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Abstract 

The present work introduces a detailed study related to the synthesis of novel silicon oxycarbide based 

glasses and glass-ceramics as well as their in vitro bioactivity, i.e., their ability to induce surface miner-

alization of hydroxyapatite upon exposure to simulated body fluid (SBF). The focus of the work was to 

rationalize the correlations between the structural features of the prepared silicon oxycarbide based 

materials and their bioactivity. Thus, the effect of the glass network architecture, of secondary phases 

as well as of the specific surface area and porosity on the bioactivity of silicon oxycarbide was investi-

gated. This was achieved upon modification of the silicon oxycarbide glass network with additional ele-

ments, i.e., B, Ca, Sr, which were shown to affect both the glass network architecture and the phase 

composition of the prepared silicon oxycarbides. Moreover, the specific surface area of the prepared 

materials was modulated upon adjusting their synthetic procedure, as shown exemplarily in the present 

work for Ca-modified silicon oxycarbide glasses. 

The incorporation of additional B, Ca and/or Sr elements into silicon oxycarbide modified its microstruc-

ture in three different ways: (i) by forming minor soluble secondary calcium silicate and/or strontium 

silicate phases as for Ca and Sr modification, (ii) by introducing Q3 units (silicon tetrahedra with one 

non-bridging-oxygen) into silicon oxycarbide amorphous network as for Ca modification and (iii) by re-

ducing network carbon content as for B modification. The dissolution of crystalline silicate phases during 

bioactivity assessment of prepared silicon oxycarbide materials in SBF solution resulted in increased Si 

release, which was beneficial for apatite formation. On the other hand, both the formation of Q3 units 

and the decrease of carbon content in the glassy network decreased its network connectivity (NC). The 

less connected network architecture was responsible for the improved bioactivity of the investigated 

silicon oxycarbide materials. Furthermore, the slight network depolymerization effect upon Q3 formation 

was found to have a higher influence on the silicon oxycarbide bioactivity than network carbon content. 

Thus, slight network depolymerization in silicon oxycarbide based glasses is sufficient to achieve high 

bioactivity. 

The specific surface area and the porosity of silicon oxycarbide were modulated in a case study on sol-

gel based Ca-modified silicon oxycarbide glasses. Thereafter, the introduction of Ca into the oxycarbide 

glass was shown to have significant effects on the structural features of the prepared xerogels as well 

as the resulting Ca-containing silicon oxycarbide glasses. Moderate content of Ca modifier was shown 
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to generate mesoporosity in the xerogel and stabilize it against collapse; while higher content resulted 

in a significantly reduced surface area and porosity in the xerogel. Moreover, two main effects were 

observed in the resulting oxycarbide glasses: (i) moderate Ca content led to high surface area and 

amorphous glasses and (ii) high Ca content induced the formation of calcium silicate secondary phase. 

It was shown in this case study that high specific surface area, which was provided by relatively large 

fractions of mesoporosity, is highly beneficial for achieving high bioactivity. 
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Zusammenfassung 

In der vorliegenden Arbeit wird eine detaillierte Studie vorgestellt, die sich mit der Synthese neuartiger 

Siliziumoxycarbid-basierter Gläser und Glaskeramiken sowie mit ihrer in vitro Bioaktivität befasst, d. h. 

mit ihrer Fähigkeit, eine Oberflächenmineralisierung von Hydroxylapatit bei ihrer Aussetzung in simu-

lierter Körperflüssigkeit (SBF) zu induzieren. Der Schwerpunkt der Arbeit lag daran, die Korrelationen 

zwischen den Strukturmerkmalen der hergestellten Siliziumoxycarbid-basierten Materialien und ihrer 

Bioaktivität zu rationalisieren. Dementsprechend wurde der Einfluss der Glasnetzwerkarchitektur, der 

Sekundärphasen sowie der spezifischen Oberfläche und Porosität auf die Bioaktivität von Silizi-

umoxycarbid untersucht. Dies wurde erreicht durch Modifikation des Siliziumoxycarbid-Glasnetzwerks 

mit zusätzlichen Elementen, d. h. B, Ca, Sr. Es wurde gezeigt, dass sie sowohl die Glasnetzwerkarchi-

tektur als auch die Phasenzusammensetzung der hergestellten Siliziumoxycarbide beeinflussten. Dar-

über hinaus wurde die spezifische Oberfläche der hergestellten Materialien durch das Einstellen ihres 

Syntheseverfahrens moduliert, wie dies beispielhaft in der vorliegenden Arbeit für Ca-modifizierte Silizi-

umoxycarbid-Gläser gezeigt wurde. 

