good in vitro tolerance (Fig. 6.1.4.1). Therefore, the cytotoxic effect is 

minimal or even absent after an exposure period of 24 hours at 37°C. Starting with a glass 

concentration of 150 μg / ml, the HaCaT cell proliferation was promoted in particular by x = 

0,15 și 0,2 Au2O. Aceste valori au fost comparabile cu cele măsurate pe soluție coloidală de 

AuNP. The results obtained by us on the colloidal solution of AuNP are consistent with the 

previous reports of Lu et al. [92], where it was demonstrated that a low concentration of AuNP 

(16-51 nm) can stimulate the proliferation of keratinocyte cells. Therefore, these properties are 

maintained when the glass matrix contains at least 0,15 mol% Au2O. 

 

Fig. 6.1.4.1 The viability of keratinocyte cells after 24 hours of interaction with different glass concentrations in 

the 60SiO2 (32-x) CaO · 8P2O5 system · Au2O (mol%). The blank used was the colloidal solution of AuNP. 

 



RADU ANGELIN MARIAN POPESCU                                                                           IN VITRO AND IN VIVO OPTIMIZATION STUDIES OF                                                                                         

(THESIS SUMMARY)                                                        BIOACTIVE SILICATE MATERIALS FOR TISSUE ENGINEERING APPLICATIONS 
 

20 
 

6.2 Conclusions 

 The sol-gel method has been successfully used to produce bioactive glasses doped with 

AuNP. Stabilization of the material was carried out at a temperature of 600°C. Diffractograms 

indicate both the amorphous structure of the glass matrix and the presence of AuNP. After the 

introduction of the samples into the SBF, the surface of them was identified with the presence 

of a self-assembled HA layer. 

 The amount of adsorbed BSA increased with the increase in the concentration of AuNP 

in the glass matrix. This process can be explained by the binding of cysteine to AuNP through 

strong Au-S interactions. Thanks to these linkages, the secondary BSA structure after 

adsorption changed slightly by subtracting the β-sheet value, confirming the good 

biocompatibility of the samples. 

 Cell viability after 24 hours of interaction with the studied materials showed very close 

or even greater than 100% values, highlighting good in vitro tolerance. In any case, human 

keratinocyte proliferation indices obtained on 0.15 and 0.20 mol% Au2O samples are very 

close to the values obtained on free AuNP, thus demonstrating the preservation of the properties 

of these nanostructures.   
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7. SYNTHESIS AND CHARACTERIZATION OF SILICATE 

GLASSES DOPED WITH COPPER OXIDE IN ORDER TO 

APPLY THEM IN BONE TISSUE ENGINEERING 
 

7.1 Results and discussions 

7.1.1 Structural characterization 

The X-ray diffractograms obtained on the 60SiO2 (32-x) CaO · 8P2O5 · xCuO (mol%) 

system samples are predominantly amorphous (Figure 7.1.1.1-a). The irregular shape of the 

signals may be caused by the presence of the second signal that occurs around 2θ ~ 32°, 

indicating the existence of several crystallization outbreaks associated with the formation of 

the apatitic phase [77,93–96]. This signal has the highest intensity on the samples with a copper 

oxide content ≤ 1.5 mol%. In the case of 4 mol% CuO, this signal can not be clearly 

distinguished, but instead, at this concentration, the crystal signature of the calcium carbonate 

(the highest value 2θ = 29.8 °) can be observed. This change may seem undesirable but has 

been previously reported [97], with no adverse effects on the bioactivity of the samples, 

because it is a precursor of the carbonate apatite layer formed in the SBF [77,97]. 