Der Einbau zusätzlicher B, Ca und / oder Sr Elemente in Siliziumoxycarbid modifizierte seine Mikro-

struktur auf drei verschiedene Arten: (i) durch Bildung von geringfügigen löslichen sekundären Kalzium-

silikat- und / oder Strontiumsilikat-Phasen wie bei der Ca- und Sr-Modifikation, (ii) durch Einführen von 

Q3-Einheiten (Siliziumtetraeder mit einem nicht-brückenden-Sauerstoff) in das amorphe Siliziumoxycar-

bid-Netzwerk wie bei der Ca-Modifikation und (iii) durch Verringern des Netzwerkkohlenstoffgehalts wie 

bei der B-Modifikation. Die Auflösung kristalliner Silikat-Phasen während der Bioaktivitätsauswertung 

von hergestellten Siliziumoxycarbid-Materialien in SBF-Lösung führte zu einer erhöhten Si-Freisetzung, 

die für die Apatit-Bildung von Vorteil war. Andererseits verringerten sowohl die Bildung von Q3-Einheiten 

als auch die Abnahme des Kohlenstoffgehalts im glasartigen Netzwerk die Netzwerkkonnektivität (NC). 

Die weniger vernetzte Netzwerkarchitektur war für die verbesserte Bioaktivität der untersuchten Silizi-

umoxycarbid-Materialien verantwortlich. Darüber hinaus wurde festgestellt, dass die leichte Netzwerk-

Depolymerisation bei der Q3-Bildung einen höheren Einfluss auf die Bioaktivität von Siliziumoxycarbid 

als der Netzwerkkohlenstoffgehalt hatte. Eine leichte Depolymerisation des Glasnetzwerks von Silizi-

umoxycarbid ist daher ausreichend, um eine hohe Bioaktivität zu erzielen. 
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Die spezifische Oberfläche und die Porosität von Siliziumoxycarbid wurden in einer Fallstudie an Sol-

Gel abgeleiteten Ca-modifizierten Siliziumoxycarbid-Gläsern moduliert. Demnach wurde es gezeigt, 

dass die Einführung von Ca in das Oxycarbid-Glas bedeutende Auswirkungen auf die Strukturmerkmale 

der hergestellten Xerogele sowie der sich daraus ergebenen Ca-haltigen Siliziumoxycarbid-Gläser hatte. 

Es wurde gezeigt, dass ein mäßiger Gehalt an Ca-Modifikator Mesoporosität im Xerogel erzeugte und 

sie gegen Kollaps stabilisierte; während ein höherer Gehalt zu deutlich verringerter Oberfläche und Po-

rosität im Xerogel führte. Darüber hinaus wurden bei den resultierenden Oxycarbid-Gläsern zwei Haupt-

effekte beobachtet: (i) ein mäßiger Ca-Gehalt führte zu einer hohen Oberfläche und amorphen Gläsern 

und (ii) ein hoher Ca-Gehalt induzierte die Bildung der Kalziumsilikat-Sekundärphase. In dieser Fallstu-

die wurde gezeigt, dass eine hohe spezifische Oberfläche, die durch relativ große Anteile an Mesopo-

rosität bereitgestellt wurde, für eine verbesserte Bioaktivität von großem Vorteil ist. 
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1. Scope and Motivation 

The clinical treatment of critical size bone defects requires the usage of bioactive materials to trigger or 

accelerate natural bone healing process [1]. Bioactive glasses have been important bone grafting ma-

terials since the discovery of Bioglass® 45S5 (45 wt.% SiO2, 24.5 wt.% CaO, 24.5 wt.% Na2O and 6.0 

wt.% P2O5) by LL Hench [2]. The ability of bioactive glasses to induce hydroxyapatite (bone mineral) 

formation during contact with physiological fluids provides a high bone-bonding ability [3]. Furthermore, 

leaching products from bioactive glasses have effects on promoting osteogenesis and angiogenesis, 

enhancing new bone formation [4]. The high bioactivity of bioactive glasses is correlated to their weak 

network structure, allowing fast glass dissolution in physiological fluids. The weakening of glass network 

is realized by incorporating high content of network modifiers, i.e., alkali or alkaline earth metal ions, in 

glass compositions. 

However, some drawbacks related to high alkali content in bioactive glasses have been reported. On 

one hand, the fast dissolution of alkali ions leads to high pH environment, which may be cytotoxic [5]. 

On the other hand, weak network structure leads to low mechanical strength and a high crystallization 

tendency of bioactive glasses. The fabrication of 3D scaffold from bioactive glasses is thus difficult, since 

the partial glass crystallization at processing temperature can lead to mechanical instability [6, 7]. More-

over, the degradation of bioactive glasses is too fast, and not able to match slower new bone formation 

[8]. 

Correspondingly, significant work has been done, in order to solve the issues of alkali-containing bioac-

tive glasses. Alkali-free bioactive glasses have been developed by replacing alkali metals with alkaline 

earth metals [9, 10]. Bioactive glasses with relatively large processing window has been achieved by 

optimizing glass composition [11, 12]. Bioactive ceramics, such as calcium silicate, tricalcium phosphate 

and synthetic hydroxyapatite, have shown high bone-bonding ability and low ceramic degradation in 

human body fluid [13, 14]. Furthermore, composite materials, such as glass-ceramic or glass-polymer 

composites, have shown mechanical properties that can fulfill clinical requirements [3, 12, 15]. In gen-

eral, these research works are based on the optimization of original Bioglass® 45S5 composition or on 

the modification of well-known bioceramics. 

In the present work, a new generation of alkali-free bioactive materials based on amorphous silicon 

oxycarbide will be investigated. Clinical application requires high biocompatibility, high mechanical 
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strength, high processability and tunable bioactivity of bioactive materials. Silicon oxycarbide is a prom-

ising candidate to fulfill these requirements: (i) the mix-bonded structure of Si-O and Si-C in silicon 

oxycarbide provides higher intrinsic mechanical strength than that of vitreous silica; (ii) the synthesis of 

silicon oxycarbide via so-called polymer derived ceramic method makes it possible to apply polymer 

forming techniques for fabricating silicon oxycarbide implants; (iii) the carbon incorporation in silicon 

oxycarbide creates unique oxycarbide matrix / òfree carbonò nano-domain structure, which shows high 

temperature crystallization resistance that is beneficial for the thermal processing of the materials [16]; 

(iv) the modification of silicon oxycarbide with metal elements has been investigated extensively [17], 

and the incorporation of therapeutic metal ions in silicon oxycarbide can be easily realized. 

Until now, the high biocompatibility, i.e., non-cytotoxicity, of silicon oxycarbide has been confirmed in 

several studies [18, 19]. Preliminary research work has proven the ability of silicon oxycarbide to show 

bioactivity, i.e., apatite forming ability, in simulated body fluid [20, 21]. However, a systematic investiga-

tion on the structure-property correlation for bioactive silicon oxycarbide materials still needs to be done. 

For this purpose, two approaches have been applied in the present study. Firstly, the network architec-

ture and phase composition of silicon oxycarbide will be modified by incorporating alkaline earth metals 

(Ca and Sr) and an additional network former (B). Secondly, the porosity of silicon oxycarbide will be 

varied via sol-gel process. The correlation between these structural features and observed bioactivity 

upon SBF assessment will be discussed. 



  

  3 

2. Fundamentals and State of the Art 

2.1. Silicon oxycarbide 

The use of silicon oxycarbide as a material name can be traced back to the begin of 20th century, where 

silicon oxycarbide was referred to a carbon-silica mixture for high-temperature insulating applications 

[22]. Since the 1990s, the term of silicon oxycarbide has been restricted to materials, which contains not 

only carbon in elementary form (sp2 carbon), but also network carbon (sp3 carbon) [23]. Thus, the coex-

isting of Si-C and Si-O covalent bonds is characteristic for silicon oxycarbide. 