FT-IR spectra have absorption bands characteristic of silicate bioactive and glass-

ceramics (Figure 7.1.1.1-b). Thus, characteristics attributable to Si-O-Si (1040 and 860 cm-1) 

vibration stresses and Si-O-Si bending vibrations (465 cm-1) [77]. The maximum intensity of 

the vibrational stretching signal of the Si-O-Si group showed a slight increase with the addition 

of copper oxide. The band appearing at 1440 cm-1 can be associated with the existence of 

carbonate groups [77], while twin signals of 560 and 580 cm-1 are attributed to phosphate 

groups [77]. In samples with 2.5 and 4 mol% CuO, changes in the shape of the doublet around 

600 cm-1 can be distinguished, and this becomes wider, with the appearance of another 

absorption signal. One possible explanation may be the overlapping of the phosphatic groups 

with the vibrational signal of CuO. The copper oxide IR signals of 603 and 497 cm-1 are known 

due to the stretching modes of Cu-O along the direction [101] [98]. Moreover, other IR-active 

modes for Cu-O have been reported in a spectral range between 605 and 660 cm-1, which may 

be associated with the existence of another Cu2O phase [98]. It is also worth mentioning the 

absorption bands of 1400 to 1500 cm-1 given by the vibrations of the carbonate groups.   
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Fig. 7.1.1.1 Diffractograms XRD (a) and FT-IR spectra of samples in the system 60SiO2·(32-

x)CaO·8P2O5·xCuO(mol%) (b). 

 

In Figure 7.1.1.2, you can see TEM images purchased from the samples with 0.5 mol% 

CuO. Black points are crystalline structures, and HRTEM images were recorded to determine 

their nature (Figure 7.1.1.2 b). The image of the Fourier transform (Figure 7.1.1.2 c), based on 

Fig. 7.2.1.2 b, expose the measurements of the interplanar spacings of 0.311 and 0.202 nm, 

values that are consistent with those obtained with the calcium carbonate planes (104) and 

(018) [99].   

 

Fig. 7.1.1.2 TEM (a - 200 nm scale), HRTEM (b - 5 nm scale) and DFE on HRTEM (c) images of the system 

samples 60SiO2·(32-x)CaO·8P2O5·xCuO(mol%), x=0,5. 

 

Furthermore, in order to achieve a more in-depth characterization, Uv-vis absorption 

measurements were used. Looking at the spectra of Fig. 7.1.1.3, it can be noticed that the copper 

oxide containing samples have a dominant broad band, centered around 800 nm, characteristic 

of the octahedral coordination of d-d transition of Cu2+ [100]. As expected, this signal increases 

in intensity as the amount of added CuO increases. The width of the absorption band can be 

attributed to the overlapping of metallic copper and Cu-ion signals, the latter giving rise to 

large electronic absorption signals at a value greater than 700 nm [101,102].  
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Fig. 7.1.1.3 The UV-vis spectra of the samples in the system 60SiO2·(32-x)CaO·8P2O5·xCuO(mol%).  

 

 The data obtained from the BET analyzes showed a progressive increase in the area and 

the average pore volume distribution, starting with the undoped matrix and up to 1.5 and 2.5 

mol% CuO samples. Figure 7.1.1.4 (a) reveals the largest specific area at the sample with 1.5 

mol% CuO, and Figure 7.1.1.4 (b) indicates the highest average pore volume in the  sample 

with 2.5 mol% CuO.  

 

Fig. 7.1.1.4 BET surface (a) and volume distribution of pores (b) of samples in the system 60SiO2·(32-

x)CaO·8P2O5·xCuO(mol%). 

 

7.1.2 Bioactivity 

 

 After a period of 7 days in SBF, the apatitic phase is recorded in diffractograms by the 

signals from 2θ ~ 26 ° and 32 °, these being superimposed with the apatitic phase already 

existing in the samples (Figure 7.1.2.1 a). To facilitate comparison, in Fig. 7.1.2.1 the HA 

diffractogram was introduced [80]. 