Due to the high temperature carbothermal reaction between silica and carbon and the extremely low 

solubility of carbon in silicon oxide, silicon oxycarbide is difficult to be synthesized via conventional solid 

state reaction from inorganic sources [24, 25]. The possibility to incorporate carbon into silica network, 

as in the case of silicon oxycarbide, has been essentially limited to several methods, namely chemical 

vapor deposition (CVD), radio frequency (RF) magnetron sputtering, polymer derived ceramic (PDC). In 

CVD method, organic small-molecular Si species, such as siloxanes and carbosilanes, are deposited 

on substrates to form silicon oxycarbide thin films under energy input (i.e., laser, heat etc.) [26, 27]. In 

typical RF magnetron sputtering, SiC ceramic target is sputtered in Ar/O2 gas flow to synthesize amor-

phous silicon oxycarbide thin films or coatings [28, 29]. In PDC method, organic Si-containing monomers 

or oligomers, such as siloxanes and silsesquioxane, are crosslinked to polymer chains or networks, 

which then undergo thermal decomposition under non-oxidative gas atmosphere (i.e., Ar or N2). The 

lack of oxidation reaction during the thermolysis preserves the Si-C/Si-O bonds, that already exist in 

polymer structure, in obtained silicon oxycarbide [30, 31]. Compared to the high complexity and cost of 

CVD and RF magnetron sputtering processes, PDC method prevails thanks to its similarity to a conven-

tional ceramic calcination / sintering process. Besides, the possibility to apply polymer forming tech-

niques to polymer precursors in PDC method allows to achieve different material forms for silicon ox-

ycarbide, ranging from coatings, monoliths to porous structures [32]. 

Tetravalent sp3 hybridized network carbon in silicon oxycarbide leads to more connected network struc-

ture, which is shown to improve its mechanical properties compared to vitreous silica [33, 34]. Silicon 

oxycarbide is also a high temperature material and has outstanding oxidation resistance [35]. Further-

more, silicon oxycarbide shows high temperature crystallization resistance [36]. Recently, the functional 

properties of silicon oxycarbide, such as electrical properties, optical properties and bioactivity, have 
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gained increasing attentions [32]. By varying the O:C atomic ratio or introducing additional elements into 

silicon oxycarbide, its properties can be adjusted. 

2.1.1. Polymer derived ceramic method 

In polymer derived ceramic (PDC) method, various Si-based ceramics are achievable by the thermolysis 

of Si-containing organic polymers in inert gas atmosphere [31, 37, 38]. Figure 2-1 summarizes the pol-

ymer precursors for PDC process. Thereafter, PDC method can be utilized for synthesizing silicon car-

bide (SiC), silicon oxycarbide (SiOC) and silicon carbonitride (SiCN). For silicon oxycarbide, polysilox-

ane and polysilsesquioxane are widely used precursors [39, 40]. 

 

Figure 2-1. Thermal decomposition of Si-based polymers and their corresponding ceramic products [38]. 

The polymer-to-ceramic transformation during the thermolysis undergoes several stages. At low tem-

peratures (100-400 °C), functional groups, such as ethoxy groups of the polymer precursors, crosslink 

to increase the molecular mass of polymer chain, reducing the mass loss related to molecule evapora-

tion [32, 37]. From 400 to 800 °C, the rearrangement of polymer molecules and the decompositions of 

organic groups occur accompanied by gas evolution of small molecules, such as CH4 and C2H4 [41, 42]. 

From 800 to 1000 °C, hydrogen content is still detectable in the derived ceramics and decreases con-

tinuously with increasing temperature [43-45]. After thermolysis at 1000 °C, the hydrogen in PDC-de-

rived silicon oxycarbide is removed extensively [46]. 1000 °C is thus considered generally as the tem-

perature, at which the polymer-to-ceramic transformation completes [32, 37]. 

The decomposition of carbon-containing organic groups leads to segregated carbon formation, i.e., so-

called ñfree carbonò. The content of ñfree carbonò in PDC-derived silicon oxycarbide is dependent on the 
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carbon content in its polymer precursor [47, 48]. At temperatures higher than 1200 °C, phase separation 

into SiC nanocrystalline and amorphous SiO2 occurs, followed by carbothermal reaction between formed 

SiO2 and ñfree carbonò according to equation (2-1) [16, 49]: 

 ὛὭὕ ί σὅίᴼὛὭὅί ςὅὕὫ (2-1) 

The ongoing carbothermal reaction leads to the decrease of ñfree carbonò content. Thus, at higher tem-

peratures (> 1400 °C) direct reactions (equation (2-2) [50]) between SiO2 and formed SiC is preferred, 

leading to gas evolution and a complete decomposition of silicon oxycarbide. 

 ςὛὭὕ ί ὛὭὅίᴼσὛὭὕὫ ὅὕὫ (2-2) 

2.1.2. Structure of silicon oxycarbide 

Silicon oxycarbide contains corner-linked SiOxC4-x (x can be chosen from 0-4) building units [32]. NMR 

investigation of silicon oxycarbide shows no direct C-O bond, thus carbon can only bond to silicon or 

carbon itself [33]. In Figure 2-2 (a) a typical 29Si NMR spectrum of PDC-derived silicon oxycarbide can 

be deconvoluted into different SiOxC4-x building units. A quantitative assessment of the SiOxC4-x fractions 

via integration of the deconvoluted components exhibits significant deviation from the fractions calcu-

lated based on a statistically random distribution of Si-C and Si-O bonds [51]. Therefore, a concentration 

of SiOxC4-x units to carbon-rich SiC4 and oxygen-rich SiO4 units in silicon oxycarbide is confirmed [51]. 

Besides, the existence of ñfree carbonò (see Figure 2-2 (b)) is confirmed in various Raman investigations 

[40, 52]. In summary, silicon oxycarbide has an inhomogeneous microstructure, in which carbon-rich, 

oxygen-rich SiOxC4-x and ñfree carbonò domains coexist. 

Silicon oxycarbide is X-ray amorphous up to ca. 1300 °C [37, 50]. However, small-angle X-ray scattering 

(SAXS) investigation discovers a nano-domain structure with domain size of 1-3 nm in silicon oxycarbide 

[36], corresponding to the NMR and Raman investigations discussed above. At temperatures higher 

than 1300 °C, phase separation and carbothermal reaction in silicon oxycarbide lead to the observation 

of ɓ-silicon carbide crystallization [49, 50]. The crystallization of amorphous SiO2 to cristobalite can occur 

at even higher temperatures (> 1500 °C) or after extra heat treatment [53]. The high crystallization re-

sistance for amorphous silica in silicon oxycarbide is related to residual Si-C bonds, ñfree carbonò in the 
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silica domains or formed fine phase separated nanostructure that prevent the nucleation of cristobalite 

[16, 49]. 

 

 

Figure 2-2. (a) Typical 29Si MAS NMR spectrum of polysiloxane derived silicon oxycarbide (solid bold 

line) with the simulated spectrum (dashed line) and individual simulation components (thin solid lines). 

The peaks (I, II, III, IV and V) correspond to SiO4, SiO3C, SiO2C2, SiOC3 and SiC4 units, respectively 

[51]; (b) TEM micrograph of a C-rich silicon oxycarbide sample synthesized at 1400 °C [54]. 

 

 

(a) 

(b) 
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Two models have been developed for the nano-domain structure in silicon oxycarbide. As shown in 

Figure 2-3 (a), Widgeon et al. [51] consider oxygen-rich SiOxC4-x regions to build a continuous matrix 

and ñfree carbonò particles are dispersed inside this matrix; in Figure 2-3 (b), Saha et al. [36] consider 

ñfree carbonò sheets or layers to build continuous cage walls that divide oxygen-rich SiOxC4-x regions 

(silica domains). In both models, carbon-rich SiOxC4-x regions sit between oxygen-rich SiOxC4-x and ñfree 

carbonò regions. The Widgeonôs model is supported by mass fractal analysis of oxygen-rich SiOxC4-x 

domains in silicon oxycarbide [51]; while the Sahaôs model is based on the assumption that high creep 

resistance in silicon oxycarbide is related to a continuous ñfree carbonò network [36]. However, recent 

research results correlate the high creep resistance in silicon oxycarbide to domain-interfaces but not to 

the morphology of ñfree carbonò [34]. The low percolation threshold (i.e., 5 vol %) for ñfree carbonò in 

silicon oxycarbide is rather considered to be responsible for the formation of a continuous ñfree carbonò 

phase [55]. Thus, the microstructure of silicon oxycarbide should be described by a combination of these 

two models and both oxygen-rich SiOxC4-x and ñfree carbonò domains are continuous. 
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Figure 2-3. (a) Structural model of silicon oxycarbide, in which black regions represent ñfree carbonò and 

the patterned matrix is oxygen-rich silicon oxycarbide domains. Between the two regions lie the grey 

regions referring to carbon-rich silicon oxycarbide [51]; (b) Structural model of silicon oxycarbide, in 

which oxygen-rich silica regions are separated by ñfree carbonò sheets [36]. 

(a) 

(b)  
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2.1.3. Modification of silicon oxycarbide 

Additional elements are able to be introduced to silicon oxycarbide via chemical modification of its pol-

ymer precursor. The obtained so-called ñsingle-source-precursorò, in which the doping elements are 

distributed homogenously on a molecular level, is converted subsequently to silicon oxycarbide via PDC 

process [32, 37]. 