 In the FT-IR spectra of the samples introduced in the SBF (Figure 7.1.2.1 b), the 

crystalline HA-specific bands at the values of 604 and 564 cm-1 increase in intensity from those 

measured on the untreated samples. Moreover, the 4 mol% CuO glass (Figure 7.1.2.1 b) 



RADU ANGELIN MARIAN POPESCU                                                                           IN VITRO AND IN VIVO OPTIMIZATION STUDIES OF                                                                                         

(THESIS SUMMARY)                                                        BIOACTIVE SILICATE MATERIALS FOR TISSUE ENGINEERING APPLICATIONS 
 

24 
 

expresses a well-defined double crystalline HA (604 and 564 cm-1). These bands do not appear 

as two distinct absorption signals in sample spectra before immersion in the SBF. 

 Figure 7.1.2.2 a-e presents SEM images of structures in the 60SiO2 system (32 - x) CaO 

· 8P2O5 · xCuO (mol%) prior to introduction into SBF and confirms the existence of surface 

crystalline morphology, which strengthens the findings derived from the analyzes XRD and 

FT-IR. 

 Apatitic layer formation on the surface of ceramic bottles after their immersion in SBF 

was also observed by scanning electron microscopy. Figure 7.1.2.2 f-j shows the surface 

morphology of glass specimens incubated for 7 days in SBF. Almost every sample surface (Fig 

7.1.2.2 f-h, j) indicates bundles with cauliflower morphology covering the entire area, except 

for the material with 2.5 mol% of CuO, which reveals the formation of submicrometric apatite 

grains.  

 

Fig. 7.1.2.1 Diffractograms (a) and FT-IR (b) spectra of the 60SiO2 · (32-x) CaO · 8P2O5 · xCuO (mol%) 

system after insertion in the SBF for 7 days. The diffractogram and FT-IR spectrum of HA were introduced for 

comparative purposes only. 

 

Fig. 7.1.2.2 SEM images in the 60SiO2 system; (32-x) CaO · 8P2O5 · xCuO (mol%) before (a) x = 0; (b) x = 0.5; 

(c) x = 1.5; (d) x = 2.5; (e) x = 4 (a-e) and after immersion in SBF for 7 days (f) x = 0; (g) x = 0.5; (h) x = 1.5; 

(i) x = 2.5; (j) x = 4, at a 5 μm scale. 
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7.1.3 Ion release 

 

Copper ions have proven to be important components both in angiogenesis processes and in 

microorganism control mechanisms [103]. To analyze the amount of Cu released from our 

samples in 24 hours, measurements were made by inductively coupled plasma mass 

spectrometry (ICP-Q-MS) (Figure 7.1.3.1 a). Quantification of the total amount of copper was 

achieved by dissolving the samples in a mixture of acids (Figure 7.1.3.1 b). The obtained results 

show that ion release is dependent on the Cu concentration of the samples, the higher the 

amount released is higher. Thus, it can be seen that at a sample concentration of 0.5 mol% 

CuO, the release is 0.135 mg / L and at a concentration of 4 mol% CuO material, the release 

reaches a value of 8.429 mg / L (Fig. 7.1.3.1 a). 

 

Fig. 7.1.3.1 The copper ion release from the samples of the 60SiO2 system (32-x) CaO · 8P2O5 · xCuO (mol%) 

immersed for 24h in deionized water (a) and the total copper content of the samples dissolved in a mixture of 

acids (b). 

7.1.4 Antibacterial activity 

 

The antibacterial activity of the ceramic samples studied was tested on two bacterial 

reference cultures for in-hospital infections. CMI and CMB were used as standard qualitative 

methods for determining the antimicrobial reactivity of the tested materials. CMI represents 

the smallest concentration of substance that can stop bacterial growth after an incubation period 

of 24 hours [104], whereas CMB represents the lowest concentration of substance used to kill 

a bacterial population [104]. The inhibitory effect of the studied materials was more significant 

on the Pseudomonas aeruginosa strain than on the Staphylococcus aureus strain. The lowest 

amount of copper oxide was also most effective in both bacterial cultures (Figure 7.1.4.1 a). 