Non-metallic elements, such as N and B, are incorporated into silicon oxycarbide network by forming 

covalent bonds. It has been reported that N forms N-C and N-Si bonds, and N-modification tunes the 

high temperature oxidation, crystallization and decomposition behavior of silicon oxycarbide [56-58]. B 

modification, forming B-C and B-O bonds in silicon oxycarbide, has been found to improve the ñfree 

carbonò ordering and ɓ-SiC crystallization at high temperatures in silicon oxycarbide [59, 60]. 

Metallic elements, such as transition metals, tend to form in situ secondary phases in silicon oxycarbide, 

resulting in silicon oxycarbide based nanocomposites [37]. A systematic analysis by Ionescu et al. [17] 

implies an underlying thermodynamic control behind the formation of secondary phases. By considering 

high temperature carbothermal reaction, the formed metal-containing secondary phases can be pre-

dicted. Figure 2-4 shows that metals that are stable against carbothermal reaction tend to form oxide 

and silicate phases; while metals that are instable against carbothermal reaction tend to form metallic, 

metal silicide and metal carbide phases. Correspondingly, metal modified silicon oxycarbide combines 

the intrinsic properties of silicon oxycarbide matrix with functional properties of dispersed secondary 

phases. For example, Hf or Zr forms oxide phases in silicon oxycarbide, which have an effect on im-

proving high temperature stability [61, 62]; Sn forms metallic Sn phase in silicon oxycarbide and lends 

thus Si(Sn)OC material the property to uptake / release Li reversibly [63]; Fe forms iron silicide phases 

in silicon oxycarbide, leading to soft magnetic properties of Si(Fe)OC [64]. 
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Figure 2-4. Thermodynamically predicted phase composition of metal modified silicon oxycarbide 

(Si(M)OC) upon pyrolysis from 1100-1300 °C: Red-marked metals tend to form metal oxide or metal 

silicate phases in silicon oxycarbide; Blue-marked metals tend to form metallic, metal silicide, metal 

carbide phases in silicon oxycarbide due to carbothermal reaction [17]. 

 

Figure 2-5. Schematic illustration of Ca2+ and Mg2+ ions incorporation in silicon oxycarbide network at 

non-bridging-oxygen sites.  

Recently, the incorporation of alkali or alkaline earth metal ions, such as Mg2+, Ca2+ and Li+, at non-

bridging-oxygen (NBO) sites in silicon oxycarbide network has been reported [65, 66]. Besides, the 

introduction of Li+ into silicon oxycarbide leads to strong lithium silicate crystallization [65]. The breaking 

of covalent Si-O bonds upon formation of NBO sites as for Mg2+ and Ca2+ incorporation (see Figure 2-5) 

leads to a slight depolymerization of silicon oxycarbide network, which shows a significant effect on 

enhancing the bioactivity of silicon oxycarbide based biomaterial [21, 66]. 
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2.2. Biomaterials and bioactive glasses 

Biomaterial is defined as ñmaterial intended to interface with biological systems to evaluate, treat, aug-

ment or replace any tissue, organ or function of the bodyò [67]. Metals, polymers, ceramics and compo-

sites based biomaterials have found applications in surgery practice, for example, as implants or in 

medical devices [68]. The key criterion for biomaterials is their biocompatibility with host tissues in hu-

man body. Biocompatibility means that biomaterials are not cytotoxic and will not reduce cell viability 

[69]. Good biocompatibility can be achieved with materials that are chemically or physiologically inert 

such as Pt, Ti and Al2O3 [68, 70, 71]. The lack of corrosion and degradation of these materials in human 

body avoids possible cytotoxicity induced by degradation products and the change of physiochemical 

conditions at the host sites. 

On the other hand, the need for biodegradable or bioresorbable materials, such as biopolymers or hy-

drogels, is increasing, since new therapeutic solutions, such as temporary implant or drug delivery me-

dium, require materials that function by reacting with host tissues and disappear after fulfilling their pur-

poses [72]. Moreover, the disappearance of these materials after use eliminates the potential cytotoxicity 

of inert materials, which could take place due to material failure after a long-term service [69]. It is known, 

that biocompatibility of biodegradable materials depends strongly on their degradation mechanisms and 

the specific host responses during the degradation [69, 73, 74]. By adjusting the molecular structure of 

biodegradable materials, their biocompatibility can be tuned [75, 76]. 

Bioactive or bioreactive materials show bioactivity, which is defined as ñphenomenon by which a bio-

material elicits or modulates biological activityò [67]. Since the discovery of Bioglass® 45S5 by LL Hench 

[2], the research of bioactive glasses is focused on bone repair application. Therefore, bioactivity of 

bioactive glasses is defined as the ability to trigger hydroxyapatite (Ca5(PO4)3OH) (HA) formation on 

material surface upon contact with human body fluid. Since HA is a bone mineral, the HA formation is 

correlated to a high bone-bonding ability [77, 78]. 
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2.2.1. Classification and mechanism of bioactivity 

Hench et al. [2] define two bioactivity classes: class B bioactivity induces osteoconduction, referring to 

bone formation along material surface; class A bioactivity induces both osteoproduction and osteocon-

duction. Osteoproduction refers to bone formation away from material surface, induced by the activation 

of osteoprogenitor cells to differentiate into osteoblast cells [2, 78]. This activation has been correlated 

to the release of Si and Ca from bioactive glasses, which triggers genetic cellular responses [79, 80]. 

Typical class A bioactive materials are bioactive glasses, while typical class B bioactive materials are 

bioactive ceramics, such as synthetic hydroxyapatite or tricalcium phosphate [81]. Due to the intracellu-

lar genetic activation, bioactive glasses have shown better bone regeneration effects than bioactive 

ceramics in in vivo studies [82, 83]. 

According to Hench et al [78, 81], the mechanism of bioactivity for bioactive glasses can be described 

in following steps: 

i. Ion exchange between glass network modifiers (Ca2+, Na+, etc.) and protons in body 

fluids leads to formation of surface silanol (Si-OH) groups; 

ii. The increase of local pH value due to ion exchange results in further hydrolysis of silica 

network and release of silicic acid (Si(OH)4) into body fluids; 

iii. Surface silanol groups condensate to form amorphous silica-gel surface layer, which is 

depleted of network modifiers; 

iv. Migration of Ca2+ and PO4
3- onto silica-gel layer, accompanied by ongoing glass disso-

lution, leads to formation of amorphous calcium phosphate; 

v. Surface calcium phosphate takes up OH- and CO3
2- from body fluids, leading to for-

mation of crystalline carbonated hydroxyapatite (HCA); 

vi. Adsorption and attachment of growth factors and stem cells (osteoprogenitor cell) to 

HCA layer. Further cell differentiation and proliferation result in new bone formation. 

Despite some critical arguments against the equalization of hydroxyapatite forming ability with bioactivity 

[84], the use of hydroxyapatite forming ability to compare the bioactivity of biomaterials has been estab-

lished [85-87]. Since the development and standardization of simulated body fluid (SBF) by Kokubo et 

al [88], in vitro assessment in SBF solution has become a routine method to evaluate bioactivity of 

biomaterials [89, 90]. SBF solution has nearly the same ion concentrations as human blood plasma. 
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The evaluation of apatite forming ability of biomaterials in SBF solution can be used to predict their 

bioactivity in vivo [91, 92]. 

Whether a silicate glass shows bioactivity, depends on its chemical composition. Hench et al. [13] 

investigated the bioactivity of SiO2-CaO-Na2O glass system by varying its chemical composition. As 

shown in Figure 2-6, 60 mol% has been found to be an upper limit for SiO2 content, in order to achieve 

bioactivity for melt-derived glasses [93]. The increase of alkali and alkaline earth metal content leads to 

fast glass dissolution and thus high bioactivity [94]. However, although alkali ions (i.e., Na) can improve 

apatite forming ability, they can also lead to high pH environment, which has caused certain cytotoxicity 

in in vivo studies [10, 95, 96]. Thus, the research on bioactive alkali-free glasses has been intensified. 

High bioactivity can be achieved for alkali-free glasses by tuning their glass network structure [9, 95, 97, 

98]. 

 

Figure 2-6. Kinetically determined boundaries for SiO2-CaO-Na2O glasses (with 6 wt.% P2O5). Depend-

ing on glass compositions, different bone-bonding behaviors (bioactivity) are to be expected [2]. 