The sample with 0.5 mol% of CuO also showed a very good bactericidal activity, for the other 

concentrations a larger amount of sample was required to combat bacteria (Fig. 7.1.4.1 b). 

The presence of isolated copper species in the sample with 0.5 mol% of CuO may lead 

to an increase in antimicrobial efficacy. In fact, samples with a higher concentration of copper 

oxide release the Cu species more easily, but their antibacterial efficacy is lower compared to 

the sample with 0.5 mol% of CuO, most likely because of larger sizes.  
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Fig. 7.1.4.1 Minimum inhibitory concentration (MIC) (a) and minimal bactericidal concentration (CMB) (b). 

7.1.5 Biocompatibility 

Further, the samples were subjected to protein adsorption assays for biocompatibility 

testing. The results obtained after adsorption of BSA on the surface of the bottles showed 

characteristic protein bands: amides I (CO stretching) at 1650 cm-1 and amides II (bending 

NH) at 1550 cm-1 (Figure 7.1.5.1) indicating the presence of proteins on the surface of the 

materials [89]. It is well known that the protein configuration changes with their adsorption on 

the sample surface due to the electrostatic and hydrogen bonds created [105,106].  

 

Fig. 7.1.5.1 FT-IR spectra of the 60SiO2 (32-x) CaO · 8P2O5 · xCuO (mol%) samples after protein adsorption. 

 

7.1.6 Cell viability 

The results show that the cytotoxic effect is almost absent after a 24h exposure for both 

dilutions (Fig. 7.1.6.1). 

In this study, the HaCaT cell proliferation was significantly promoted by samples 

containing 0.5 and 1.5 mol% CuO, compared to copper-free bottles. Viability for the other two 

samples (x = 2.5 and 4) approaches 100%, suggesting good in vivo tolerance. 
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Fig. 7.1.6.1 Testing cell viability of samples in the system 60SiO2(32-x)CaO·8P2O5·xCuO(mol%). 

 

7.2 Conclusions 
 

The sol-gel synthesis method has been successfully used to obtain ceramic bottles 

(SiO2-CaO-P2O5) with different concentrations of copper oxide (x = 0.5, 1.5, 2.5 and 4 mol% 

CuO) to determine the properties required to include these materials in tissue engineering 

applications. UV-vis spectra and TEM analyzes showed that all samples contained both ionic 

and metallic copper species. BET tests have shown that the 1.5 mol% CuO sample has the 

largest specific surface area and the silica matrix with 2.5 mol% CuO has the highest pore 

volume. 

Information derived from the XRD, FT-IR and SEM measurements performed on 

samples immersed in SBF has demonstrated the existence of HA crystals, a result that confirms 

the in vitro bioactivity of all studied materials. 

It was found that the minimal inhibitory effect of the studied samples was more 

pronounced on the Pseudomonas aeruginosa strain than that of Staphylococcus aureus, 

although the sample with the concentration of 0.5 mol% of CuO was effective in combating 

both bacterial cultures. Also, the sample with the lowest CuO content showed the best 

bactericidal activity. BSA adsorption on the sample surface showed that binding of Cu species 

caused minor changes in protein conformation, the final conclusion being that all samples are 

biocompatible. As regards the cytotoxicity of the materials, this is close to 0% after a standard 

exposure of 24 hours in both dilutions. Samples of 0.5 and 1.5 mol% of CuO have shown a 

very high cell proliferation rate. 

Based on the fact that the investigated ceramic bottles showed good bioactivity and 

biocompatibility, samples with 0.5 and 1.5 mol% CuO showed excellent viability and the 

material with 0.5 mol% CuO had good results in the control of the strain of Staphylococcus 

aureus, we can conclude that the matrix containing 0.5 mol% of CuO is the most suitable for 

future in vivo tests. 
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8. SYNTHESIS, CHARACTERIZATION, IN VITRO TESTING 

AND IN VIVO IMPLANTATION OF A BIOACTIVE GLASS-

POLYMER BASED COMPOSITE FOR EXPERIMENTAL 

AND COMPARATIVE PURPOSES  

8.1 Results and discussions 

8.1.1 Structural characterization 

Diffractograms of glass samples in the xCuBG system (x = 0, 0.5 and 1.5 mol%) 

prepared by the sol-gel method have an amorphous structure with the appearance of several 

crystallization centers associated with the formation of the apatitic phase (Fig. 8.1.1.1 a) [93]. 

FT-IR spectra of bioactive ceramic materials (Figure 8.1.1.1 b) indicate typical characteristics 

for silicone networks (Si-O-Si vibrations at 1040 and 860 cm-1 and vibration Si-O-Si at 465 

cm-1) [84]. The bands around the values of 604 and 565 cm-1 are attributed to the vibration of 

the phosphate groups [84]. The stretch signals of the Cu-O group occur at 603 and 497 cm-1 

and overlap with strips from the phosphate groups [98,107]. 

The composite structures Alg-Pll-xCuBG (x = 0, 0.5 and 1.5 mol%) are amorphous, as 

can be seen from the XRD diffractograms (Fig 8.1.1.1 a), and FT-IR spectra show vibrations 

predominant to the polymer units (Fig 8.1.1.1 b). Thus, pullulan bands at 1636, 1354 and 1080 

cm-1 are attributed to the tensile and bending vibrations of O-C-O, C-O-H and C6-OH 

respectively [108]. The bands corresponding to sodium alginate of 1600 and 1400 cm-1 can be 

attributed to the asymmetric stretching vibrations of the COO- group. Signals located at 1158 

and 1116 cm-1 may be associated with the C-O stretching vibrations, while at 1560 cm-1 the C 

= C stretching vibration [109]. Thus, they are C = C and O-C-O, belonging to the structure of 

Si-O, Si-O-NOB or Si-O-Si polymers and SiO4 tetrahedral units. Therefore, the interaction 

between the polymer mixture (Alg-Pll) and the bioactive glass was evidenced by the 

displacement of the C6-OH band from 1080 to 1090 cm-1 and the increase in the intensity of 

the 1636/1560 cm-1 ratio representing the stretching vibrations of OCO and C = C groups (Fig. 

8.2.1.1 b).  

 

Fig. 8.1.1.1 XRD diffractograms (a) and FT-IR (b) spectra of ceramic glasses xCuBG (x = 0, 0.5 and 1.5 mol%) 

and Alg-PII-xCuBG composite samples (x = 1.5 mol% CuO). 
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8.1.2 Cell viability 

Since the final destination of these materials involves implantation in vivo, the next step 

in this regard was the in vitro cytotoxicity test for these composites. Thus, the use of Alamar-

Blue kit showed greater sensitivity of osteoblast culture compared to that of fibroblasts. 

However, proliferation rates were between 75 and 96% for fibroblasts (Figure 8.1.2.1 a) and 

55 to 101% for osteoblasts (Figure 8.1.2.1 b). An increase in viability from 24 to 48 hours can 

be observed in almost all the investigated samples. The results indicate good long-term cell 

proliferation and minimal cytotoxicity, further testing these composite materials in in vivo 

experimental studies.    

 

Fig. 8.1.2.1 Viability of fibroblast cells (a) and osteoblasts (b) after 24 and 48 h on Composite samples Alg-Pll 

and Alg-Pll-xCu ∙ BG (x = 0, 0.5 and 1.5 mol% CuO). Neutralized cell cultures were used as controls. 

8.1.3 In vitro - in vivo biocompatibility 

As a result of in vitro bioactivity testing, scaffolds were introduced into the SBF. In 

parallel, they were implanted subcutaneously and intramuscularly in the rat (Fig. 8.1.3.1).   

Materials have been successfully accepted by target tissues, showing no inflammation, 

infection or rejection signs, thus proving good biocompatibility in vivo.  