Solid state NMR study of glass network structure shows a correlation between bioactivity and open 

network structure in bioactive glasses [3, 94]. By incorporating network modifiers such as Ca2+ and Na+ 

cations into silica network, the corner-connected SiO4 tetrahedra network is depolymerized. The break-

ing of parts of the Si-O covalent bonds is necessary in order to electrostatically balance the positive 

charges of the incorporated metal cations [99, 100]. The subsequent distribution of non-bridging-
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oxygens (NBO) in glass network results in Qn units, in which n is the number of bridging-oxygen on a 

network former atom and ranges from 0 to 4 for SiO4 tetrahedra [101]. Both Si and P are network formers 

in SiO2-P2O5 bioactive glasses. However, P forms orthophosphate units (PO4
3-) at low content and has 

thus only Qo units for 45S5 based bioactive glasses. Therefore, glass network connectivity (NC) is de-

fined as the average number of covalent bonds (e.g., bridging oxygen) on a Si tetrahedron and can be 

represented by the average n value for Si Qn units calculated by glass compositions according to equa-

tion (2-3) [101]: 

 ὔὅ
τὛὭὕ ςὓὕ ὓ ὕ φὖὕ

ὛὭὕ
 

(2-3) 

where MI and MII are alkali and alkaline earth metals, respectively; [SiO2], [MI
2O], [MIIO] and [P2O5] rep-

resent their corresponding molar fractions. A direct evaluation of NC can also be done by applying Qn 

molar fractions calculated from 29Si NMR analysis according to equation (2-4): 

 ὔὅ ὲὗ  
(2-4) 

where [Qn] refers to the molar fraction of Qn unit. Obviously, NC has a maximal value of 4 for quartz 

glass. The lower the NC value is, the more loosely the silica network is connected. Bioactive glasses 

have typical NC values between 2.0 and 2.6 [102]. At NC of ca. 2.0, Q2 units dominate glass network 

and build SiO4 tetrahedra rings that can be leached easily to aqueous solution, which is responsible for 

high bioactivity [100, 103]. The increase of SiO2 content increases network connectivity (see equation 

(2-3)), suppressing thus glass dissolution. In contrary, the increase of phosphorus content to a certain 

extent increases the content of easily soluble Q0 orthophosphate units, which are beneficial for enhanc-

ing bioactivity [101, 103]. Therefore, alkali-free bioactive glasses are achievable by replacing alkali ions 

with alkaline earth ions and in the meantime the network connectivity should be kept around 2.0. 

On the other hand, bioactivity is kinetically dependent since ion exchange occurs at the interface be-

tween solid and liquid. Therefore, bioactivity is influenced by specific surface area (SSA) of the materials. 

Traditional melt-derived silicate glasses have specific surface area valued under 3 m2/g, while sol-gel 

derived silicate glasses can reach specific surface area as high as 400 m2/g [89, 104, 105]. The increase 

of specific surface area enhances the bioactivity of silicate glasses and extends their composition range 

to show bioactivity. Sol-gel derived glasses with SiO2 content as high as 90 mol% can be highly bioactive 

[106, 107]. 



  

  15 

2.2.2. Therapeutic effects of released ions 

 

Figure 2-7. Summary of therapeutic effects of released ions from bioactive glasses [4]. 

The process for new bone regeneration requires not only apatite forming ability, but also beneficial cel-

lular activation for bioactive materials [2, 84]. The dissolution products of bioactive glasses, i.e., released 

ions, play a crucial role on the cellular activation process and can tune angiogenesis, osteogenesis and 

antibacterial activity at host tissues, as summarized by Hoppe et al. (see Figure 2-7) [4]. 

The release of Si and Ca in appropriate rates can enhance osteogenesis. Si release has been reported 

to favor osteoprogenitor cell differentiation, osteoblast-like cell proliferation, collagen-I expression and 

formation of extracellular matrix [108, 109]. Thus, Si-substituted hydroxyapatite has shown higher bio-

activity than pure hydroxyapatite [110, 111]. Furthermore, Ca in extracellular environment improves the 

osteogenic differentiation of human dental pulp cells and human mesenchymal stromal cells, enhancing 

matrix mineralization [112, 113]. Meanwhile, the increase of intracellular Ca concentration suppresses 

bone resorption activity of osteoclasts [114]. As mentioned before, the class A bioactivity of Bioglass® 

is correlated to the osteogenic effects of released Si and Ca [2]. 

Mg has been reported to play a critical role in bone remodeling and skeletal tissue development, and 

can improve bone calcification and the attachment of osteoblast cell on biomaterial [115]. The increase 




























































































































































