 

Fig. 8.1.3.1 Digital photos taken at necropsy (one can see the attachment of composite material to subcutaneous 

connective tissue). 
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From the diffractograms the signature of the crystalline apaticitic phase (Fig.8.1.3.2 a) 

is highlighted by the signal located at 20 = 32.28 °, which corresponds to the reflection plane 

(112) of the crystalline hexagonal structure HA [80]. The XRD diffractograms recorded on 

postimplant samples (Figure 8.1.3.2 b) indicate the presence of an additional signal at 2θ = 

25.9 ° corresponding to the reflection plane (002) of HA structure [80]. 

The FT-IR spectra (Figure 8.1.3.2 a1) confirm the above results. Samples taken from 

the SBF mark the strips characteristic of the P-O groups at 602 and 560 cm-1 and PO4
3- at 1040 

cm-1, these being associated with the formation of the calcium phosphate layer [86]. Post in 

vivo, the vibration signals of the P-O group at 602 and 560 cm-1 become more prominent 

compared to the corresponding bands recorded after the in vitro tests. The signal from the PO4
3- 

(1040 cm-1) group becomes sharper, also suggesting the formation of the calcium phosphate 

layer (Fig 8.1.3.2 b1). 

 

Fig. 8.1.3.2 Diffractograms of Alg-Pll-xCu ∙ BG and FT-IR spectra after immersion in SBF (a and a1) and post 

in vivo (b and b1). 

In Fig. 8.1.3.3 col. 2, the formation of the HA layer on the surface of the material can 

be observed. It has the appearance of a microstructure composed of beads. The in vivo images 

(Figure 8.1.3.3 column 3) reveal agglomerated beads with a size of approximately 75-100 nm. 

 

Fig. 8.1.3.3 SEM images of Alg-Pll-xCu ∙ BG unchanged (column 1) after immersion in SBF (column 2) and 

post in vivo (column 3). Measuring scale: 5 μm. 
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8.1.4 In Vivo imaging evaluation 

We opted for using the MRI exam as a bone imaging technique to track not only 

implant-induced changes in bone tissue but also changes that may occur in soft tissue adjacent 

to primary lesion and changes in bone marrow. 

For each animal, a sagittal scan was performed using the FLASH protocol (gradient 

echo), the weighted sequence T1.  

After 28 days postoperatively, in the first group (A, E), the discontinuity of the bone 

compact is no longer present, being a continuous, circular, hyperdense, lesion demyelinating 

region, comprising both the compact bone and the medial region given the recovery of bone 

tissue and vascular regeneration, the surface of the bone is irregular with the presence of a 

periosteum. In group two (B, F) the bone surface is smooth with discreet periosteality, the area 

of demarcation is much lower compared to the first group (Fig 8.1.4.1). 

The occurrence of hyposemnal in the weighted T1 sequence is characteristic for acute 

or chronic hemorrhage, edema or calcification. The hypersensitivity aspect of the 

intramedullary reaction correlated with the histopathological examination corresponds to the 

occurrence of hypervascularization at the implant area and the formation of bone tissue. 

 

Fig. 8.1.4.1 Post-operative MRI images (the first line represents the right posterior limb of each group A - Alg - 

Pll - 0,5CuBG; B - Alg - Pll - 1,5CuBG) and the second line represents the left posterior member of each group 

E, F - Alg -Pll-βTCP / HA). 

8.1.5 Histopathological evaluation 

 In the images shown in Fig. 8.1.5.1 A-B shows the longitudinal sections of the femur 

bone with asterisk marking the composite material implanted in each batch and the double 

arrow indicating the defect boundaries. It can be seen that the implanted scaffold was partially 

or completely surrounded by trabecular bone (Fig. 8.1.5.1 A-B dotted border). 

 Column A, belongs to the commercial material samples, in vivo, for comparative 

purposes. Figure A1 closes in detail the marked area in Section A, identifying the bony spikes 

that completely surround the implanted structure. 

 Column B, describes the group implanted with Alg-PII-0.5CuBG. Figure B1 details 

the dotted dotted area of Image B. Thus, the spongy bone that surrounds the surface of the 

scaffold is found. 
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Fig. 8.1.5.1 Histological sections of composite scaffolds implanted in the femoral compact (A-B) and bone 

tissue interactions with the material (A1 – B1). 

8.3 Conclusions 

 Composite materials Alg-PII-xCuBG (x = 0, 0.5 and 1.5 mol% CuO) were synthesized, 

characterized and successfully investigated in vitro and in vivo. FT-IR spectra reveal the bonds 

between the two polymers and the bioactive glass. The polymers and glass bands exhibit 

displacements in the composite structure spectra. Viability tests indicate better long-term 

results for both cell cultures. 

 XRD and FT-IR analyzes showed significant differences in intensity between in vitro 

and in vivo results, on the one hand confirming the bioactive and biocompatible properties of 

the studied samples and on the other hand effective HA formation and solid fusion with tissue 

alive. SEM images confirmed the results of XRD and FT-IR analyzes. On samples extracted 

from in vivo, nano-aggregate beads and nanoparticles became more prominent. 

 Bone implantation proceeded according to the initial protocol, the implanted materials 

being well tolerated by the bone and neighboring tissues. MRI scans allowed non-invasive and 

non-destructive analysis of materials in vivo without affecting the final results. The 

histopathological examination confirmed that the groups implanted with the studied materials 

were the most effective in terms of healing and regeneration capacity, more active than the 

control group.  
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9. OVERALL CONCLUSIONS AND PERSPECTIVES 

 

9.1 Overall conclusions 

In the first study of this paper, the synthesis and characterization of silicate materials 

with addition of Ag2O was successfully performed. The characterization methods used have 

proven the bioactivity of the studied bottles, and the viability obtained was good. However, 

their inclusion in a polymeric mixture led to the production of relatively high toxicity 

composites, which were incompatible with the originally proposed targets. 

The second study of the thesis consisted in the synthesis and characterization of silicate 

glasses doped with AuNP and resulted in positive results. In vitro bioactivity was demonstrated 

by introducing samples into the SBF. Also the biocompatibility of the materials was 

highlighted by the amount of adsorbed BSA. Cell viability indicated values close to 100%, 

suggesting good in vitro tolerance. Bioactive materials have been obtained that have effectively 

embedded AuNP without the presence of other Au species, but with different sizes of NP. 

In study number three of this paper, we have succeeded in optimizing silicate glasses 

with the addition of CuO. Thus, from the initial four concentration ranges, through the 

structural characterization and in vitro testing methods, the two most suitable concentrations 

were selected for future in vivo experimental studies. Amounts of 0.5 and 1.5 mol% of added 

CuO have proved to be most suitable for antibacterial activity and cell proliferation. 

Considering that all four ceramic glasses investigated showed good bioactivity and 

biocompatibility, the final selection was developed taking into account the results of the in vitro 

tests. 

The latter study involved the inclusion of CuO-addition materials previously developed 

in a polymer blend and the development of an in vivo bone regeneration experiment. In this 

way, the two optimized compositions of bioactive glasses found in the previous study were 

furter used in order to obtain composite materials. The results obtained comparatively between 

the studied materials and the commercial product revealed the special qualities of the studied 

samples, result that demonstrates the repair capacity of the bone tissue, when the optimized 

compositions are used, their performances being at least as good as that of the standardized 

material. 

9.2 Perspectives 

 The biomaterial branch, a field of wide interest among researchers around the world, 

tends to become an increasingly appreciated option and used in modern medicine. Thus, the 

topics discussed in this paper could be developed effectively in the years to come, through 

experimental studies on various animal species, in order to gain a sufficient experience of 

progress towards clinical trial on human patients.  
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